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Preface

Biophysical chemistry is a truly interdisciplinary research area combining the principles of
physics, biology, and chemistry to explore the processes in biological systems and their underlying
physical and chemical properties. The focus of the researchers in this field is on understanding how
biological molecules, such as proteins, nucleic acids, and lipids, interact with each other and with
their environment at the molecular level. Thus, biomolecular interactions are a fundamental part of
biophysical chemistry. The structure and function of biomacromolecules are also topics that biophysical
chemists are occupied with. Furthermore, the ambition is to explain how these structures, functions,
and interactions are related to processes in the cells, tissues and organisms. This Reprint contains
eleven papers published in the Special issue of the International Journal of Molecular Sciences entitled
“Biomolecular Structure, Function and Interactions”. These papers bring together examples of various

experimental, computational, and machine-learning methodologies.

Ivo Crnolatac
Guest Editor
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Welcome to the Special Issue of International Journal of Molecular Sciences, titled
“Biomolecular Structure, Function, and Interactions.” The ten original research contribu-
tions and one review gathered here reflect a rapidly evolving field in which experimental,
computational, and machine learning methodologies converge to provide deeper insights
into how the sequence, structure and dynamics of biomolecules give rise to function, and
how those functions shape interactions in biological systems.

The classical idea in molecular life sciences states that the linear amino acid sequence
dictates the folded three-dimensional structure, which then determines the biological func-
tion of the protein. This sequence—structure—function system is a foundation; however,
we now have two parallel highways that are reshaping the way we examine this axis.
Advances in structural biology (X-ray crystallography, NMR, cryo-EM, single-molecule
spectroscopy) continue to provide ever higher-resolution snapshots of biomolecular ma-
chines, their complexes, and conformational assemblies. On the other hand, the explosion
of sequence data (e.g., UniProt now lists hundreds of millions of sequences) together with
algorithmic and hardware advances in machine learning and artificial intelligence (Al) have
rendered powerful data-driven models of structure, dynamics, and interaction [1,2]. Struc-
tural modelling has been transformed by Al (e.g., the success of deep neural-networks in
structure prediction), and models of interaction (protein—protein, protein-small molecule)
have followed suit. In this context, the contributions in this Special Issue illustrate three
major trends:

Integration of experimental and computational methods—structures that were de-
rived empirically provide scaffolds for modelling, while computational predictions
guide experiment.

Machine-learning-driven abstraction—the embedding of molecular features (sequence,
structure, dynamic descriptors) into predictive frameworks.

Function—an emergent property of interactions and dynamics, not a static endpoint of
structure alone.

1. Highlights of This Issue

Lopez-Cortés et al. in Contribution 1 curate chemical descriptors (for ligands), protein
sequence/structure features (for odorant/pheromone-binding proteins), and functional
assay data (ligand-binding responses) to then build regression models. This work appears
to be the first to build a quantitative bridge across these three data types in the insect
olfaction context.

The authors Galvez-Ramirez et al. (Contribution 2) combine biochemical as-
says with in silico structural modelling to elucidate the molecular basis of three
class A G6PD variants—a more classical structure-function inquiry still enriched with
computational tools.

Int. J. Mol. Sci. 2025, 26, 11731
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Shih and Hsu (Contribution 3) demonstrate how an engineered peptide can stabilize
a protein of biomedical relevance, illustrating an interface of structure, function, and
therapeutic potential.

Fili¢ et al. (Contribution 4) use site-directed mutagenesis, enzymatic assays, and
computational modelling to detail how conserved residues mediate multifunctionality in
an industrially relevant enzyme, showing the enduring importance of classic biochemistry
when accompanied with in silico insight.

A deep learning approach for understanding structure and consequently the function
of Chlorella vulgaris hydrogenase is presented by Botticelli et al (Contribution 5).

Desai et al. (Contribution 6) used the Deep Learning Model for Transmembrane
Topology Prediction and Classification (Deep TMHMM) [3] combined with UniProt to
tackle the experimentally challenging field of membrane proteins.

The review by Bui and Inaba (Contribution 7) offers a comprehensive view of trans-
porter structure-mechanism—function relationships, highlighting how conformational tran-
sitions, metal binding, and topology intersect in homeostasis.

Additional contributions (8 and 9) (e.g., “Genome-wide analysis of AUX/IAA gene
families, structural insights into PBP4 from M. tuberculosis”, “Cortical and Striatal Astro-
cytes of Neonatal Rats Display Distinct Molecular and Pharmacological Characteristics
of Dopamine Uptake”) round out a rich mixture of methodological and thematic diver-
sity. These works demonstrate not just isolated advances but underline an emergent
methodological system: high-throughput sequencing, machine-learning embedding or
regression, structure prediction/docking, experimental validation, and ultimately function
or interaction assay.

2. Outlook and Future Directions

Looking ahead, several themes merit emphasis for our research area:

From static to dynamic: While structure prediction (via Al) has achieved remarkable
fidelity, capturing dynamics, ensembles and transient interactions remain a challenge. The
integration of time-resolved experimental data (e.g., single-molecule, cryo-EM of flexible
complexes) with machine learning will become increasingly important [4].

Interpretable machine learning (ML) and mechanistic insight: ML models can provide
strong predictive performance, but mechanistic interpretability is often limited. We seek
meaningful mechanistic explanations and insights. Prediction alone, no matter how precise,
is not enough. The newly emerged area of explainable artificial intelligence (XAI) tries
to cover this gap [5]. Hybrid approaches that embed physical constraints or known
biochemical mechanisms (rather than treating ML as a “black box”) will likely dominate
the next wave of impactful contributions.

Deep integration of ligand /chemical space, protein sequence/structure, and functional
output: The work by Lépez-Cortés et al. (Contribution 1) in this Special Issue is a promising
leap in that direction; we anticipate more studies that integrate all three modalities.

Expanding the interaction universe: Beyond protein—protein and protein-ligand in-
teractions, interactions with nucleic acids, membranes, small metabolites, and the cell-
microenvironment will be increasingly modelled using integrative pipelines. The recent
“ Al meets biomolecular interaction prediction” review [6] attests this trend.

Of course, the future will not only involve decoding natural biomolecular phenom-
ena but also designing novel biomolecules (enzymes, binders, sensors) and translating
structure-function knowledge into therapeutic or biotechnological applications.
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3. Concluding Remarks

This Special Issue is timely because it brings together examples of how experimental
rigour, computational sophistication, and machine learning innovation can be interwoven
into coherent investigative threads. The mesh of these approaches represents not a sum of
parts, but rather a synergistic methodology now accessible to many researchers.

Iinvite you to take a system-level view while reading these contributions: consider
how sequence, structure, ligand, descriptor, model, and assay all interconnect, and how
the methodologies themselves are evolving. I hope this Special Issue not only showcases
current achievements but also stimulates new collaborations across disciplines (structural
biology, data science, computational chemistry, bioengineering) and encourages the devel-
opment of integrative workflows you may adopt or adapt in your own research.

I thank all authors for their excellent contributions, the reviewers for their insightful
feedback, and the editorial office of I/MS for their support. I believe this Special Issue
will serve as a valuable resource for scientists interested in the frontiers of biomolecular
structure—function—interaction, and that it stimulates further advances in this rich and
expanding area of research, with best wishes for your explorations of the structure, function,
and interaction of biomacromolecules.

Conflicts of Interest: The authors declare no conflict of interest.

List of Contributions:

1. Lopez-Cortés, X.A.; Lara, G.; Fernandez, N.; Manriquez-Troncoso, ].M.; Venthur, H. Insight into
the Relationships Between Chemical, Protein and Functional Variables in the PBP/GOBP Family
in Moths Based on Machine Learning. Int. J. Mol. Sci. 2025, 26, 2302. https:/ /doi.org/10.3390/
ijms26052302.

2. Galvez-Ramirez, A.; Gonzélez-Valdez, A.; Hernandez-Ochoa, B.; Canseco-Avila, L.M.; Lopez-
Roblero, A.; Arreguin-Espinosa, R.; de la Cruz, V.P,; Hernandez-Urzua, E.; Cdrdenas-Rodriguez,
N.; Enriquez-Flores, S.; et al. Evaluation of Three Mutations in Codon 385 of Glucose-6-
Phosphate Dehydrogenase via Biochemical and In Silico Analysis. Int. . Mol. Sci. 2024, 25,
12556. https://doi.org/10.3390/ijms252312556.

3. Shih, J.-Y.; Hsu, Y.-H.H. Peptide Activator Stabilizes DJ-1 Structure and Enhances Its Activity.
Int. J. Mol. Sci. 2024, 25, 11075. https:/ /doi.org/10.3390/1jms252011075.

4. Fili¢, Z.; Bielen, A.; Sari¢, E.; Cehi¢, M.; Crnolatac, I.; Tomi¢, S.; Vujaklija, D.; Abramié¢, M.
Evaluation of the Structure-Function Relationship of SGNH Lipase from Streptomyces rimosus
by Site-Directed Mutagenesis and Computational Approach. Int. J. Mol. Sci. 2024, 25, 595.
https://doi.org/10.3390/ijms25010595.

5. Botticelli, S.; La Penna, G.; Minicozzi, V.; Stellato, F.; Morante, S.; Rossi, G.; Faraloni, C.
Predicting the Structure of Enzymes with Metal Cofactors: The Example of [FeFe] Hydrogenases.
Int. J. Mol. Sci. 2024, 25, 3663. https:/ /doi.org/10.3390/1jms25073663.

6. Desai, M.; Singh, A.; Pham, D.; Chowdhury, S.R.; Sun, B. Discovery and Visualization of the
Hidden Relationships among N-Glycosylation, Disulfide Bonds, and Membrane Topology. Int.
J. Mol. Sci. 2023, 24, 16182. https:/ /doi.org/10.3390/ijms242216182.

7. Bui, H.B.; Inaba, K. Structures, Mechanisms, and Physiological Functions of Zinc Transporters
in Different Biological Kingdoms. Int. . Mol. Sci. 2024, 25, 3045. https://doi.org/10.3390/
ijms25053045.

8. Gao, X,; Liu, X.; Zhang, H.; Cheng, L.; Wang, X.; Zhen, C.; Du, H.; Chen, Y.; Yu, H.; Zhu, B.;
et al. Genome-Wide Identification, Expression, and Interaction Analysis of the Auxin Response
Factor and AUX/IAA Gene Families in Vaccinium bracteatum. Inf. J. Mol. Sci. 2024, 25, 8385.
https://doi.org/10.3390/ijms25158385.

9. Socan, V.; Dolinar, K.; Krzan, M. Cortical and Striatal Astrocytes of Neonatal Rats Display
Distinct Molecular and Pharmacological Characteristics of Dopamine Uptake. Int. ]. Mol. Sci.
2024, 25, 911. https://doi.org/10.3390/ijms25020911.



Int. J. Mol. Sci. 2025, 26, 11731

References

1.  Zhang, Y,; Li, S.; Meng, K.; Sun, S. Machine Learning for Sequence and Structure-Based Protein-Ligand Interaction Prediction. J.
Chem. Inf. Model. 2024, 64, 1456-1472. [CrossRef] [PubMed]

2. Lin, B; Luo, X,; Liu, Y; Jin, X. A comprehensive review and comparison of existing computational methods for protein function
prediction. Brief. Bioinform. 2024, 25, 289. [CrossRef] [PubMed]

3. DTU. 2025. Available online: https://dtu.biolib.com/DeepTMHMM (accessed on 24 November 2025).

4. Franke, L.; Peter, C. Clustering and Analyzing Ensembles of Residue Interaction Networks from Molecular Dynamics Simulations.
J. Chem. Inf. Model. 2025, 65, 11203-11214. [CrossRef] [PubMed]

5. Lavecchia, A. Explainable Artificial Intelligence in Drug Discovery: Bridging Predictive Power and Mechanistic Insight. WIREs
Comput. Mol. Sci. 2025, 15, €70049. [CrossRef]

6. Wang, H.; Meng, X.; Zhang, Y. Biomolecular Interaction Prediction: The Era of AL Adv. Sci. 2025, 12, e09501. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



International Journal of

S Molecular Sciences

Article

Insight into the Relationships Between Chemical, Protein and
Functional Variables in the PBP/GOBP Family in Moths Based
on Machine Learning

Xaviera A. Lépez-Cortés 1-2-*, Gabriel Lara 2, Nicolas Fernandez >, José M. Manriquez-Troncoso %%
and Herbert Venthur 3:4*

Department of Computer Sciences and Industries, Universidad Catdlica del Maule, Talca 3466706, Chile

2 Centro de Innovacién en Ingenieria Aplicada (CIIA), Universidad Catélica del Maule, Talca 3466706, Chile;
gabriel lara@alu.ucm.cl (G.L.); nicolas.fernandez@alu.ucm.cl (N.E);

manriquez.josematias@gmail.com (J.M.M.-T.)

Laboratorio de Quimica Ecolégica, Departamento de Ciencias Quimicas y Recursos Naturales, Facultad de
Ingenieria y Ciencias, Universidad de La Frontera, Temuco 4811230, Chile

Centro de Investigacion Biotecnolégica Aplicada al Medio Ambiente (CIBAMA), Universidad de La Frontera,
Temuco 4811230, Chile

Correspondence: xlopez@ucm.cl (X.A.L.-C.); herbert.venthur@ufrontera.cl (H.V.)

These authors contributed equally to this work.

Abstract: During their lives, insects must cope with a plethora of chemicals, of which a
few will have an impact at the behavioral level. To detect these chemicals, insects use
several protein families located in their main olfactory organs, the antennae. Inside the
antennae, odorant-binding proteins (OBPs), as the most studied protein family, bind volatile
chemicals to transport them. Pheromone-binding proteins (PBPs) and general-odorant-
binding proteins (GOPBs) are two subclasses of OBPs and have evolved in moths with a
putative olfactory role. Predictions for OBP—chemical interactions have remained limited,
and functional data collected over the years unused. In this study, chemical, protein
and functional data were curated, and related datasets were created with descriptors.
Regression algorithms were implemented and their performance evaluated. Our results
indicate that XGBoostRegressor exhibits the best performance (R? of 0.76, RMSE of 0.28
and MAE of 0.20), followed by GradientBoostingRegressor and LightGBMRegressor. To
the best of our knowledge, this is the first study showing a correlation among chemical,
protein and functional data, particularly in the context of the PBP/GOBP family of proteins
in moths.

Keywords: chemical ecology; lepidoptera; odorant-binding proteins; artificial intelligence;
ligand binding; regression algorithm

1. Introduction

Insects play an important role in ecosystems. However, as a result of globalization,
invasive species have spread quickly and are now a problem in many countries [1,2]. These
insect pests have an extraordinary sense of olfaction, adapting to new regions and climates
using plants as hosts for feeding or oviposition [3]. In particular, moths have become
serious pests throughout the world, where the cotton leaf worm Spodoptera littoralis, spongy
moth Lymantria dispar, codling moth Cydia pomonella, oriental fruit moth Grapholita molesta,
Indian meal moth Plodia interpunctella, and grapevine moth Lobesia botrana are few examples
of highly invasive widespread polyphagous species [4].

Int. J. Mol. Sci. 2025, 26, 2302
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Olfaction-driven behaviors in moths have proven to be key for the development of
traps baited with odorants, either sex pheromones or attractants (i.e., semiochemicals) [5].
Traditionally, these chemicals have been identified by time-consuming methods using live
insects, volatile trapping in polymers, chromatographic analysis, and, ultimately, behav-
ioral assays in both the laboratory and field. In addition, pheromone identification has
remained elusive in some species following this traditional approach [6]. More worry-
ingly, new insects are being introduced in new countries, and pest management strategies
must be implemented, involving time and expenses for local governments. Normally,
insecticides are the primary and cheapest resource for insect control, and are sometimes
complemented by odorant-baited traps taking advantage of the well-tuned olfactory system
of moths [7]. In that sense, key odorants that elicit behavioral responses in these species
must be identified [8].

In insects, the primary olfactory organs are sensilla on the antennae, inside which some
protein families, called chemosensory proteins, play pivotal roles in detecting odorants
(i.e., volatile organic compounds or VOCs) [9-12]. The odorants that bind to these proteins
are highly specific, and in moths, it has been shown that behavioral responses can be
elicited at very low concentrations (i.e., micro- or nanomolar) [13]. The first chemosensory
protein was discovered in 1981 from antennae of the giant moth Antheraea polyphemus,
and called the odorant-binding protein (OBP) [14]. More than forty years later, OBPs
have become the most studied chemosensory protein and the target of choice for studying
insect chemosensation, evidenced by multiple review articles [8,10,12,15-18]. Briefly, OBPs
transport odorants from olfactory pores located in hair-like structures called sensilla, which
are distributed across antennae. Afterwards, OBPs deliver odorants to ORs for olfactory
transduction, and, ultimately, insect behavioral responses are unleashed. In moths, an
evolutionarily conserved clade of OBPs are significantly expressed in antennae rather than
other tissues, showing high binding affinities (i.e., Kj) to odorants with semiochemical
functions [19-21].

Nowadays, genomic and transcriptomic approaches allow the identification of dozens
to hundreds of insect moth OBPs, with 15-45 OBPs usually identified in each lepidopteran
species [16,22]. OBPs, from olfaction-derived data, are considered the first filter of odor-
ants in the antennae of insects, and are extensively studied [22]. To date, approximately
28,700 amino acid sequences for OBPs have been deposited in UniProt database. This is
2.3 times the number of sequences for ORs, the other olfactory proteins that recognize
odorants in insects [23]. Although recent evidence suggests that OBPs appear to have
both chemosensory and non-chemosensory functions, OBPs still are crucial for insect
olfaction [12].

Furthermore, OBPs have become the target of choice for odorant discovery due to
their inherent binding affinities [10,16]. The use of OBPs for in vitro functional evidence
can overcome factors related to live insects, such as life cycle, size, abundance, and colony
firearing. Furthermore, ample sets of chemicals can be used, accelerating the identification
of odorants with behavioral effects. For instance, the fluorescence binding assay (an
in vitro assay) has become frequent method to test the binding affinity of VOCs to insect
OBPs, resulting in inhibition constant (K;) values measured in the nano- or micro-molar
(nM or uM, respectively) range [16,24,25]. Currently, 215 functional studies combining
OBPs and VOCs have been reported, and subsequently, 622 VOCs have been counted
with quantifiable data through initiatives such as iOBPdb [26], a centralized database
that reunites OBP and VOC information along with their binding affinities. In moths, a
particular evolutionary clade occurs with OBPs named general-odorant-binding proteins
(GOBPs) and pheromone-binding proteins (PBPs), which are highly conserved among
lepidopterans [27,28]. Although increasing evidence suggests that OBPs might play other
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chemosensory and non-chemosensory roles, research has shown that PBPs and GOBPs
are still crucial in transporting sex pheromone components or both plant volatiles and sex
pheromones [12,28-31]. Currently, it is known that moths have three types of PBPs, whereas
butterflies have two, probably because of the nocturnal habits in moths and, therefore,
their odorant-guided behaviors [28]. Likewise, it is common to identify two GOBPs in
moths [16,32].

Considering the above, current initiatives have focused on comprehensively studying
the main olfactory organ of insects (i.e., antennae), and related proteins that bind VOCs,
providing an opportunity to identify novel behaviorally active chemicals and, consequently,
use them in pest management. Hitherto, molecular and bioinformatics approaches have
addressed the above with some success, where OBPs have played a role as targets [16].
However, new cheaper, reproducible and scalable methodologies are needed to identify
odorants with the potential to be implemented in pest management. In this sense, advances
in computer science have resulted in software capable of learning, helping in visual per-
ception, translation between languages, speech recognition and decision-making tasks,
i.e., artificial intelligence (Al) [33]. Applications of Al to biological problems are becoming
powerful methods of solving biological problems at different scales [34-38]. One type of
Al enables a computer to learn on its own, and this is called machine learning (ML). ML
can identify patterns from databases and make predictions [39—-42]. Nowadays, most of the
research that integrates ML and pest management seems to be focused on identification
and monitoring rather than control [43]. Thus, ML has been applied to monitoring insects’
flight based on their dependence on abiotic factors, such as temperature, wind, humidity,
etc. Interestingly, a neural network method with four layers (a type of ML model) was
developed to track the flight of the grapevine moth L. botrana, which is highly influenced
by temperature [44]. Likewise, a 79% accuracy in predicting thrip and squamous and black
weevil incidence using a supervised ML algorithm in the form of logistic regression and
vector machine has been reported [45]. One step further was reported for the noctuid moth
S. littoralis, whereby the authors found the chemical space of volatiles that could elicit
behavioral activity (attraction or repellency) based on the activation of odorant receptors
(ORs) (i.e., SIitOR25) from a panel of 3 million compounds and using a QSAR model (as
a supervised ML model) [46]. Despite the suitability of using ML models for the identi-
fication of behaviorally active odorants, current reports are from a chemical perspective.
Also, sequence-based predictions have been investigated, and to the best of our knowl-
edge, function-based predictions through ML have not been considered for the previously
mentioned purposes. The closest approach to this has been through AlphaFold2 (a deep
learning-based tool), predicting the 3D structure of olfactory proteins and identifying
odorants with putative biological activity [47-49]. However, these studies have focused
on binding characterization from a structural perspective only, and final applications (e.g.,
traps baited with new odorants) are still lacking. Therefore, the objective of this study
was to evaluate and select suitable ML models that can integrate not only chemical and
sequence descriptors (i.e., odorants and OBPs, respectively), but also functional data in
the form of the inhibition constant Kj;, which represents the binding affinity between
proteins and ligands, but focusing on PBPs and GOBPs from moths. Here, a proposed
methodology consisted in six main steps with collection and filtering of data, descriptor
search, dataset creation, preprocessing of datasets, model selection and optimization and
evaluation (Figure 1).
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Figure 1. Scheme of proposed methodology. (1) Collection and filtering of PBP and GOBP
related dataset. (2) Descriptor search based on amino acid sequences and SMILES of compounds.
(3) Dataset creation of protein and chemical descriptors along with their respective binding affinity.




Int. ]. Mol. Sci. 2025, 26, 2302

Model Prediction

Model Prediction

Model Prediction

95

9.0

75

7.0

9.5

9.0

75

7.0

9.5

9.0

75

7.0

(4) Cluster of data divided into 80% training and 20% testing, and normalization of StandardScaler

characteristics followed by transformation of binding affinities for each cluster. (5) Implementation

of 6 ML regression models: For training, optimization for hyperparameters with ten-step cross-

validation for each ML was used. (6) For testing, training with best parameters for 6 ML regression

models was used in order to evaluate the results on plots as shown in the circles in the figure and

compare performance according to Root-Mean-Square Error (RMSE), Coefficient of Determination

(R?) and Mean Absolute Error (MAE).

2. Results

The performance of the optimized models was evaluated using a cluster test (20% of
the data), with the best parameters found through the Root-Mean-Square Error (RMSE),
Coefficient of Determination (R?) and Mean Absolute Error (MAE) [50]. The results from
the metrics of each model are presented in Table 1 and Figure 2.

Prediction Comparison - XGBRegressor (R? = 0.758)

Prediction Comparison - LightGBM (R? = 0.745)

XGBRegressor
— Pperfect Prediction
—— 90% Confidence Interval

LightGBM
—— Perfect Prediction
—— 90% Confidence Interval

95
20
<
s
g
£ 85
12
&
3
3 8o
£
75
7.0
6.5
7.0 7.5 8.0 85 2.0 95 7.0 75 8.0 8.5 2.0 95
Real Values Real Values
Prediction Comparison - Gradient Boosting (R? = 0.733) Prediction Comparison - AdaBoost Regressor (R? = 0.543)
Gradient Boosting AdaBoost Regressor
—— Perfect Prediction —— Perfect Prediction
— 90% Confidence Interval 10 ] — 90% confidence interval
9
<
s
i
4
&
g
g 8
=
7
7.0 75 8.0 85 2.0 95 7.0 7.5 8.0 85 2.0 95
Real Values Real Values
Prediction Comparison - Random Forest (R? = 0.715) Prediction Comparison - Support Vector Regressor (R? = 0.656)
105
Random Forest Support Vector Regressor
—— Perfect Prediction —— Perfect Prediction
— 90% Confidence Interval 10.0 { — 90% Confidence Interval
95
2.0
<
8
£ 85
2
&
]
g 80
&
7.5
7.0
65

8.5 9.0 oS
Real Values

7.0 75 85 9.0 as

Real Values

Figure 2. A Comparison of the predictions with the 20% test data using different regression models.
The actual values used are from the iOBPdb database [26].
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Table 1. Evaluation of predictions with 20% test.

Models RMSE R? MAE
XGBoostRegressor 0.276 0.758 0.202
LightGBMRegressor 0.284 0.745 0.208
GradientBoostingRegressor 0.290 0.733 0.216
AdaBoostRegressor 0.380 0.543 0.292
RandomForestRegressor 0.300 0.715 0.222
SupportVectorRegressor 0.329 0.656 0.236

In terms of accuracy, the XGBoostRegressor model showed the best performance,
reaching an R? of 0.758, with an RMSE of 0.276 and an MAE of 0.202. This model presented
the best predictions in comparison with the real values, which positions it as a suitable
curated dataset. It was closely followed by GradientBoostingRegressor and LightGBM-
Regressor, which showed an R? of 0.733 and 0.745, respectively. Both models presented
similar RMSE and MAE values when compared with XGBRegressor, although with a slight
decrease in accuracy.

The RandomForestRegressor also showed a satisfactory yield, with an R? of 0.715 and
an RMSE of 0.300, which suggests a robust capacity for predictions, although inferior to
other boosting methods such as XGBoostRegressor, GradientBoostingRegressor or Light-
GBMRegressor. On the other hand, Support Vector Regressor (SVR) obtained an R? of 0.656,
indicating a lower adjustment capacity in comparison with previous models.

Finally, AdaBoost Regressor presented the lowest performance of all the evaluated
models in this study, with an R? of 0.543 and higher values of RMSE and MAE, suggest-
ing a limited capacity to capture the relationships among variables (chemical, protein
and functional).

The scatter plots (Figure 2) compare the actual values with the values predicted by each
model. The 90% confidence intervals are included to assess the accuracy of the predictions.
XGBoost and LightGBM show strong alignment with the perfect prediction line (red line),
confirming their high predictive power. Gradient Boosting and Random Forest also present
good fits, albeit with a slight dispersion. AdaBoost and SVR exhibit higher errors and
higher variability in their predictions, which is reflected in their lower R? values.

Table 1 and Figure 2 illustrate the superiority of XGBoostRegressor in predicting
affinities with fewer errors and closer to a perfect prediction line, followed by LightGBM-
Regressor and GradientBoostingRegressor. On the other hand, AdaBoostRegressor is not
recommended due to its high error rate and low fit. These findings suggest that decision
tree-based methods with boosting are the most effective for this problem.

In order to evaluate the feature contribution, the model with the best performance
for K; prediction was used. Specifically, the XGBoost model was used to conduct Shapley
value analysis. Figure 3 shows the Shapley values of the 20 features (descriptors obtained
with PaDEL or Propy3) with the highest average contribution for K; prediction. Specifically,
the features TIC5, TIC4, ZMIC1, SdsCH and TIC3 correspond to molecular descriptors
calculated using the PaDEL-Descriptor tool. Specifically, TIC5, TIC4 and TIC3 refer to
the Total Information Content Index—Neighborhood Symmetry of the n-th order. These
descriptors quantify the total structural information based on the symmetry of atoms
within the molecule at different neighborhood levels (n-th order). Since the SHAP analysis
shows that TIC5, TIC4 and TIC3 are the most influential features, this suggests that the
structural symmetry of the molecule at different neighborhood levels is key for interaction
with OBP/PBP proteins. Similarly, ZMIC1 (Z-modified Information Content Index of
the first order) is a modified variant of the Information Content Index (TIC), adjusted
with the Z constant, and captures the first-order neighborhood symmetry of the molecule.
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Finally, the SdsCH descriptor is an electrotopological descriptor that belongs to the atom-
type descriptors of the electrotopological state (E-State). These descriptors are used in
cheminformatics to quantify the electronic and topological properties of specific atoms
within a molecule. In this case, SdsCH specifically refers to the sum of the electrotopological
state values for =CH-type atoms. The fact that these features appear in the top five SHAP

values could indicate a strong correlation with the prediction of the K; value.
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Figure 3. A SHAP (Shapley Additive exPlanations) summary plot and individual feature impact
plots for the XGBoostRegressor model. The left panel shows the global importance of the features
ranked by their impact on the model’s prediction of binding affinity (K;) between OBPs (PBP/GOBP
family) and VOCs. Each dot represents a SHAP value for a specific interaction, with colors indicating
the feature value (red: high; blue: low). The right panel presents detailed SHAP dependency plots for
the five most impactful features (TIC5, TIC4, ZMIC1, SdsCH and TIC3), highlighting how variations
in these descriptors influence the predicted binding affinity. The gray histograms in the dependency
plots represent the distribution of feature values in the dataset.

3. Discussion

Olfaction plays a crucial role in the life cycle of an insect. Over time, research has
provided insights into how odorants are recognized by a well-tuned olfactory system,
especially in lepidopterans, where it all started. In 1959, the first sex pheromone was
identified from the silk moth Bombyx mori [50,51]. To date, more than 6500 compounds
have been identified and deposited in the Pherobase database [52] that mediate interactions
among insects, whether sex pheromones (intraspecific) or allelochemicals (interspecific),
both classed as semiochemicals [53]. Some of these chemical compounds, usually volatiles,
are currently used in field traps for monitoring and control. However, their discovery
is highly demanding in terms of time and laboratory expenses and dependent on insect
availability. Therefore, alternative strategies that can overcome these difficulties and, at the
same time, use data from insect olfaction are necessary.

Hitherto, research has focused on insect olfaction following two pathways. The first is
studying chemical information from odorants with or without semiochemical function. For
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example, a supervised ML model through QSAR was used to screen a panel of 3 million
compounds that could elicit behavioral activity (attraction or repellency) in the moth
S. littoralis based on the activation of OR25 [54]. Similarly, a novel set of antagonistic
volatile compounds were reported for Orco (a conserved insect OR co-receptor) from the
fruit fly Drosophila melanogaster using ML models, such as a Naive Bayesian classifier and
Extended Connectivity Fingerprints. Their results suggested 2-tert-butil-6-metilfenol was
the best at inhibiting behavioral responses in larvae of D. melanogaster [55]. In this sense,
chemical, structural and functional descriptors appear to be key in decoding the odorant-
protein relationship. Thus, SMILES notations have been used for finding odorant—smell
relationships through deep learning approaches, such as deep neural networks (DNN)
and convolutional neural networks (CNN) [56]. Likewise, the use of chemical descriptors
has provided predictions of odor perception based on chemical structure [57]. ML has
also been applied for OBP sequence classification through the Regularized Least-Squares
Classifier (RLSC) [58]. Hence, chemicals and proteins have been analyzed independently,
and therefore, the odorant-OBP relationship has not been decoded by ML algorithms.

A third pathway could be the implementation of functional properties derived from
the binding of a given odorant to an OBP (i.e., K;) and evaluated through ML algorithms.
To the best of our knowledge, this approach has remained unexplored. In this study, three
datasets were unified and implemented under supervised ML. Thus, XGBoostRegressor
resulted in an R? of 0.758, and a prediction of the binding between OBPs and ligands by
combining, for the first time, both chemical and protein descriptors along with functional
data in the form of K;. These findings suggest that the prediction of binding affinities in
the context of OBPs is feasible. The functional properties from OBPs in moths, particularly
PBPs and GOBPs, have been obtained through fluorescence-based assays. Here, chemical
compounds (such as odorants) displace N-phenyl-1-napthylamine (1-NPN, also called a
fluorescent probe) from the unique binding site present in OBPs, acting as competitors.
Although a comparative study reported that K; could change depending on the fluorescent
probe, this competitive fluorescent assay is still the most widely used technique for insect
OBPs [16,59]. Consequently, initiatives such as iOBPdb, as a database that reunites VOCs (or
odorants as ligands), OBPs and the resulting binding affinities (i.e., Kjs), have emerged [26].
Thanks to this database, it is possible to download current deposited data related to OBPs,
VOCs and Kis separately. Furthermore, researchers can contribute their own data, helping
to constantly update iOBPdb [60]. Notably, outside the insect olfaction field, other studies
have used unified functional and chemical data for ML algorithms. An example is the
identification of two lactones as potential inhibitors of acetylcholinesterase (AChE), an
important target of research in Alzheimer’s disease, found based on 7032 molecules with
ICs5p and another 8593 secondary metabolites through classification models [61]. Similarly,
datasets of cytochrome P450 inhibitors and ICs) were implemented for Random Forest and
SVM, resulting in over 80% accuracy [62].

With respect to the models implemented, it is possible to say that the best performance
in predicting K; corresponded to the XGBoostRegressor model, which outperformed Light-
GBMRegressor, GradientBoostingRegressor, AdaBoostRegressor, RandomForestRegressor
and SupportVectorRegressor. The Shapley value analysis (3) revealed that most of the
features with high predictive contributions were derived from the ligand, specifically the
PaDEL-Descriptors. TIC descriptors measure the topological structural complexity of a
molecule, while ZMIC evaluates its connectivity based on Zagreb indices. Among the
top five contributors to the prediction of K, it is worth noting that TIC5, TIC4, ZMIC1
and TIC3 represent ligand descriptors. These indices capture key aspects of molecular
structural diversity, including electrical, geometric, symmetric and topological properties.
This finding underscores the critical role of ligand structural features in influencing binding
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affinity predictions. Moreover, the SAsCH descriptor, which pertains to protein-specific
characteristics, particularly hydrophobicity, further highlights the importance of protein—
ligand interactions in the predictive model. The integration of both ligand-centric and
protein-specific features suggests a multifaceted approach to modeling, where the roles
of the structural and physicochemical properties of both entities are essential for accurate
predictions. These observations provide valuable insights into the mechanisms driving
protein-ligand interactions, particularly the binding of PBPs and GOBPs to VOCs, and
pave the way for refining future computational models.

Although the implemented models yielded promising results, due to the predictive
power obtained through R?, there are several avenues for enhancing the proposed approach.
First, increasing both the volume and the diversity of the data could significantly improve
the generalizability of the model [63]. Likewise, expanding the dataset by incorporating
additional OBP and VOC protein data from various databases would extend the analysis to
encompass a broader range of species and chemical compounds. Moreover, performance
evaluation could be beneficial for the inclusion of alternative metrics, such as the Mean
Absolute Percentage Error (MAPE), Concordance Index (CI) or domain-specific metrics
like Receive Operating Characteristic (ROC) and Regression Error Characteristic Curves
(RECQ), providing deeper insights into critical protein-ligand interactions.

Another potential enhancement involves adopting periodic retraining techniques to ac-
count for new data or leveraging transfer learning models to capitalize on prior knowledge
from related problems. Furthermore, exploring advanced neural network architectures,
such as DeepDTA or Affinity2Vec [64,65], could better capture the intricate complexities
of protein-chemical interactions. Finally, employing advanced feature engineering strate-
gies, such as dimensionality reduction tailored to domain-specific relationships or custom
feature creation, can optimize data representation and improve predictive accuracy [66,67].

These advances will not only enhance the robustness of the model, but also broaden
its applicability in future studies on ecological chemistry and integrated pest management.

4. Materials and Methods

4.1. Data and Preproccessing
4.1.1. Data

The dataset was extracted from the iOBPdb database [26], a free bioinformatics re-
source containing information on odorant-binding proteins (OBPs), volatile organic com-
pounds (VOCs) and the interaction affinity between them. In particular, three specific
subsets of data were used:

e  Odorant-binding proteins

This database contains information on 436 OBPs such as their names, species, cystine
counts, protein types, and amino acid sequences with and without signal peptides, among
other characteristics.

e  Volatile organic compounds

This database contains information on 621 VOCs such as their names and properties
like molecular formulas, SMILES and functional groups to which they belong.

e Binding affinity (K;)

This database contains a 621 x 436 matrix that records the binding affinity (K;) between
VOCs and OBPs.

4.1.2. Preprocessing

The process of filtering and transforming the iOBPdb data began by selecting OBPs
only from species in the order Lepidoptera that fit the PBP and GOBP subcategories,
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applying a taxonomic filter to exclude non-Lepidopteran species using the Python Pandas
library [68,69]. Next, volatile organic compounds (VOCs) related to these species were
identified, ensuring that only VOCs directly linked to Lepidoptera remained. The binding
affinity values for each protein-ligand pair were then extracted from iOBPdb (https://
www.iobpdb.com (accessed on 17 April 2024)) [26,60], providing key interaction data
between odorant-binding proteins (PBPs and GOBPs) and VOCs. To eliminate redundancy,
duplicate SMILES structures and repeated amino acid sequences were identified and
removed, ensuring the uniqueness of each protein-ligand pair. This resulted in three new
sets of 110 OBPs, 254 VOCs and a 254 x 110 affinity matrix reflecting the binding affinity
(Kj) of each protein-ligand combination (Figure 4).
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(621) ompound Inio Compound Descriptors with Deleting Columns with
Leaked (254) Transformed Compound Zero Values Entirely
OBP Binding Affinity (1459x3048)
- R
: X3 X3
v X — [ —
iOBPdb
Compound OBP Filtering of OBPs of Type Compound OBP Transformation from Compound OBP Bindin Protein-Ligand Dataset
Binding Affinity PBP, GOBP, Smiles and Binding Affinity Filtering Wide to Long Dataset Afﬂpnity Transformed d with its Affinity
(621x436) Unique Sequences (254x110) (Unpivot) (1459x3) (159x3423)
N =
L 1
OBP info
OBP Info Search for :
(436) leaked (110) Descriptors by OBP Descriptors

Protein {110x1547)

Figure 4. Flow chart scheme of proposed methodology (available on the Supplementary Material).

4.1.3. Extraction of Descriptors

For the 254 VOCs, using the PaDEL-Descriptor library [70] (through PaDEL-Py, its
Python 3.9 implementation [71]), 1875 descriptors were generated (431 3D features and
1444 2D and 1D features) per compound, including physicochemical, topological, geometri-
cal and other characteristics. For the 110 OBPs generated through Python’s PyPro3 [72]
library, 1547 descriptors were calculated based on the amino acid sequence without signal
peptides, such as amino acid composition, physicochemical properties, hydrophobicity
and other relevant characteristics.

4.1.4. Dataset Creation

The affinity matrix was transformed into a long format, where each row represents
a single VOC-OBP interaction with its binding affinity value (K;), yielding a dataset of
1459 compound-protein interactions. Two merges were performed to enrich the dataset
with descriptors of VOCs and OBPs with the Merge function of the Python Pandas li-
brary [68,71]. Features with zero were then removed in their entirety, generating a final set
of 1459 interactions and 3048 descriptor features.

4.1.5. Machine Learning Models
e Training and testing data.

To assess the generalizability of the models, the dataset was split into 80% (1167 x 3048)
for training and 20% (292 x 3048) for testing with a seed of 41 to ensure reproducibility.

The training subset was used to fit and optimize the models, while the test set allowed
performance to be assessed on unseen data, ensuring a robust measure of their accuracy.
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e  Dataset preprocessing

Considering variation in data scales and ranges, normalization was applied to improve
the performance and stability of the models. In particular, the StandardScaler method of
the Scikit-Learn library [73] was used, which transforms each characteristic according to
the mean and standard deviation of its values, allowing a normalized distribution to be
obtained with a mean of 0 and a standard deviation of 1:
X—p

o

)

Xsculed =

where the definitions are as follows:
- Xis the original value of the feature;
- pis the mean of the feature in the dataset;
- 0 is the standard deviation of the feature.

In addition, the binding affinity (K;) values were transformed into a logarithmic scale
(pK;), similar to the SimBoost, DeepDTA and Affinity2Vec [54,65-73] methods, by applying
the following equation:

) K;
pKi = —logl (1 » 109> )

- Kjrepresents the value of the inhibition constant in units of molarity (M).
- The factor 1 x 107 (or 10° nM) is used to convert Ki to nanomolarity (nM) so that the
resulting logarithmic values are on a comparable scale.

This transformation converts the value of K; into a scale that is easier to interpret.
These values in the dataset range from 6.30 to 9.80, where high values of pK; indicate a
strong binding affinity (i.e., lower K;) and low values indicate a weak affinity. To obtain the
affinities on their original scale, just apply the inverse function (from pK; to K;) to convert
the pK; values predicted by the model back to molarity units. The inverse formula to
recover K; from pK; is

K; = 107K ©)

4.2. Models’s Implementation

The regression algorithms implemented in this study corresponded to supervised
learning, where the following regression models were applied: Gradient Boosting (GB),
AdaBoost (AB), Random Forest (RF) and Support Vector Regressor (SVR) [73]. XGBRe-
gressor from the XGBoost library [74] was also applied, as was LGBMRegressor from the
LightGBM library [75]. A brief theoretical description of each is given below:

e  XGBoost Regressor

This algorithm represents an advanced decision tree-based boosting method designed
to continuously improve its predictions. This model adjusts multiple trees in sequence,
with each tree attempting to correct the errors of its predecessors. XGBRegressor’s ability
to perform fine-tuning, through gradient optimization, allows for excellent accuracy in
complex regression problems. Its flexibility and robustness to overfitting make it a preferred
choice for high-dimensional regression scenarios and heterogeneous data.

e LightGBM Regressor

This is a boosting algorithm that is based on decision trees and distinguished by
its unique focus on growing leaves instead of levels. This approach allows for greater
accuracy in less time, optimizing memory usage and reducing training times. Its ability
to handle large data volumes and high dimensionality makes it especially valuable in
regression problems where a balance between speed and accuracy is sought. In addition,
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its dynamic fitting and sparse data handling capabilities position it as an effective tool in
advanced applications.

e  Gradient Boosting Regressor

This is a sequential boosting algorithm that optimizes performance by combining
multiple simple models. Each subsequent model corrects the errors of the previous one
through gradient descent, allowing for a steady improvement in prediction accuracy. This
model is especially effective in regression problems that require a high level of accuracy
and is able to capture complex relationships in the data without extensive pre-processing.

e  AdaBoost Regressor

This is an iterative boosting algorithm that consecutively fits simple models, pay-
ing more attention to mispredicted observations at each iteration. This method allows
for continuous model fitting, resulting in improved accuracy without the need for com-
plex configurations. AdaBoost is a reliable choice in regression applications where an
adaptive and fast-fitting model is needed, providing effective solutions to problems of
moderate complexity.

e Random Forest Regressor

This is an ensemble algorithm that builds multiple decision trees and averages their
results to obtain a stable and accurate prediction. This model is highly effective in reducing
overfitting and is especially valuable for handling high-dimensional data and noise. Its
ability to maintain a balance between accuracy and efficiency makes it a reliable and
versatile tool in a wide range of regression applications.

e  Support Vector Regressor

This is a support vector machine-based algorithm designed to find the optimal hy-
perplane that minimizes prediction error. This approach allows SVR to efficiently handle
non-linear relationships and produce accurate predictions even in datasets with high vari-
ability. Thanks to its ability to control the sensitivity of the model to extreme data, SVR
is a powerful tool in regression scenarios where accuracy is required under conditions of
complexity and non-linearity.

Hyperparameter Optimization and Cross-Validation

To maximize the accuracy of the models and avoid overfitting, hyperparameter op-
timization was performed with 100 evals for each model along with thorough cross-
validation at 80% of the data. Hyperparameter optimization was implemented using
Hyperopt [76], a Bayesian optimization method that searches for the best set of parameters
for each model by iteratively evaluating different combinations of hyperparameters. The
search spaces for each parameter were defined in terms of appropriate ranges and values
for each specific model, maximizing the accuracy and stability of the predictions.

To evaluate the performance of each set of hyperparameters, Scikit-Learn’s cross-
validate feature was used with cross-validation of 10 partitions (cv = 10). This technique
divides the training data into 5 subsets, where each partition is used once as a test set,
while the remaining partitions are used for model training. The results obtained from
each partition were averaged to obtain a global performance metric, using the RMSE, R?
and MAE [77] as the main metrics. This combination of optimization and cross-validation
provides a robust model and prevents the fit from being influenced by a single test dataset,
which improves the generalizability and accuracy of the final model. The optimal hyperpa-
rameters that were used in this experiment to develop the prediction models are shown in
Table 2.
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Table 2. Hyperparameters explored and optimal values for models implemented.

Model Parameters Hyperparameter Search Optimal Value
n_estimators [700, 1200] 800
learning_rate [0.009, 0.03] 0.0188610
max_depth [10, 15] 10
min_child_weight [5,10] 9
XGBoostRegressor gamma [0.00, 0.005] 0.002323
colsample_bytree [0.3,0.6] 0.392232
subsample [0.6, 0.9] 0.564263
reg_alpha [0.5,1.0] 0.683823
reg_lambda [1.5,2.0] 1.711287
n_estimators [700, 1200] 900
learning_rate [0.009, 0.03] 0.0222877
max_depth [10, 20] 13
num_leaves [20, 150] 148
LightGBMRegressor min_child_weight [5,10] 7
subsample [0.5,1.0] 0.661123
colsample_bytree [0.3,0.8] 0.305414
reg_alpha [0, 2] 0.316713
reg_lambda [0, 3] 1.579887
n_estimators [100, 500] 400
learning_rate [0.009, 0.03] 0.0265516
max_depth [5, 15] 5
GradientBoostingRegressor Subsample [0.5,1.0] 0.687177
min_samples_split [2,10] 10
min_samples_leaf [1,10] 1
max_features [0.1, 0.5] 0.260379
n_estimators [100, 500] 100
AdaBoostRegressor learning,_rate [0.009, 0.03] 0.00996526
n_estimators [700, 1200] 1000
max_depth [3,20] 16
RandomForestRegressor min_sampleps_spli ¢ 2, 20] 5
min_samples_leaf [1,20] 1
C [1000, 5000] 1000
SupportVectorRegressor epsilon [0.009, 0.03] 0.029727
degree [1,15] 13

4.3. Models’ Performance Evaluation
4.3.1. Root-Mean-Square Error (RMSE)

The Root-Mean-Square Error (RMSE) is a robust metric that measures the accuracy of
prediction models by assessing the average deviation of predictions from actual values. This
value, expressed in the same units as the target variable, facilitates direct and comparative
interpretation of the error. A low RMSE [77] indicates that the model fits the data well, thus
representing an accurate and reliable prediction. This metric is notable for its sensitivity to
large errors, helping to identify areas for improvement in model accuracy.

n

1 i
RMSE = |-} (i = 1)’ 4)
i=1

- n: total number of observations.
- y;: real value of the observation 7.
- P;: predicted value for the observation i.
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4.3.2. Coefficient of Determination

The Coefficient of Determination (R?) is a metric that assesses the proportion of
variability in the target variable that the model is able to explain. This indicator, expressed
as a value between 0 and 1, provides a clear understanding of the effectiveness of the model.
A high R? [77] suggests a satisfactory fit, demonstrating that the model adequately captures
the trends in the data.

n ~ 2
R2 —q1_ Lz —9i)

n

%)
Ly —7)°

- y;: real value of the observation i.

- ¥;: predicted value for the observation i.
- y: mean of all real values y;.

- n: total number of observations (256).

4.3.3. Mean Absolute Error

The Mean Absolute Error (MAE) measures the accuracy of the model by calculating
the average of the absolute differences between predictions and actual values. This metric
provides a clear and direct view of model performance as it reflects the average error
in absolute terms and is less sensitive to outliers. A low MAE [77] reflects the model’s
ability to consistently make accurate predictions, inspiring confidence in the robustness
and applicability of the model in real-world scenarios.

1
MAE = =} |y; — #il ©)
i=1

- n: total number of observations.
- y;: real value of the observation 7.
- ¥ predicted value for the observation i.

4.3.4. Confidence Interval

The Confidence Interval (CI) assesses the accuracy of the model predictions and
provides a range of uncertainty in the estimates. The Confidence Interval [78,79] was
calculated based on the standard deviation of the residuals. This interval allows us to
estimate the range within which most predictions are expected to lie, given a specific
confidence level.

This approach assumes that the residuals are approximately normally distributed
and therefore allows for the construction of a symmetric confidence interval around each
prediction. By plotting these intervals alongside the predictions, it is possible to visualize
the expected variability in the model and to assess whether its predictions are concen-
trated close to the true values or whether there is high dispersion. Figure 2 compares the
predictions of each model against the actual values, with a confidence interval of 90%.

4.4. SHAP Values

SHAP (Shapley Additive exPlanation) analysis was used to interpret the importance
and impact of key features, specifically aiming to identify which chemical or protein
descriptors have the greatest impact on the binding affinity predicted by the model. In
this study, SHAP values were calculated for the XGBoostRegressor model, considering its
performance and compatibility with the library.
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5. Conclusions

The characterization of binding proteins such as PBPs and GOBPs, and their interaction
with VOCs in lepidopterans, show their relevance in odorant detection as well as their
potential application within an integrated pest management strategy. In this study, the
performed analysis integrated both chemical and protein descriptors along with functional
data K;, evidencing that approaches based on ML are effective tools for decoding complex
protein-ligand relationships.

Notably, this study represents the first effort to focus exclusively on predicting K;
binding affinity for odor-binding proteins specifically associated with pheromones and
general odors in Lepidoptera. This novel approach highlights an underexplored area within
protein—drug ligand research, providing a foundation for future investigations into the
unique molecular interactions of these specialized proteins.

Notably, these findings highlight the value of computational methodologies to over-
come some limitations in traditional experimental approaches, such as high dependency
on live insects, related economical costs and challenges associated with the throughput
identification of bioactive chemicals (e.g., semiochemicals). The capacity of prediction that
has been demonstrated could allow the identification of novel bioactive compounds, which
could be used as attractants or repellents for pest control. Finally, this study reinforces the
utility of predictive models to integrate both molecular and functional data, helping to
understand the depth with which insects can detect chemicals from the environment. It is
believed that this approach will form the basis for future research around chemical ecology
and applied biotechnology in the context of insect pest control.

Supplementary Materials: This supplementary material can be accessed through the link https:
/ / github.com/Glarah453 /ML _obps_vocs (accessed on 18 January 2025). All files are accompanied
by detailed documentation and practical examples to facilitate the reproducibility of the results. The
source code, processed datasets and scripts used to reproduce the experiments presented in this
study are available in the public GitHub repository “ML_obps_vocs”.
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Abstract: Glucose-6-phosphate dehydrogenase (G6PD) deficiency is an enzymopathy that
affects approximately 500 million people worldwide. A great number of mutations in the
G6PD gene have been described. However, three class A G6PD variants known as G6PD
Tomah (C385R), G6PD Kangnam (C385G), and G6PD Madrid (C385W) have been reported
to be clinically important due to their associations with severe clinical manifestations such
as hemolytic anemia. Therefore, this work aimed to perform, for the first time, biochemical
and functional characterizations of these variants. The G6PD variants were cloned and
purified for this purpose, followed by analyses of their kinetic parameters and thermal
stability, as well as in silico studies. The results showed that the mutations induced changes
in the proteins. Regarding the kinetic parameters, it was observed that the three variants
showed lower affinities for G6P and NADP*, as well as lower thermal stability compared to
WT-G6PD. Molecular dynamics simulations showed that C385 mutations induced changes
around neighboring amino acids. Metadynamics simulations showed that most remarkable
changes account for the binding pocket volumes, particularly in the structural NADP*
binding site, with a concomitant loss of affinity for catalytic processes.
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1. Introduction

The cytosolic enzyme glucose-6-phosphate dehydrogenase (G6PD) is found in both
prokaryotic and eukaryotic cells [1-4]. In humans, the G6PD gene is positioned neighboring
the telomeric region of the X chromosome. The G6PD gene encodes a specific protein
of 515 amino acids and a molecular mass of 59 kDa. G6PD protein plays a regulatory
role in the pentose—phosphate pathway (PPP), a highly conserved metabolic pathway
that produces a variety of critical molecules, for example, nucleotide precursors and
nicotinamide adenine dinucleotide phosphate reduced (NADPH). G6PD catalyzes the first
reaction of the oxidative phase of the PPP, allowing for the reduction of NADP* at the
expense of the dehydrogenation of glucose-6-phosphate (G6P) to 6-phosphogluconolactone
(6PGL) and generating NADPH [5].

In erythrocytes, the PPP is the only route to generate reduced forms of NADPH as
they do not contain mitochondria. Therefore, G6PD activity has a crucial role in protecting
cells from oxidative injury due to increased reactive oxygen species [6,7]. In addition,
NADPH plays an important role in redox homeostasis, which is involved in the reduction
of glutathione, and glutathione is the primary protection against reactive oxygen species
and helps avoid red cell hemolysis [8-10].

A whole of 230 mutations distributed throughout the G6PD gene have been reported,
including single-point mutations, causing single amino acid substitutions and multiple
mutations (two or more substitutions) [11-13]. These mutations lead to decreased activity
and stability of the G6PD enzyme, triggering oxidative injury in RBCs and a variety of
clinical symptoms known as G6PD deficiency [4,8]. G6PD deficiency is an enzymopathy
that affects approximately 500 million people worldwide (7.5% of the world’s population).
This enzymopathy can be symptomless or can generate severe clinical symptoms such as
chronic hemolytic anemia (G6PD variant class A), neonatal jaundice and acute hemolytic
anemia generated by some drugs, fava beans, or infection (G6PD variant class B), and no
hemolysis (G6PD variant class C) [13].

In the mutant G6PD Tomah, a transition of T — C in nucleotide 1153 was identified,
which resulted in a Cys — Arg substitution at position 385 [14]. This mutation was identified
in two unrelated Spanish G6PD-deficient males with chronic nonspherocytic hemolytic anemia
(CNSHA) located in exon 10. On the other hand, in a genetic description of Korean patients
diagnosed with glucose-6-phosphate dehydrogenase deficiency, the mutant G6PD Kangnam
was identified. The patient in which the Kangnam mutant was identified was a 5-year-old
boy who had fever and paleness. The patient visited the hospital after recuperating from a
critical clinical condition. The patient presented a G6PD enzyme level of 2.1 U/g Hb, and
both the Coombs and the osmotic fragility tests were negative. The G6PD deficiency was
categorized as class I, corresponding to the World Health Organization (WHO) classification,
due to the drastic decreased G6PD enzyme activity and development of CNSHA. The child
had no family genetic history of hematological disorders and had a new T > G mutation
at position 1153, which gave rise to a Cys — Gly amino acid replacement at position 385
(Figure 1). According to the WHO, this variant belongs to G6PD class I (now variant class
A) [15]. Finally, the mutation G6PD Madrid was identified in two Spanish males with G6PD
deficiency and hemolytic anemia. One of the patients was diagnosed at birth since he showed
signs of neonatal jaundice. At 6 years old, the child still showed moderate to severe CNSHA.
G6PD Madrid variant showed undetectable residual activity in RBC. A transition of C to G
was identified at nucleotide 1155, causing a Cys — Trp replacement in the amino acid residue
at position 385. According to the WHO classification, this mutation corresponds to the G6PD
variant class A [16]. These G6PD mutations in exon 10 result in variants related to neonatal
jaundice and life-long CNSHA [17]. These reports highlight the significance of exon 10 of the
G6PD gene in the stabilization of the G6PD enzyme.
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Figure 1. The structure of the human glucose-6-phosphate dehydrogenase dimer (G6PD; PDB entries
2BH9 and 2BHL). The locations of the class A mutations Tomah (C385R), Kangnam (C385G), and Madrid
(C385W) are indicated in chain B (green chain and black spheres), while in chain A (yellow chain), the
Cys residue is marked as a black sphere. Glucose-6-phosphate (G6P) is drawn in cyan, while catalytic
nicotinamide adenine dinucleotide phosphate (NADP") and structural NADP* are drawn in purple.

It is important to emphasize that in G6PD deficiency, various mutations in the same
codon have been reported where the native amino acid residue was changed by different
amino acid residues, producing different G6PD variants that have been reported in different
countries around the world. In this sense, three mutations in codon 385, located in exon 10,
have been reported. They give rise to the class A G6PD variants (previously class I variants),
G6PD Tomah (C385R), G6PD Kangnam (C385G), and G6PD Madrid (C385W) (Figure 1).
All these variants are related to clinical manifestations such as chronic hemolytic anemia.
In addition, it is essential to mention that these mutations are distant from the active site
and the catalytic NADP™ region; however, they are near the “structural” NADP™ site.

Based on the above, in this work, we report the cloning, purification, thermostability
assays, and detailed steady-state kinetics for the three clinical variants G6PD Tomah,
Kangnam, and Madrid for the first time, which were registered in the same codon (385) and
identified in various parts of the worldwide. In addition, based on the three-dimensional
(38D) structure of the G6PD protein and using in silico approaches to mine structural
information on the effects of the G6PD variants, we identified modifications in the protein
structure to understand the clinical symptoms of these mutations in order to explain the
molecular mechanisms observed in patients with G6PD deficiency.

2. Results and Discussion
2.1. Construction and Expression of Recombinant G6PD Variants

Three clinical single mutants, G6PD Tomah (C385R), Kangnam (C385G), and Madrid
(C385W), were obtained via site-directed mutagenesis. The mutation into the G6PD gene was
confirmed via DNA sequence in the generated plasmids. As shown in Supplementary Figure
S1A, a single nucleotide change of thymine to cytosine (T — C) at nt 1153 was observed (Figure
S1A). In electropherograms for the single mutant G6PD Kangnam, a change of thymine for
guanine (T — G) at nt 1153 was observed (Figure S1B). In addition, for G6PD Madrid, the
nucleotide guanine was replaced by thymine (G—T) at nucleotide (nt) 1154 (Figure S1C).
Therefore, we confirmed the desired mutations in each of the variants that were obtained.
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2.2. Purification of Recombinant G6PD Variants

To analyze the effects of the mutations on the activity and native structure of the wild-
type (WT-G6PD) enzyme, recombinant WT-G6PD, and the three G6PD variants were puri-
fied via the anion-exchange chromatography (Q-Sepharose) method and affinity (2’5’ ADP
Sepharose 4B) methods [4,5,12,18-21]. It was observed that lower protein concentrations
were obtained from 2 L of culture for each variant compared to WI-G6PD (4.8 mg/mL). The
variant with the highest protein concentration was G6PD Tomah (0.8 mg/mL), followed by
the Madrid variant (0.57 mg/mL) and the Kangnam variant (0.23 mg/mL). It is important
to highlight that although the three variants purified in this study occurred at the same
structural position (amino acid residue 385), different total protein concentrations were
obtained for each of them. One of the factors involved in this low protein expression was
probably the physicochemical properties of the residues involved in each of the variants
(Arg, Gly, and Trp), which have different characteristics than the Cys in the WT-G6PD.
These results are in agreement with the report by our working group, in which the con-
centrations of recombinant proteins were lower than the WI-G6PD enzyme [4,5,12,18-21],
likely suggesting poor folding in the native structures of these variants or a loss of stability.

2.3. Kinetic Analysis

Kinetic analysis was performed to determine the effects of the three mutations in the
WT-G6PD on the Michaelis—-Menten affinity constant (Ky,) for the physiological substrates
(G6PD and NADP") and the catalytic constant (kcat). As seen in Supplementary Figure S2,
for the WT-G6PD, a Ky, of 38.4 and 6.1 uM were obtained for the G6P and NADP* substrates,
respectively, with a kcat of 223 s71 (Table 1). Subsequently, as shown in Figure S2B, the
variant G6PD Tomah showed a Ky, of 64.9 uM for the G6P substrate and a K;;, of 13.8 uM
for the NADP" substrate (Figure S2E), with a ket of 15 s L. Figure S2C shows kinetic
plots for the variant G6PD Kangnam, where a K, of 55.2 uM for the G6P substrate was
obtained. Similarly, in Figure S2G, a K, of 10.3 uM for the NADP™* substrate was calculated,
with a keat of 0.4 s~ L. Finally, the variant G6PD Madrid showed a Ky, of 78.2 uM and a
Km of 12.2 uM for the G6P and NADP* substrates, respectively (Figure S2D,H), with
a keat Of 40.5 s~1 (Table 1). For the three class A G6PD variants analyzed in this study,
their affinities for the physiological substrates (NADP* and G6P) decreased regarding
native G6PD, and the catalytic constant (kcat) was also affected by the mutations. The
three mutants analyzed in this study presented reductions in catalysis (kcat), suggesting
that the catalytic site was affected. The variant G6PD Kangnam was the most affected,
with a catalysis loss of 99% regarding the WT-G6PD. The variant G6PD Tomah had 91%
less activity, followed by the variant G6PD Madrid, which showed a loss of activity of
76% regarding the WT-G6PD. These results suggest that the G6PD variants had reduced
affinities for physiological substrates and showed reductions in catalysis, suggesting that
this loss of activity was closely related to the clinical manifestations of CNSHA found in
each of the patients where these mutations were identified.

Similar results were obtained for the class A G6PD variants Zacatecas, Durham, Veracruz,
Nashville, Guadalajara, and Yucatan, which showed greater affinity losses for their substrates
regarding class Il and III variants. Specifically, it is interesting to mention that the positions of
the mutations of the three variants G6PD Tomah (C385R), Kangnam (C385G), and Madrid
(C385W) are located near the position of the G6PD Guadalajara variant (R387C, class A),
where the mutation occurs near the structural NADP* binding site and dimer interface. The
results of this work are similar to the report by Martinez-Rosas et al. [20] for the variant G6PD
Guadalajara. In addition, it should be noted that the three mutants of interest in this study are
not located near the catalytic binding sites of NADP* and G6P; however, the affinities for the
substrate and the catalytic binding site were affected.
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Table 1. The kinetic parameters of WI-G6PD and Tomah, Kangnam, and Madrid variants.

Variants
Kinetic Constants WT-G6PD Tomah Kangnam Madrid
Km G6P (uM) 375+18 64.9 + 3.2 66.2 + 3.1 782+ 3.4
Km NADP* (uM) 72403 13.8 + 0.6 10.3 + 0.5 12.2 4+ 0.5
keat (s71) 223489 15+ 0.6 0.4 4+ 0.01 405412
keat/Km G6P (s~1-M~1) 5.9 x 100 0.2 x 100 0.006 x 106 0.52 x 10°
keat/Km NADP* (s—1.M~1) 32.3 x 10° 1.1 x 10° 0.04 x 10° 3.3 x 100

The kinetic parameters were obtained from three independent experiments.

2.4. Thermal Inactivation Analysis

To evaluate the effects of the mutations on the stability of the native protein, thermal
stability trials were carried out for WT-G6PD and the variants. This assay has been widely
used as an indicator of alterations in protein stability [4,5,10,12,18-23]. The residual activ-
ities of each of the variants were plotted at different temperatures, and it was observed
that the catalytic activity decreased as the temperature increased (Figure 2). For the variant
G6PD Tomah, a Ts5g value of 40.6 °C was observed, while for the variants G6PD Kangnam
and G6PD Madrid, Tsy values of 43.5 °C and 42.4 °C were obtained. These Tsj values
were 4 to 7 °C lower regarding the WT G6PD, which showed a Tsg value of 47.5 °C. These
results suggest that the mutations in codon 385 lead to a more unstable G6PD protein. In
addition, it was identified that the Tomah variant presented the greatest instability, with
a 7 °C decrease in the Tsy value, followed by the variants Kangnam and Madrid. These
results are in agreement with the obtained for the G6PD variant Guadalajara (R387C),
where a Tsg value of 43.3 °C was obtained. The mutations analyzed in this study were
located near the structural NADP* binding site and dimer interface in the 3D structure of
the native G6PD protein, which is involved in dimer formation and enzyme stability, as
observed in the class A G6PD variants Nashville, Fukaya, Campinan, Wisconsin, Durham,
Guadalajara, and Mount Sinai [18,20,23,24]. Therefore, it was proposed that G6PD instabil-
ity could be a frequent effect of these deleterious mutations. It is noteworthy that all results
showed that the variants analyzed in this study presented reductions in catalytic activity
and alterations in their stability, suggesting that these two alterations are responsible for
the clinical manifestations in patients with G6PD deficiency.

Tm °C
1004 B WT-G6PD 455+1.8
— @ Tomah  406+15
0\0 804 A Kangbam 435+1.6
~ V Madrid  424+£15
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3 40 45 50 55 60 65
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Figure 2. Thermal inactivation trials of three clinical mutants and WT-G6PD. The recombinant
proteins were suspended at 0.2 mg/mL and incubated at 37 to 60 °C for 20 min. The residual activity
was calculated and expressed as a percentage concerning their controls. The trials were performed in
triplicate, with standard errors (SEs) + <5%.
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2.5. In Silico Analysis

To evaluate the effects of the mutations on the WI-G6PD protein, we performed
in silico mutagenesis. Figure 3 shows the mutations in the protein structure. It can be
observed that the amino acid C385 is located near the structural NADP* binding site, which
is important for dimer formation and promotes the stability of the protein [25-27]. Asitis a
crucial site, any amino acid change at this position could lead to a reduction in the structural
binding of the NADP* molecule and could prevent the generation of the active form of
the protein (i.e., dimerization), leading to the CNSHA pathogenicity associated with G6PD
deficiency. With the in silico mutations, we set out to explain and understand the influences
of the mutations on the structures of the Tomah, Kangnam, and Madrid variants, as well as
the causes of their severity, using bioinformatics methods and biochemical trials of these
variants was not entirely possible due to difficulties in obtaining enough pure proteins.

G6PD Tomah
G6PD Kangman
" & G6PD Madrid
onomer Structural
G383 NADP*
0\ f‘
l NS b, m
A. 4 2 ‘s /)
W N “’ i GEP
[\ NG S
K e Pt e i) catalytic
DN She e, NADP*

-‘c‘ AN 7

Ay e 27

*

<
v/

Structural €385
NADP*

Monomer B

Figure 3. Structure of the WT-G6PD dimer (PDB ID: 2BH9 and 2BHL). The position of the class A
G6PD variants Tomah, Kangnam, and Madrid is identified at codon 385 by substituting the amino
acid cysteine (black spheres). Catalytic G6P, NADP*, and structural NADP* are shown in light blue
and purple. Monomers A and B are shown in bright yellow and green ribbons.

The Tomah variant of G6PD (C385R) is caused by a change in a nitrogenous base
from thymine to cytosine at nucleotide 1153, which leads to the amino acid cysteine being
substituted with arginine. Cys is a polar, uncharged amino acid with a molecular weight
(MW) of 121 Da (Figure 4A). When it is mutated into Arg, it becomes a polar, positively
charged amino acid with a MW of 174 Da. A bulky guanidino-group sidechain occupies
the space, forming close interactions with V376 and D379 in chain A (Figure 4B). G6PD
Kangnam (C385G) is a single mutation provoked by the substitution of guanine for thymine
(1153 T — G), which leads to a change from cysteine to glycine, a small nonpolar amino
acid with a MW of 75 Da, whose sidechain is a H atom, which probably causes the area to
become more flexible and consequently causes the protein to lose stability (Figure 4C). On
the other hand, G6PD Madrid (C385W) includes the replacement of cytosine with guanine
at nucleotide 1155, which leads to a change from cysteine to tryptophan, whose residue is
apolar and hydrophobic, with an indole ring in its sidechain and a molecular weight of
204 Da. The bulky indole sidechain closely interacts with A217 in chain B (Figure 4D).
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Figure 4. Structural comparison of WT-G6PD (PDB ID: 2BH9 and 2BHL) and minimized G6PD
variants class A Tomah, Kangman, and Madrid models. (A) WT-G6PD. (B) In silico mutation to
generate the Tomah variant. (C) In silico mutation to generate the Kangman variant. (D) In silico

mutation to generate the Madrid variant. Interactions are shown as black dotted lines.

Generating in silico mutations allowed us to analyze the interactions between amino
acid 385 and neighboring amino acids. The amino acids Arg, Gly, and Trp present in each
variant have side chains with different sizes, shapes, polarities, charges, and hydropho-
bicities about Cys, an amino acid in WT-G6PD. This causes changes in the environment
around position 385 and throughout the protein, which probably leads to losses of stability
and catalytic efficiency and, consequently, the clinical manifestations of these variants. As
interactions between amino acids help the protein to fold and fluctuate to adopt the active
structure, any amino acid modification can cause structural alterations that impact the
intermolecular interactions in the protein structure.

2.6. Use of In Silico Approaches to Mine Structural Information on the Effects of the G6PD Variants

Bioinformatics approaches have revolutionized the field of molecular biology, en-
abling researchers to conduct detailed structural analyses of enzymes such as G6PD at the
molecular level. Determining the impacts of mutations (insertions, deletions, or missense
variations) in protein structures on stability and activity is one of the most exciting areas
in protein sciences. In the case of G6PD, extensive studies have differentiated pathogenic
variants and determined how these mutations impact overall stability [11,28]. Outstanding
efforts were made by several groups working on in silico approximations to predict protein
stability from sequences [6,29-31]. For example, different stability predictors have been
developed, including some outstanding tools that distinguish between pathogenic variants
when combining artificial intelligence (machine learning) or evolutionary information [32].
However, as there is an enormous sequence—annotation gap between the available se-
quences, which continues to grow, there are gaps, such as the sequence—structure gap, that
need to be mined to access more detailed diagnoses, public policies, or even personalized
medicine approaches. The most accurate stability predictors for pathogenic mutations are
structure-based methods, which require available protein structures [33,34].

With the advent of sequence-structure methodologies based on artificial intelligence
such as AlphaFold (AF2) [35] (https:/ /alphafold.ebi.ac.uk, accessed on 1 February 2024), a
wide range of problems are being tackled in structural biochemistry. Due to the immediate
impacts of these artificial intelligence systems developed by DeepMind, several groups
sought to understand the protein stability problem. For example, Pak et al. [36] explored
the capacity for AF2 predictions to evaluate the impacts of mutations on protein stability
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changes (AAG) despite the software having a disclaimer stating that the routine “has
not been validated for predicting the effect of mutations” (https://alphafold.ebi.ac.uk/faq,
accessed on 1 February 2024). Using data on experimentally measured effects of mutations
on protein stability, their analysis indicated that overall, AF2 metrics can estimate AAG
values; however, the effects of mutations on pLDDT scores (a superposition-free metric
that indicates the extent to which a protein model reproduces a reference structure) were
weakly correlated with AAG and protein function. The formulation of a metric to serve
as a predictor of the impacts of mutations on protein stability and function is part of the
ongoing effort to map the effect of every G6PD mutation.

On the other hand, Keskin et al. [37] reported other examples of the effects of mu-
tations on protein stability using Al methodologies and structural analysis. The overall
performances of five protein stability predictors were evaluated, namely, mCSM, MAE-
STRO, CUPSAT, SAAF2EC-SEQ, and MUpro. This research group also used AF2-computed
structures of 26 hereditary cancer-associated proteins to analyze a breast cancer cohort of
355 patients. The results showed that the pathogenicity labels of the missense mutations
in the cohorts had an unbalanced distribution. Despite the stability predictors showing
moderate performances when discriminating pathogenic variants, an improvement was
obtained from an AF2 structure set with high pathogenicity prediction power. These find-
ings suggest that using protein stability predictors in combination with structure-based
metrics can aid in predicting the pathogenicity of missense mutations [37]. Further research
is needed to improve the performance of stability predictors, as well as to assess changes
in the internal dynamics of mutant proteins, such as changes in hydrogen bond patterns,
changes in solvation energies, and thermodynamics changes in entropic terms associated
with structurally modified protein scaffolds, among others. This type of prospective ap-
proach can be applied to the G6PD mutant library as different metrics can be enriched with
structural effects of mutations close to the binding site.

Several approximations of G6PD variants’ effects on protein structure and stability have
been reported. A fine-tuned structural characterization of the presence of structural NADP*
in G6PD dimers was performed by Horikoshi et al. [38]. Despite the large amount of clinical
information about these mutations, the atomic and molecular mechanisms underlying the
losses of G6PD enzymatic activity and stability due to the absence of structural NADP* and
the role of dimerization in catalysis remained unclear. To gain insight into these mechanisms,
the researchers determined the structures of several class A G6PD variants: F381L, R393H,
V394L, and P396L. They aim to propose a molecular mechanism for the loss of catalytic
activity and stability using full structural characterization (X-ray crystallography, cryogenic
electron microscopy (cryo-EM), small-angle X-ray scattering (SAXS), and biophysical anal-
yses). Comparisons of the mutants to the WI-G6PD enzyme through molecular dynamics
simulations (MDSs) also exposed a mechanism for severe G6PD deficiencies due to the class
A G6PD variants. The mechanism suggests that mutations around the NADP* binding site
alter the b-strand dynamics of dimerization, resulting in inactive scaffolds.

The variants p.(C385R) or Tomah, p.(C385G) or Kangman, and p.(C385W) or Madrid were
classified as pathogenic alleles (evidence categories PS3, PM1, PM2, PM5, PP2, PP3, and PP4)
according to proposed by the American College of Medical Genetics and Genomics and the
Association for Molecular Pathology (ACMG/AMP) [39] (https:/ /www.medschool.umaryland.
edu/Genetic_Variant_Interpretation_Tooll.html/, accessed on 1 February 2024). In silico analy-
ses of predictions were performed using PolyPhen (http:/ /genetics.bwh.harvard.edu/pph2/,
accessed on 1 February 2024) [40], MutPRed (http://mutpred.mutdb.org/, accessed on 1 Febru-
ary 2024) [31], and Align GVGD (http:/ /agvgd.hci.utah.edu/agvgd_input.php, accessed on
1 February 2024) [41,42] programs. Polyphen classified the Tomah and Kangman variants as
benign. In contrast, the Madrid variant was classified as likely damaging. MutPred indicated
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that the variants had a loss of the allosteric site at N388, and Align GVGD indicated that the
variants had altered function (Table S1). The results obtained in the present work through
in vivo functional studies and in silico predictions support the damaging effect on the protein.

2.6.1. Molecular Dynamics Calculations of Dimeric G6PD Variants

Different molecular simulation techniques on dimeric G6PD can help reveal numerous
limitations posed by docking trials, such as rotamer selection, cofactor charge description, and
orientation inside the binding site. In this context, explicit solvent molecular dynamics simu-
lations (MDSs) can sample sidechain orientations and free rotations of cofactors. Moreover,
MDSs can improve the sampling of the binding process since solvent waters are explicitly
described, resulting in a refining structural outcome with all-atom positions being calculated.
These evaluations help to visualize the possible conformational changes associated with C385
point mutations. We aimed to perform conventional MDS simulations to evaluate potential
changes in ligand-binding affinity for structural and catalytic NADP* and the glucose-6-
phosphate (G6P) substrate. During the MDS calculations, the G6PD complexes were first
relaxed and subsequently clustered with a hierarchical analysis, which assessed highly existent
conformations of G6PD dimers and ligands complexes (Figure 5A). The root mean square
deviation (RMSD) for stereogenic centers or alpha carbons and root mean square fluctuations
for side chains or beta carbons (RMSFs) were monitored. The dominant conformations of the
(385 point mutations in complexes with NADP* and G6P are depicted in Figure 5B.

Introducing an explicit solvent and long chemical simulation times to the complexes
slightly refined them, with an average RMSD of cc. 3.0 A. Severe structural changes
could be discarded for overall quaternary dimer structures, as conformational changes
were not detected in any simulations despite the point mutations. Moreover, the RMS
fluctuations showed that for the Tomah (C385R) variant, the sidechain flexibility increased
by ca. 2 A, in contrast to the Madrid (C385W) and Kangnam (C385G) variants, which
showed reduced flexibility in the N-terminal and 3-strand domains close to the structural
NADP™ (Figure 5C). However, the most remarkable changes were recorded in the volumes
of the binding pockets during all chemical simulations, as depicted in Figure 6A-D, where
single-point mutations could create relevant changes in the NADP* environment.

Table 2 shows the NADP* binding pocket volume changes due to the C385 single-
point mutations. The most remarkable changes were found in the Madrid (C385W) variant,
which had aromatic and bulky sidechains that could reduce the available volume around
the structural NADP* binding site. This variant showed an increase in the volume of the
structural and catalytic NADP* binding sites of ca. 10 A3, implying a fine restructuring of
the binding sites that was not perceptible through RMSD calculations.

Table 2. NADP* binding pocket volume changes of G6PD variants.

G6PD Structural NADP*  Catalytic NADP* Structural Catalytic
Variant Binding Pocket Binding Pocket NADP* SASA NADP* SASA
Volume (A3) Volume (A3) (A2) (A2)
WT 494.3 490.1 261.1 270.9
Tomah 497.4 500.3 289.9 278.2
Kangnam 490.2 491.7 262.2 261.3
Madrid 505.6 507.2 288.3 285.7

All NADP* binding pocket volume and solvent-accessible surface area (SASA) were analyzed with Pyvol v1.0 under
PyMOL (Schrodinger, New York, NY, USA) and expressed as the sum of the binding sites from both monomers.

Overall, the changes in the volumes of the NADP™" binding sites were remarkable;
however, the quaternary structure was not affected in any dimeric complex, suggesting a
combinatorial effect resulting in differences in the apparent affinities for ligands and the
formation of the dimeric complex (Figure S3) [43].
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Figure 5. Explicit all-atom molecular dynamics simulations of G6PD variants complexes.
(A) Evaluated dimeric G6PD model system in explicit solvent. (B) Alpha carbon (Co) RMSD calcula-
tions of the G6PD variants. Calculated average RMSD values were 2.3 A for WT, 2.5 A for Tomah,
2.7 A for Kangnam, and 3.0 A for the Madrid variant. The values were averaged for +5 aa from
N- and C-terminal groups. (C) Beta carbon (C3) RMSF calculations (sidechains fluctuations) of the
G6PD variants. The shown fluctuations were averaged for 500 ns of MDSs.
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2.6.2. Evaluation of Binding and Unbinding of G6PD Dimer Assembly with
Metadynamics Simulations

A well-tempered metadynamics methodology was enhanced with a sampling tech-
nique for the binding and unbinding process of two monomers for each G6PD variant
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to evaluate the possible role of the point mutations in forming the active dimeric com-
plex. The potential mean force (PMF) change of the dimeric assembly was averaged from
three independent simulation trajectories, where all previously simulated conditions were
reproduced, resulting in PMF as a descriptor of quaternary structure stability. In the meta-
dynamics simulations, the maximal value of external force over the center of mass was
described as a rupture force (unbinding), and the pulling work (binding) averaged from all
trajectories was evaluated over 34 A of intermonomer distance or a collective variable (CV)
(Figure 7A).

Like a ligand-binding process, pulling work can be considered more valuable than
the rupture force because it can be associated with free energy via Jarzynski’s isobaric—
isothermal average, such as in steered molecular dynamics methods [44]. The average
pulling forces of the G6PD monomers were time-dependent for an additional 100 ns
(Figure 7B). The results indicated that the mean rupture forces for WI-G6PD ranged from
—2800 Kcal-mol ! at intermonomer distances of 30-40 A and during the binding process
to —1800 Kcal-mol~! when the dimer was fully dissociated in the simulation box. The
data suggested that dimer formation was a very stable process with the most negative
values when the center-of-mass (COM) distance reached cx. 35 A; however, the monomers
tended to dissociate in the presence of a significant amount of energy, as depicted for higher
CV distances.

The Tomah (C385R) and Kangnam (C385G) variants displayed similar PMF profiles
compared to WT-G6PD (Table 3) but with reduced energetic barriers between processes
(—490.94 and —108.08, respectively). These processes were not as stable as the dimerization
process of WT-G6PD but could lead to a displacement in the equilibrium that could stabilize
the dimeric active form. However, both variants displayed changes in their catalytic NADP*
binding sites, indicating that both enzymes lost their apparent affinities for both catalytic
processes. The difference between the bound and unbound states displayed changes in
the work profiles and was identified as a critical factor for the binding of monomers.
According to metadynamics calculations, the average pulling work values of the three
tested variants fell within 35.74 A and ca. —1300 kcal-mol ! (Table 3). Furthermore, the
Madrid variant (C385W) was a complex case due partly to a stable dimerization process
(AAG = —703.77 kcal-mol 1) but had the most significant changes in the volumes of both
NAPD" binding sites. Fine-tuning the molecular scaffolds can affect the transformation
rates of G6D, as it has been reported that small changes in the architectures of redox enzymes
can have exponential impacts on electron transfer rates [45].

Table 3. The free energy profiles of the G6DP enzyme variants for bound/unbound dimerization.

G6PD Variant AGpound AGunbound AAG
WT —2867.57 + 173.23 —1796.98 + 122.95 ~1070.59
Tomah (C385R) —1574.32 + 79.56 —1083.38 + 101.33 —490.94
Kangnam (C385G) —1420.67 + 123.43 —1312.59 + 102.94 —108.08
Madrid (C385W) —1556.81 =+ 92.30 —853.04 =+ 67.90 —703.77

All units were averaged from triplicate metadynamics simulations lasting 100 ns and expressed in kcal mol~!.

Finally, within the therapeutic implications, this work contributes that the three G6PD
variants analyzed were identified in male patients that, at the moment of the identification,
showed CNSHA. Since no functional data were available for Tomah, Kangman, and Madrid
G6PD variants, we determined experimentally the principal biochemical properties of these
enzymes. Moreover, it is essential to note that, through understanding the implications of
genetic variants for enzyme structure, different groups have shown that structural analysis
based on molecular dynamics simulations [44] and artificial intelligence techniques [45] can
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represent a crucial step toward identifying a potential therapeutic approach to correcting
G6PD deficiency.
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Figure 7. A metadynamics-solvated model system and a collective variable description of the evolu-
tion of the bound/unbound states of the G6PD variants. (A) The configuration of the metadynamics-
enlarged simulation box. (B) The potential mean forces of the dimerizations of the G6DP variants.
All depicted values were averaged from triplicate calculations for each variant.



Int. J. Mol. Sci. 2024, 25, 12556

Our biochemical results in this study showed that the alterations caused by these
mutations at the functional and structural levels in the native structure of the G6PD
protein resulted in a loss of catalytic activity and stability of the variants regarding WT-
G6PD. Moreover, it is remarkable because the G6PD deficiency is high where malaria
is prevalent [8], and it has been proposed that it inhibits the growth of specific types of
malaria, giving rise to protective adaptation. However, tafenoquine was approved in 2018
by the Food and Drug Administration for treating malaria. Tafenoquine eliminates the
hypnozoites of Plasmodium vivax and has a long half-life, where a single dose of this drug is
as effective as an entire 14-day course of primaquine [13]. Moreover, it has been observed
that in patients with G6PD deficiency, tafenoquine and primaquine can produce acute
hemolytic anemia [46]. Moreover, the set of clinical, molecular, and biochemical data and
in silico predictions will allow us to classify a variant as “pathogenic”, “likely pathogenic”,
“uncertain significance”, “likely benign”, and “benign”, as recommended by ACMG/AMP.
So, when a variant is reported to be pathogenic, healthcare providers are very likely to
consider it “applicable” and modify a patient’s treatment or monitoring.

At present, blood transfusions are the only treatment option for this disease, particu-
larly for the most severe class A G6PD variants. This study provides insights that could
help identify potential therapeutics to correct G6PD deficiency and improve the search for
chemical space to develop suitable small-molecule drugs to control this prevalent disease.
This breakthrough could pave the way for a more effective and accessible treatment option
for G6PD deficiency, improving the lives of millions of people worldwide.

A limitation of our study is that it was carried out at the molecular and biochemical
levels, where, through site-directed mutagenesis, we created the three clinical G6PD vari-
ants and carried out the biochemical studies involved in this study. In addition, we related
the assays obtained in this study with those observed in patients where the mutation was
identified, who presented chronic nonspherocytic hemolytic anemia (CNSHA). However,
to have a better explanation of these mutations at a physiological level, in the future, stud-
ies in animal models will have to be carried out, as was previously performed by Rovira
et al. [47] that demonstrated the integration of the hG6PD gene in totipotent stem cells
using a retroviral vector. The authors determined that the expression of hG6PD in vivo
was stable and provided a rescue of G6PD deficiency in stem cells. Moreover, a similar
vector containing the human G6PD gene (VSV-G vector) was adequate for the expression
of hG6PD in Macaque monkeys [48].

3. Materials and Methods
3.1. Construction, Expression, and Purification of Recombinant G6PD Variants

The clinical G6PD mutants Tomah, Kangnam, and Madrid were obtained via site-
directed mutagenesis, according to reports by Gémez-Manzo et al. [5]. Mutagenic oligonu-
cleotides were designed for each mutant from the human G6PD gene sequence deposited
in the Gen Bank database (accession: NM 001042351.2) (Table 4). The polymerase chain
reaction (PCR) was reproduced using a previously reported method [4,5,12,18-21]. The
PCR products were analyzed via electrophoresis in 1% agarose gel and visualized using
GelRed (Nucleic Acid Gel, Biotium, Fremon, CA, USA). Then, the PCR products were
digested with a Dpnl enzyme for 2 h at 37 °C. Afterward, the final digestion was used to
transform competent E. coli TOP-10 cells, which were selected on a solid LB agar plate
containing 200 pg/uL carbenicillin (CB-200). Then, the plasmid DNA was purified and ver-
ified via sequencing to confirm the desired G6PD mutants (pETgC385R, pETgC385G, and
pETgC385W). Finally, it was used to transform into competent E. coli BL21(DE3)Azwf ::kan"
cells.

37



Int. J. Mol. Sci. 2024, 25, 12556

To obtain crude extracts of the G6PD variants Tomah, Kangnam, and Madrid, liquid
LB cultures were carried out with CB-200 (200 png/upL) plus kanamycin (200 pg/uL). The
cultures were grown, induced, harvested, and lysed via sonication according to a previously
reported method [4,5,12,18-21]. The sonication product was centrifuged, and the crude
extract was obtained. Finally, the enzymatic activity of each of the crude extracts was
determined with a standard reaction mixture (100 mM Tris-HCI, 1 mM NADP*, 1 mM G6P,
and 3 mM MgCl, at a pH of 8.0).

Table 4. The oligonucleotides and strains used to obtain the G6PD mutants Tomah, Kangnam,

and Madrid.
Mutant Mutagenic Oligonucleotide Sequence Reference
Tomah Fw: 5'-CACCAGCAGCGCAAGCGCAA-3 This study
Rv: 5-TTGCGCTTGCGCTGCTGGTG-3’
Kangnam Fw: 5'-CACCAGCAGGGCAAGCGCAA-3' This study
Rv: 5-TTGCGCTTGCGCTGCTGGTG-3'
Madrid Fw: 5-CACCAGCAGTGGAAGCGCAA-3/ This study
Rv: 5-TTGCGCTTCCACTGCTGGTG-3'
Strains Genetic Characteristics Reference
) . F~, DE(araD-araB)567, lacZ4787(del)::rrnB-3, LAM~,
E. coli TOP-10 rph-1, DE(thaD-thaB)568, hsdR514 [49]
. F~ ompT gal dem lon hsdSB(r~ m™) A(DE3 [lacl
. r
E. coli BL21(DE3)Azwf:kan lacUV5-T7 gene 1 ind1 sam7 nin5]) Azwf-777::kan (51

The recombinant G6PD variants were purified using anion-exchange columns (Q-
Toyopearl and Q-Sepharose) and affinity columns (2/,5'-ADP Sepharose 4B). First, the crude
extract was loaded in an anion-exchange Q-Toyopearl column. Using a linear gradient
from 0 to 0.35 M, the proteins were eluted. The portions with specific activity for G6PD
were collected and loaded onto the 2’5’ ADP Sepharose 4B affinity column. The column was
washed until the absorbance at 280 nm was zero. Proteins were eluted from the column
with 100 uM NADP™ in the equilibrium buffer. The G6PD’s activity was measured, and the
fractions with enzymatic activity were concentrated using Amicon YM-30 tubes (Millipore,
Bedford, MA, USA). Subsequently, the concentrate was loaded onto the Q-Sepharose 4B
column (5 mL), which was previously equilibrated. The column was washed, and the
recombinant protein was eluted with a linear gradient of NaCl from 0 to 0.35 M. The
portions that presented enzymatic activity were concentrated, and the purity of the G6PD
variants was assessed by 12% SDS-PAGE gels stained with Coomassie brilliant blue.

3.2. Determination of Steady-State Kinetic Parameters

The kinetic parameters of the variants G6PD Tomah, Kangnam, and Madrid were
calculated by evaluating the production of NADPH at 340 nm. To obtain the kinetic
parameters, one of the substrates was maintained at a saturating concentration (NADP*
or G6P), while the concentration of the second substrate was changed from 2.5 to 200 pM
(NADP* or G6P). The reaction started with 800 ng of total protein. The kinetic parameters
(K, keat, and V;4¢) were obtained from the initial velocity and fit of the Michaelis-Menten
equation. ke, value was obtained from V,y, taking into the molecular mass (59.25 kDa
for monomer).

3.3. Thermal Inactivation Analysis

Thermal stability trials were performed to determine the effects of the mutations in
the WT-G6PD. The G6PD proteins were suspended at 0.2 mg/mL and incubated at temper-
atures ranging from 37 to 60 °C by 20 min. The residual G6PD activity was determined
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using a standard reaction mixture. At the ends of the assays, the residual activities were
expressed as percentages concerning their controls. The 100% activity was fixed from the
enzymes incubated at 37 °C. The experiments were carried out in triplicate.

3.4. Analysis of In Silico and Site-Directed Mutagenesis

In order to present the main structural elements of the G6PD enzyme, the three-
dimensional structure of the G6PD dimer was constructed with the PyMOL software
package (v. 2.5.7) (New York, NY, USA) using files deposited in the Protein Data Bank
(1QK1, 2BHL, and 2BH9). Subsequently, the mutation was constructed on the G6PD
structure using the mutagenesis wizard to generate the G6PD Tomah (C385R), G6PD
Kangnam (C385G), and G6PD Madrid (C385W) variants.

3.5. Enhanced Molecular Dynamics Calculations

The enhanced molecular dynamics simulations (MDSs) technique was performed
for the three G6PD variants in complex with glucose-6-phosphate and NADP* under
pmemd.cuda [29] within the Amber20 package (https://ambermd.org/, accessed on 1 April
2023) [29,30]. The GAFF and Amberff14SB parameter sets [31,32] were applied to model
protein and substrate organic molecules. The TIP3P explicit water model was applied to
simulate ca. 112,780 solvent. The final dimensions of the orthorhombic water box were
155 x 155 x 155 A for all systems at a pH of 6.8 with 0.15 M NaCl.

The MDS protocol included a minimization routine of 5000 steps under the steepest
descendent minimization algorithm, with subsequent minimization under the conjugated
gradient algorithm for 50,000 steps. A second simulation stage under simulated annealing
protocol and NvT ensemble was performed. All systems were heated with a linear inter-
polation scheme for 0.3 ns at 10 K, followed by 1 ns at 100 K, 1 ns at 300 K, and 0.3 ns at
400 K. Finally, the systems were cooled down at 303 K for 2 ns. For pre-equilibration, all
systems were simulated under the NpT ensemble during 50 ns and equilibrated for an extra
100 ns of conventional molecular dynamics simulations at 1 atm of constant pressure under
the control of Monte Carlo Barostat = 1. The temperature of the systems was controlled
with an external bath coupling at 303 K. For calculation of the long-range electrostatic
interactions, the Particle Mesh Ewald (PME) method was applied (1 x 10710 of tolerance)
with an integration step of 2 fs for all periodic systems. Gaussian Accelerated Molecular
Dynamics simulations encompass different sampling techniques that smooth potential
energy surfaces between biomolecular processes and reduce energy barriers between two
or more processes [33,34], such as conformational changes, the binding and unbinding of
substrates, and peptide dissociations, among others. A dual boost method was applied
to add Gaussian harmonic boost potentials to dihedral angles and potential energy for
all calculated systems. However, more in-depth descriptions of this methodology have
been published elsewhere [35,36]. The GaMD simulations were performed in triplicate
for 500 ns for each G6PD system with sigmaOP = 6.0 and sigma(OD = 6.0 at 303 K at the
same integration time. Each GaMD production replica was combined and analyzed via
hierarchical clustering methods with the cpptraj v5.0 [37] and VMD v1.9.3 [38] packages to
identify conformational changes associated with each mutation. Additionally, the RMSDs
of the alpha carbons and the RMSFs of the sidechains were averaged.

Furthermore, as the C385 mutations are allocated around the structural NADP* bind-
ing pocket, we suspected that single-point mutations could exert structural changes that
modify the substrate affinity. The Python package Pyvol [43] was interfaced with PyMOL v.
2.5.7 (New York, NY, USA). It was used to calculate, visualize, and compare the binding
pockets volume and SASA in a systematic and reproducible fashion for each G6PD system.
Pyvol evaluated all the cavities within the dimer models that were accessible to small-radius
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probes (~2 A) and stored the information on the identified pockets in the form of sets of
coordinates and radii of tangent spheres within a three-dimensional voxel grid. Finally, the
volumes of the NADP* pockets were calculated in A> and SASA in A2,

3.6. Metadynamics Simulations

To evaluate the free energy profile of the dimer dissociation, we performed enhanced
sampling methods under the well-tempered metadynamics technique [44] since the sponta-
neous dimerization process is inaccessible to unbiased MDSs due to timescale limitations.
This method enhances sampling using collective variables (CVs), such as dihedral rotation,
angle or RMSD perturbation, and distance-based stretching; moreover, these variables are
steered, akin to an adaptive umbrella sampling theoretical framework [44]. All potential
mean forces (Kcal-mol 1) were solved for each CV using a histogram of the differentiable
function of the Gaussian potential at a specific width and height (w and o, respectively).
Without a systematic way to choose CVs due in part to the specific conditions of each
biomolecular system, the selection of a CV must rely on physically reasonable variables.
Our simulations were carried out using Desmond (v.2022-1), and collective variables were
based on the distance between the centers of mass for each G6PD monomer, approx. 34 A,
and the stretching along the x-axis. The evaluation provided insight into the effect of each
mutation on dimer stabilization and was of significant importance to our study. The Gaus-
sian function parameters for all simulations were set to 0.03 Kcal-mol~! (w) and 0.5 A/ ps
(o). A rate of 1 ps for Gaussian functions was applied, and a bias factor of 3 was set for the
well-tempered algorithm (the rate at which the Gaussian height decreased until reaching a
maximum of 70 A long or full dimer dissociation). Three replicas were generated for each
mutation for an additional 100 ns at 1 fs of integration time, and the potential mean force
was derived using the Maestro Metadynamics Analysis plugin inside the Maestro 2022-1
suite from Schrodinger ® (New York, NY, USA).

4. Conclusions

In this work, we report the cloning, purification, biochemical characterization, and
molecular dynamics of three clinically relevant class A G6PD variants—named G6PD
Tomah, G6PD Kangnam, and G6PD Madrid—for the first time, which are located in the
same codon. The kinetic parameters (Km, Viux, and k) of the variants were obtained,
and their values were decreased compared to native G6PD, showing impairment in their
catalytic activity. The thermal stability of the variant proteins was decreased compared
to wild-type G6PD, suggesting that the mutations lead to more unstable G6PD protein.
In silico and molecular dynamics analyses of the variants revealed significant structural
changes, mainly in the structural NADP* binding site, which could explain the clinical
manifestations of G6PD deficiency and open new lines of research to develop new drugs
that target these G6PD variants, improving the quality of life of patients.
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Abstract: DJ-1 is a vital enzyme involved in the maintenance of mitochondrial health, and its mutation
has been associated with an increased risk of Parkinson’s disease (PD). Effective regulation of DJ-1
activity is essential for the well-being of mitochondria, and DJ-1 is thus a potential target for PD
drug development. In this study, two peptides (‘SEEMETIIPVDVMRRA? and 4’SRDVVICPDA®)
were utilized with the aim of enhancing the activity of DJ-1. The mechanisms underlying the activity
enhancement by these two peptides were investigated using hydrogen/deuterium exchange mass
spectrometry (HDXMS). The HDXMS results revealed distinct mechanisms. Peptide 1 obstructs
the access of solvent to the dimer interface and stabilizes the «/ {3 hydrolase structure, facilitating
substrate binding to a stabilized active site. Conversely, peptide 2 induces a destabilization of the
a/ B hydrolase core, enhancing substrate accessibility and subsequently increasing DJ-1 activity. The
binding of these two peptides optimizes the activity site within the dimeric structure. These findings
offer valuable insights into the mechanisms underlying the activity enhancement of DJ-1 by the two
peptides, potentially aiding the development of new drugs that can enhance the activity of DJ-1 and,
consequently, advance PD treatment.

Keywords: Parkinson’s disease; DJ-1; hydrogen/deuterium mass spectrometry; PARK7

1. Introduction

Parkinson’s disease is a neurodegenerative disease, mainly affecting the central ner-
vous system. In patients with Parkinson’s disease (PD), «-synuclein protein aggregates and
dopamine-generating cells die in the substantia nigra [1]. Although the exact cause of PD
remains unclear, environmental toxins and genetic disorders are recognized as two risk fac-
tors for the disease. Both factors can lead to mitochondrial dysfunction, initiating neuronal
cell death and triggering PD [2,3]. Dysregulated mitochondria contribute to the overpro-
duction of reactive oxygen species (ROS), significantly impairing mitochondrial function
and reducing the efficiency of the electron transport chain and ATP production, particularly
in electron transport chains I and III [4]. Mutations in x-synuclein [5], Parkin (PARK2) [6],
PINK1 (PARKG®) [7], DJ-1 (PARK?) [8], and iPLA;, (3 (PARK14) [9] have been identified as
being associated with mitochondrial impairment and the underlying causes of PD.

D]J-1 is a Potential Drug Target for PD

DJ-1, a deglycase encoded by PARK7 [10], has been associated with PD, with the
association due to the loss of its enzymatic activity and its ability to interact with other
proteins [8]. DJ-1 forms complexes with Parkin and PINKI1 to repair mitochondrial func-
tion in response to oxidative stress [11]. Both Parkin and PINK1 exhibit neuroprotective
activity against oxidative stress [12,13]. PINK1, also known as PTEN-induced putative
kinase, localizes in mitochondria to activate Parkin [14]. Together, these three proteins
collaborate to regulate ROS in neuronal cells and maintain mitochondrial functionality.
Furthermore, DJ-1 protein was demonstrated to directly coaggregate with a-synuclein
through hydrophobic interactions, suggesting a potential connection to the initiation of
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a-synuclein aggregation [15]. Moreover, DJ-1 was shown to play a role in the transcrip-
tional regulation of dopamine synthesis [16] and to interact with a large protein complex
involved in the regulation of catecholamine homeostasis [17]. Dysfunction of DJ-1 may
lead to dopamine oxidation, contributing to the aggregation of «x-synuclein [18-22]. This
implies that the oxidation of dopamine by ROS causes the precipitation of x-synuclein in
the substantia nigra.

The endogenous antioxidant DJ-1 exhibits redox-activated chaperone activity and
functions as a cytoprotective agent [23-25]. DJ-1 can interact with NADPH oxidase, thereby
regulating ROS production in macrophages [26]. Additionally, DJ-1 may upregulate glu-
tathione synthesis to counteract «-synuclein toxicity [27]. DJ-1 was demonstrated to have
specific protective effects on astrocytes against rotenone-induced neurotoxicity in a rat
model of PD [28]. DJ-1 has become a potential drug target for PD. The small molecules,
compound 23 [29], compound B [30] and the ND-13 peptide [31] have been shown to
enhance the cellular functions through DJ-1 activity.

Structure and Cellular Function of DJ-1

DJ-1, a cytosolic protein containing 189 amino acids and with a molecular weight of
20 kDa, can localize to mitochondria in response to oxidative stress [32]. Through cysteine
palmitoylation, DJ-1 can also localize to lipid rafts, thereby regulating endocytosis in
astrocytes [33]. DJ-1 exhibits multiple enzymatic activities, including deglycase activity [34],
chaperone activity [35], proteolytic activity [36], and glyoxalase activity [37]. Of the three
cysteine residues in DJ-1 (Cys46, Cys53, and Cys106), Cys106 serves as the active site [38].
The antioxidative defense mechanism has been associated with the oxidation of Cys106
into sulfinic acid [38]. Both the crystal structure of DJ-1 and various cellular results support
the understanding that DJ-1 exists in dimeric form [39,40]. Mutations such as L166P and
M26I on the interaction interface hinder DJ-1 activity, underscoring the crucial role of the
dimer structure in its functionality [41].

Because of the observed decrease in DJ-1 activity resulting from Cys106 oxidation and
mutation variants, our intention was to design peptides that can interact with the dimer
interface, thereby enhancing the enzymatic activities of DJ-1. The effects of peptide binding
and the mechanisms underlying activity enhancement were comprehensively analyzed
using hydrogen/deuterium exchange mass spectrometry (HDXMS).

2. Results
2.1. Peptide Design

In pursuit of therapeutic outcomes for PD, Daniel Offen and colleagues designed
multiple peptides derived from the primary sequence of DJ-1. These peptides could protect
cells against oxidative and neurotoxic damage, thereby reducing intracellular ROS accumu-
lation [31]. One such peptide, ND-13 (?KGAEEMETVIPVD?*), was also demonstrated to
exhibit cardioprotective efficacy [42]. However, the mechanisms underlying these cellular
effects remain unclear. Because the active dimeric structure of DJ-1 influences its activity,
DJ-1’s dimeric nature can be effectively disrupted by binding peptides to it to alter its
functionality. The dimerization configuration of DJ-1 was shown by the crystal structure
(Figure 1). There are three cysteine residues on DJ-1, including the active site Cys106 and
two critical residues, Met26 and Lys166, for the dimerization of DJ-1. An analysis of the
crystal structure of DJ-1 (PDB: 20R3) revealed that the dimerization interface comprises
an «-helix segment (Glul5-Ala29) and a 3-sheet segment (Ser47-Ala56). In the x-helix
contact region (Glul5-Ala29), the interaction between Glul5 and Arg28 takes the form
of intermolecular hydrogen bonds and salt bridges. Hydrophobic amino acids—such as
Ile, Pro, Ala, Met, and Val—contribute to hydrophobic forces at the binding site, facilitat-
ing dimerization. To preserve the o-helix structure, the designed short peptide, named
peptide 1 (P1; Glu15-Ala29), includes the entire x-helix.
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Figure 1. The dimerization configuration of DJ-1. The crystal structure of DJ-1 (PDB: 20R3) showing
the three cysteine residues in yellow and two critical residues in red related to the dimerization
of DJ-1.

At the contact interface of the 3-sheet (Ser47-Ala56), hydrogen bonds can form be-
tween Val51 and Cys53 as well as between Arg28 and Arg48 due to their close proximity.
These hydrophobic interactions and hydrogen bonds contribute to the stability of the
dimeric structure. To preserve the 3-sheet secondary structure, the designed peptide,
named peptide 2 (P2; Ser47-Ala56), includes the entire 3-sheet. In experiments involv-
ing hydrogen—deuterium exchange, the sequence of P1 was observed to overlap with the
pepsin-digested sequence of DJ-1. To comprehensively analyze hydrogen-deuterium (H/D)
exchange, Val20 was substituted with the structurally similar amino acid Ile. Two pur-
chased peptide segments, namely P1 (V20I) and P2, were employed, and their interactions
with DJ-1 were investigated.

2.2. DJ-1 Purification and Activity Measurement

The DJ-1 protein with the 6X-His tag was overexpressed using pET3a-His-DJ1-transformed
Escherichia coli and subsequently purified using Ni—nitrilotriacetic acid agarose beads. The
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) patterns of eluted
DJ-1 had either one or two bands across different fractions (Figure 2A). Western blot
analysis confirmed both bands as corresponding to DJ-1 (Figure 2B). Following a 1 M DTT
reduction of the sample with double bands, the SDS-PAGE pattern contained a single band.
This confirmed the lower band as the oxidized form of DJ-1. The deglycation activity of the
purified DJ-1 was then assessed. A substrate was prepared through the reaction of 10 mM
N-acetyl-L-cysteine with 10 mM methylglyoxal solution. After 10 min of reaction, the
reaction plateaued. DJ-1 demonstrated the deglycase activity to glyoxal-glycated cysteine,
as indicated by the reduction in UV absorbance at 288 nm.

The active form of DJ-1 has been demonstrated to form a homodimer conformation in
its crystal structure. The purified DJ-1 was confirmed to exhibit the dimeric conformation
through DSS cross linking (Figure 2C). Two peptides, designated P1 and P2, were specifi-
cally designed to disrupt the dimerization interfaces of DJ-1 based on its crystal structure.
The designed peptides, P1 and P2, were found to enhance the activity of DJ-1, as indicated
by the MGO activity assay. Upon peptide binding, further analysis of DJ-1 dimerization
was conducted using DSS cross linking and SDS-PAGE. The results of both indicated that
peptide binding did not disrupt the dimer structure of DJ-1 (Figure 2C).
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Figure 2. Purification and verification of DJ-1. (A) SDS-PAGE analysis of DJ-1, stained with Coomassie
blue, revealing distinct bands at approximately 21 kDa. From left to right, the samples are DJ-1, the
oxidized form of DJ-1 with two bands, and DTT-reduced DJ-1. (B) Western blot analysis by using
anti-DJ-1 as the primary antibody revealed clearly defined bands at approximately 21 kDa. The
samples are DJ-1, the oxidized form of DJ-1, and reduced DJ-1. (C) DJ-1 was treated with the DSS
cross-linker for SDS-PAGE. Following DSS cross-linking, prominent dimer bands were observed at
42 kDa. The samples, from left to right, are DJ-1, DSS-crosslinked DJ-1, and DSS-crosslinked DJ-1
following the addition of P1 and P2.

Under anaerobic conditions, DJ-1 broke down glyoxal-glycated cysteine, resulting in a
reduction in UV absorbance, thus confirming the deglycase activity of DJ-1 (Figure 3A). The
activity was calculated to be 2.25 mmol/pg DJ-1/min. However, under aerobic conditions,
the activity of DJ-1 was much lower at 1.00 mmol/pg/min; this prompted the assay to be
conducted in a deoxygenated solution (Figure 3B). The oxidized form of DJ-1, characterized
by two bands on SDS-PAGE patterns, exhibited activity of 1.06 mmol/pg/min. Following
DTT reduction of DJ-1, its activity was restored to 1.60 mmol/ug/min. These findings
indicate that oxidation reduces the activity of DJ-1 and that DTT reduction of oxidized
DJ-1 can partially restore its functionality. The addition of P1 resulted in a notable 36%
increase in the activity of DJ-1, which reached 3.28 mmol/ug/min. Similarly, the addition
of P2 led to a 30% improvement in the activity of DJ-1, which reached 3.14 mmol/ug/min
(Figure 3C,D).

2.3. Identification of Proteolyzed DJ-1 Fragments

Purified DJ-1 protein was obtained and validated using SDS-PAGE and Western
blotting. The activity of DJ-1 was subsequently confirmed through the deglycase activity
assay. The protein was then injected into a high-performance liquid chromatography
system with a pepsin digestion column and a C18 reverse-phase column, and ion-trap mass
spectrometry was then performed. The DJ-1 was digested by pepsin, and the digested
peptides of DJ-1 were separated using a C18 column. The eluted peptides were then subject
to tandem mass spectroscopy (MS/MS) by using ion-trap mass spectrometry, and the
sequences of the fragments were identified using the X! Tandem-parser-1.7.7 program.
The identified fragments were mapped onto the primary sequence of DJ-1 (Figure 4). In
total, 49 peptides were identified, and these 49 covered 99.5% of the protein sequence
(Supplemental Table S1). Notably, the initiator methionine was not identified in the map,
which may be attributable to posttranslational excision. The His tag at the C-terminus was
also identified.

2.4. H/D Analysis of DJ-1 and the Effects of Peptide Binding

The HDXMS analysis of DJ-1 highlighted its solvent accessibility and the flexibility of
its backbone. H/D exchange was performed on the DJ-1 protein for 10-10,000 s. To ensure
the homogeneity of DJ-1, the protein samples were treated with 1 M DTT, and residual DTT
was removed using a PALL centrifugal filtration device. The deuteration levels of each
pepsin-digested peptide were quantified at seven time points (Supplemental Figure S1).
Because deuteration can be back-exchanged during mass spectrometry analysis, the data
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were normalized based on the 24 h full exchanged data (Supplemental Figure S2). Al-
though 48 h exchange experiments were also conducted, unfortunately, the protein was
precipitated. The deuteration percentage levels were then calculated based on the maximal
deuteration of each peptide, and representing peptides were selected and color-coded to
illustrate the exchange levels (Figure 5). Peptides 17-25, 18-24, 18-26, and 19-26 exhibited
the lowest H/D exchanging region, with approximately 40% deuteration after 10,000 s
of exchange. By contrast, peptides 59-69, 73-82, 76-83, 138-154, 147-158, and 154-163
exhibited relatively rapid exchange, reaching approximately 65% deuteration after 10,000 s
of exchange.
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Figure 3. DJ-1 activity measurement. (A) The deglycation assay of DJ-1 involved the breakdown of
hemithioacetal and resulted in a significant decrease in absorbance. The control corresponds to no
DJ-1 protein. (B) The activity of DJ-1 was measured using a deglycation assay. The samples included
were degassed assay DJ-1, DJ-1 without degassed assay, oxidized DJ-1, and reduced DJ-1; variation
was discovered in deglycation activity under different conditions. (C) DJ-1 with or without P1 and
P2 was added to the prepared substrate, and the resultant mixture was incubated at 37 °C for 30 min.
(D) Calculated activities from (C).

The exposed active site on the ot/ 3 hydrolase core exhibited a higher level of deutera-
tion when the period of H/D exchange was longer. The active site triad comprises Glu18,
His126, and Cys106, with the oxidation status of Cys106 being linked to the activity of DJ-1.
His126 was located in a domain exhibiting a low rate of H/D exchange, whereas Glu18
resided in a highly conserved acidic region, including Glu15, 16, and 18, and experienced a
relatively high rate of H/D exchange in the N-terminus. Peptide 104-112 included the ac-
tive site Cys106 in its sequence, making it ideal for representing the corresponding changes
in the active site. The mass spectrum displayed in Figure 6A reveals a clear shift of the
mass envelope, indicating an increase in deuteration over time. After 10,000 s of exchange,
peptide 104-112 exhibited a mass increase of 4.4 Da. In the P1 and P2 addition experiments
(Figure 6B,C), the mass shift further increased to 4.8 Da after P1 and P2 binding.

P1 or P2 was combined with DJ-1 in a molar ratio of 10:1 and allowed to react at 37 °C
for 10 min. H/D exchange reactions were then conducted over a time range of 10-10,000 s.
The changes in H/D exchange levels after P1 or P2 binding were assessed. Following the
addition of P1 or P2, the exchange levels of most sequences were slightly lower. In the P1
experimental group, a significant reduction in H/D exchange was observed at 10,000 s for
peptides 19-26 and 27-38. Critical regions for enzymatic activity—the active catalytic
triad Glul8, His126, and Cys106—exhibited noteworthy decreases in H/D exchange.
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Peptides 17-25 and 9-16, containing Glul18, exhibited noticeable decreases, whereas peptide
123-133, containing His126 in its sequence, exhibited a decrease at 10,000 s. Notably,
although the overall results revealed a reduction in H/D exchange, regions 78-91 and
92-96 demonstrated an increase. In the P2 experimental group, the trends in H/D exchange
for most sequences were similar to those in the P1 experimental group. Peptides 19-26,
27-38, and 31-38 as well as peptides containing the active catalytic triad (peptides 17-26
and 123-133) exhibited varying degrees of decrease in H/D exchange. Furthermore, regions
78-91 and 92-96 demonstrated varying degrees of increase in H/D exchange. Notably,
unlike the P1 experimental group, an increase in H/D exchange was noted in peptide 2-10
at 10,000 s.

1 10 20 30 40 50
MASKRALVIL AKGAEEMETV IPVDVMRRAG IKVTVAGLAG KDPVQCSRDV

51 60 70 80 90 100
VICPDASLED AKKEGPYDVV VLPGGNLGAQ NLSESAAVKE ILKEQENRKG

101 110 120 130 140 150

151 160 170 180 190 195

LILTSRGPGT SFEFALAIVE ALNGKEVAAQ VKAPLVLKDH HHHHH

Figure 4. Peptide map of DJ-1 protein. DJ-1 protein was digested using a self-packed pepsin column
on ice, and the resulting peptic fragments were retained on a peptide trap. Subsequently, the peptides
were eluted through a C18 column by using a gradient for mass spectrometry analysis. The MS/MS
data were exported to X! Tandem for sequence identification. The solid and the dashed lines are the
identified peptides and the solid lines are selected for further structural presentation.

To further examine the interaction of and structural changes in DJ-1 induced by P1 and
P2, the differences in H/D exchange percentages between P1 and P2 adsorption and the
control group were mapped onto the crystal structure (Figure 7). Following the addition
of P1 or P2, at 10 s of H/D exchange, slight reductions in exchange were observed in the
G and «H-helices, whereas increases in exchange were noted in the «D and oE-helices.
However, the overall change in H/D exchange at 10 s was limited. At 10,000 s of H/D
exchange, both P1 and P2 exhibited evident reductions in exchange at the interface of the
dimer in the xA-helix, 32, and (34 sheets, with a more pronounced decrease in the (32, 33,
and (34 sheets in the P2 experimental group. Additionally, on the backside of the active site
in the aD-helix, a significant increase in H/D exchange was observed in both the P1 and
P2 experimental groups. By contrast, in the P2 experimental group, the 31-sheet exhibited
an increase in H/D exchange, and the (35 sheet exhibited a decrease, whereas in the P1
experimental group, no notable change was observed in the 31 and 35 sheets.
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SIYICPDASLED AKKEGPYDVV VLPGGNLGAQ NLSESAAVKE ILKEQENRKG!

ctrl

Pl

P2

L0IL,TAATCAGPT ALLAHEIGFG SKVTTHPLAK DKMMNGGHYT YSENRVEKDG!S

ctrl

I51ILILTSRGPGT SFEFALAIVE ALNGKEVAAQ VKAPLVLKDH HHHHH!

<=10%
>10%
> 20%
> 30%
> 40%

ctrl
> 50%
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> 80%
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Figure 5. Deuteration levels of DJ-1. DJ-1 was incubated with or without P1 and P2 at 37 °C for
10 min, followed by deuteration in an H/D exchange reaction from 10 to 10,000 s. The reactions
were quenched using ice-cold quench solution containing formic acid and guanidine hydrochloride.
The deuterated protein was then subjected to mass spectrometry analysis. The number of deuterons
incorporated in each peptide was measured, and the deuteration levels were subsequently calculated.
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Figure 6. H/D exchange mass spectrum in the region 104-112 upon P1 and P2 binding. DJ-1
underwent deuteration from 0 to 10,000 s, and the results at 0, 10, 300, and 10,000 s are presented.
(A) Mass spectrum of the sequence 104-112 after HDXMS. (B) HDXMS results of DJ-1 interacting
with P1. (C) HDXMS results of DJ-1 interacting with P2.
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Figure 7. Effects of P1 and P2 peptide binding on DJ-1, as analyzed using HDXMS. DJ-1 protein was
incubated with P1 and P2 peptides for 10 min. The changes in HDXMS levels at 10 s and 10,000 s
were mapped onto the DJ-1 crystal structure (20R3.PDB). The representations of P1 treatment at
10s (A), P1 treatment at 10,000 s (B), P2 treatment at 10 s (C), and P2 treatment at 10,000 s (D) are
shown to illustrate the changes in HDXMS levels.
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2.5. H/D Exchange of Peptide 1 Activated DJ-1

The addition of P1 resulted in 36% activation of the deglycation activity of DJ-1,
indirectly confirming interactions between DJ-1 and peptide P1. However, the tertiary
structure of peptide-bound DJ-1 remained the dimer conformation. Figure 8 presents the
HDXMS results of selected peptides after the reaction of DJ-1 with P1, along with the
10,000 s-HDXMS mapped structure. The detailed HDXMS results of all peptides before
and after back exchange correction are shown in Supplemental Figures S1 and S2. In
peptide 94-106, which contains the active site Cys106, an increase in the deuteration level
was observed, and near the dimer interface region—particularly in peptides 17-25, 17-26,
18-24, 18-26, and 19-26, assumed to be binding sites for P1—a trend of decreased H/D
exchange was evident. The H/D exchange in peptide 19-26 exhibited decreased slightly
starting at 30 s and reached the maximum decrease of 21.5% at 10,000 s. At peptide 27-38,
located at the center of the dimer interface, the H/D exchange changed slightly starting
from 100 s and reached the maximum decrease of 23.3% at 10,000 s. Peptide 31-38 in the
same region also exhibited a trend of decreased H/D exchange. At 10,000 s, peptides 9-16
(—11.0%) and 119-130 (—5.2%) in the catalytic region exhibited decreased H/D exchange.
A particularly noteworthy observation was that regarding the region opposite the active
site, including peptides 78-91, 92-96, 94-106, and 102-119, because H/D exchange was
increased at all of these. The H/D exchange at peptide 78-91 started to increase at 3000 s,
reaching a 9% increase at 10,000 s. Peptide 92-96 exhibited the greatest increase in H/D
exchange, with a 19.1% increase at 10 s and a 20.4% increase at 10,000 s. At peptide 94-106,
the H/D exchange increased slightly starting from 30 s, with a 9.8% increase at 10,000 s. At
peptide 102-119, the H/D exchange had increased by 15.8% at 10,000 s.

Peptide 9-16
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Figure 8. Changes in H/D exchange observed in HDXMS after binding of DJ-1 with peptide 1. DJ-1
bound to P1 was deuterated for 10, 30, 100, 300, 1000, 3000, and 10,000 s. The HDXMS results of the
selected peptides are presented in the linear graph. The structural graph depicts the changes in each
fragment at 10,000 s. The assorted colors in the heat map represent the various levels of changes. All
experiments were conducted in triplicate, and the errors represent the standard deviation.
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2.6. H/D Exchange in DJ-1 Activated by Peptide 2

The alterations in HDXMS after the reaction of DJ-1 with P2 are presented on the
structure of DJ-1 in Figure 9. The detailed HDXMS results of all peptides before and after
back exchange correction are shown in Supplemental Figures S3 and S4. Notably, a slight in-
crease in H/D exchange was observed at peptides 78-91 and 92-96. By contrast, decreases
in exchange were noted in peptide 19-26 at the dimer interface and peptide 119-130 at the
positions of Glul8 and His126 in the catalytic triad. As the exchange time increased, the
decrease in H/D exchange extended to the entire protein. In the DJ-1 dimeric interface
region, speculated to be the site of the interaction with P2, a slight 5% decrease in H/D
exchange was observed from 300 s in peptide 50-58, increasing to a 10.0% decrease at
10,000 s (Supplemental Figure S3). Similarly, the exchange at peptide 19-26, containing A
at the dimeric binding interface, exhibited a slight decrease from 7.2% at 300 s to 14.7%
at 10,000 s. Peptide 37-51, in the middle of the binding interface, exhibited deuterium
exchange decreases of 14.3% at 10 s and 13.1% at 10,000 s. Moreover, peptide 59-69 exhib-
ited a 26.2% H/D exchange decrease at 10,000 s. In the catalytic region, peptide 119-130
exhibited a 6.7% decrease in deuterium exchange at 10,000 s. Conversely, peptides 78-91
and 92-96, located in the opposite direction to the active site, exhibited increases of 5.1%
and 31.8% at 10 s, respectively, reaching 14.9% and 11.1% at 10,000 s. However, in the
central 3-sheet of the a3-sandwich, the deuterium exchange differed from that observed in
the P1 experimental group. In peptide 2-10 of the 31 sheet, a 7.8% increase in deuterium
exchange was observed at 10,000 s, whereas in peptide 69-82 of the (36 sheet, a 10.9%
decrease in deuterium exchange was observed at 10,000 s.
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Figure 9. Changes in H/D exchange observed in HDXMS after binding of DJ-1 with peptide 2. DJ-1
bound to P2 was deuterated for 10, 30, 100, 300, 1000, 3000, and 10,000 s. The HDXMS results of
the selected peptides are presented in the linear graph. The structural graph depicts the changes in
each fragment at 10,000 s. The assorted colors in the heat map depict various levels of changes. All
experiments were conducted in triplicate, and the errors represent the standard deviation.
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2.7. H/D Exchange in Nonreduced DJ-1

Reduction with 1 M DTT led to partial recovery of the activity of oxidized DJ-1;
however, its activity remained lower than that of the originally reduced form. Therefore, we
compared the structural differences of these forms through HDXMS. The results revealed
that the DTT-reduced DJ-1 protein exhibited a significant increase in deuterium exchange
at both the dimeric binding interface and the active catalytic triad, resulting in an overall
increase in the deuterium exchange rate. The percentage difference for each fragment
was computed by subtracting the H/D exchange percentage of DJ-1 before DTT reduction
from that after DTT reduction, and these results are mapped onto the crystal structure in
Figure 10A. After DTT reduction, increased deuterium exchange was observed in DJ-1,
specifically in peptides 17-25 (17.6%), 17-26 (17.6%), 18-26 (16.9%), and 19-26 (23.3%) in the
oA helix. An increase in deuterium exchange was also discovered in the central 32 sheet at
the dimeric interface, with sequences 27-38 exhibiting a 27.3% increase and 31-38 exhibiting
a 16.1% increase. Peptides related to the catalytic region—such as sequences 18-26 (16.9%)
and 119-130 (6.2%)—as well as those near Cys106—including sequences 94-106 (6.1%),
104-112 (20.7%), and 105-112 (14.3%)—exhibited varying degrees of increased deuterium
exchange. In the 36 sheet, peptides 69-82 exhibited an 18.2% increase, and peptides 69-84
exhibited a 19.5% increase. Furthermore, peptides 138-154 in sheets 39, 310, and 311
exhibited a 10.1% increase, and peptides 154-163 exhibited a 14.7% increase. Finally, in
the hydrophobic core region, peptides 167-181 in the G and oH helices exhibited a 5.8%
increase, and peptides 179-195 exhibited a 6.6% increase. Overall, the H/D exchange of
DJ-1 after DTT reduction was significantly higher than that of unreduced DJ-1. To confirm
the effectiveness of DTT reduction, we conducted the reduction reaction to the protein
samples, which were stored apart in the freezer for four months, at two separate times
(Supplemental Figure S5). The HDXMS results at 10,000 s showed no difference.

HDX 10,0005 difference DJ-1 With P1 HDX 10,0005 difference DJ-1 With P2 HDX 10,0005 difference

Figure 10. Peptide binding effects of the reduced DJ-1, as observed through HDXMS. (A) Differences
in HDXMS results between the originally reduced DJ-1 and the DTT-reduced DJ-1. Peptides P1 (B)
and P2 (C) were bound to the original DJ-1 without further reduction at 37 °C. The differences in
deuteration levels at 10,000 s after H/D exchange of DJ-1 with or without peptide binding are shown.
The deuteration differences are mapped onto the DJ-1 structure.

An analysis of the variation in H/D exchange through the addition of P1 and P2
to the originally reduced DJ-1 protein revealed greater differences compared with the
results for the DTT treated protein (Supplemental Figure S6). This enabled the analysis of
activation disparities between P1 and P2 (Figure 10B,C). Although both P1 and P2 perturb
DJ-1 dimerization, these two peptides yielded distinct levels of perturbation. The overall
results are consistent with the results obtained through HDXMS for the DTT-reduced
protein, but more prominent differences were found for P1 and P2 treatments. Both P1
and P2 resulted in reduced H/D exchange at the dimerization interface and increased
H/D exchange surrounding the active site. By contrast, at the central 3 sheets, P1 addition
led to a decrease in deuteration on the 31 and 6 sheets, whereas P2 addition enhanced
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deuteration in the same region. We further confirmed that DTT treatment did not have any
structural effects on the originally reduced DJ-1 by HDXMS (Supplemental Figure S7).

3. Discussion
3.1. DJ-1 Dimerization and Activity

DJ-1 activity is essential for maintaining mitochondrial health during periods of
oxidative stress. Experimental findings and crystal structure analyses revealed the dimeric
nature of DJ-1. After the deglycation activity of purified DJ-1 was confirmed, DSS cross-
linking experiments were conducted to verify the dimeric conformation of DJ-1 (Figure 2C).
The results of H/D exchange indicated relatively low deuterium exchange levels in the
outer regions of the protein, specifically in the A helix and (34 sheet. The X-ray crystal
structure of DJ-1 in its dimeric form (PDB: 20R3) revealed that the oA helix forms the
core of the dimeric interface, whereas the 34 sheet is situated on the side of the dimeric
binding interface. These regions precisely align with the dimeric binding interface of DJ-1,
thereby reducing the solvent accessibility of the xA helix and (34 sheet. The L166P mutation
destabilizes the aG-helix and disrupts the homodimer, resulting in activity loss. However,
the impact of this point mutation on the overall structure of the DJ-1 monomer remains
unclear, and whether the monomeric form of DJ-1 exhibits lower activity is yet to be
confirmed. The xG-helix plays a critical role in the activity of DJ-1. Although the monomer
form of DJ-1 could not be obtained for a direct HDXMS comparison with the dimeric form,
our findings suggest that the fast-exchanging form with high solvent accessibility may have
lower activity (Figure 10A). The DJ-1 monomer can be assumed to have higher solvent
accessibility than the DJ-1 dimer.

Cys106, Glul8, and His126, situated on distinct loops, collectively form the catalytic
triad of DJ-1, a characteristic feature shared with other enzymes with an «/3 hydrolase
domain. The active site of Cys106 is a crucial residue governing the deglycation activity of
DJ-1, and the microenvironment surrounding this active site plays a crucial role in ensuring
the optimal activity of DJ-1. The oxidation of Cys106 enhances deglycation activity, but
excessive oxidation of Cys106 leads to loss of activity [35]. Further analysis of the dimeric
form of DJ-1 revealed hydrogen bonding between Cys106 and Glul8. Any disruption in the
dimerization can induce a change in the shape of the active site, thereby altering catalytic
activity. Thus, alterations in the conformation around the active site can differentially
influence the catalytic activity of DJ-1.

3.2. Dimeric DJ-1 Binding with P1 and P2

The dimeric configuration of DJ-1 was demonstrated to exhibit superior deglycosy-
lation activity and neuroprotective effects compared with the monomeric form [41]. To
modulate DJ-1's deglycation activity, we designed two peptides targeting the dimeric struc-
ture of DJ-1. Initially, our hypothesis suggested that these peptides, upon binding to DJ-1,
would disrupt the dimeric structure, thereby altering DJ-1’s activity. However, subsequent
cross-linking reactions conducted using DSS and the analysis of SDS-PAGE results revealed
that the DJ-1 remained in its dimeric form. Further investigation through HDXMS analysis
enabled quantification of the impact of the designed peptides on the enzyme. Remarkably,
the HDXMS results not only confirmed the binding of the peptides to the dimeric structure
of DJ-1 but also revealed an unexpected outcome. Instead of destabilizing the DJ-1 dimer,
these peptides had a stabilizing effect and enhanced the activity of DJ-1.

The HDXMS data of DJ-1 with P1 and P2 revealed substantial changes, confirming
the binding of these peptides to DJ-1. If P1 and P2 could disrupt the dimeric structure of
DJ-1, their addition should result in an overall increase in deuterium exchange, potentially
leading to a decrease in deuteration near the A helix (16E-28R) at the P1 binding site.
The HDXMS results revealed a decrease in deuterium exchange at the A helix positions
(16E-28R), with decreases of 10.1% and 31.5% at peptides 17-25 and 19-26, respectively, at
10,000 s. However, at the binding interface on the opposite side of the dimer, near the 34
sheet (50V-53C), a clear difference was not found at peptides 37-51 and 46-57. Importantly,
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no increase in deuteration of the entire enzyme was observed, particularly around the
active sites. This finding indicated that although P1 can interact with DJ-1, this interaction
may not be sufficient to completely disrupt the dimeric structure of DJ-1. Similarly, in
the P2 experiment, where P2 is expected to bind to the (34 sheet (V50-C53), the results
revealed decreases in deuterium exchange at 10,000 s for sequences 37-51 (—19.8%), 48-54
(—6.4%), and 50-58 (—10.1%). However, at the xA helix (16E-28R) positions, no increase
was found; instead, a decrease was observed in the HDXMS analysis. This indicates that
both P1 and P2 are unable to disrupt the dimeric structure of DJ-1. The validation of the
DSS cross-linking reactions and the results of H/D exchange indicate that P1 and P2 do not
disrupt the dimeric structure of DJ-1 and that they induce structural changes in the protein,
enhancing its deglycation activity.

3.3. Change in Activity Mechanisms of DJ-1 after P1 and P2 Binding

The activity tests of DJ-1 revealed that both P1 and P2 effectively enhanced the degly-
cation activity of DJ-1. The addition of P1 resulted in a decrease in deuterium exchange
at 10,000 s for peptides 27-38 (—23.3%) and 31-38 (—18.2%). These decreases may be
attributable to the binding of P1 to the «A helix, which made the surrounding structure
more compact and led to structural hindrance and a decrease in deuterium exchange in
these two regions. Similarly, the addition of P2 led to a decrease in deuterium exchange at
10,000 s for peptides 37-51 (—19.8%) and 19-26 (—27.4%). This decrease may be attributable
to the binding of P2 to the 34 sheet, which induced structural hindrance and reduced
deuterium exchange in these sequences. Additionally, both P1 and P2 resulted in a decrease
in deuterium exchange in peptides 11-17, 17-25, 119-130, and 129-139. These regions
are associated with the catalytic triad structure containing Cys106, Glul8, and His126.
Studies have indicated that the formation of bonds with SO, ™ by E18, H126, and oxidized
Cys106 after oxidation results in enhancement of the activity of DJ-1 [35]. The binding of
SO, stabilized Cys106 in the active sites and facilitated hydrogen dissociation of the thiol
on cysteine. This stabilized structure led to improved solvent accessibility and reactivity,
enhancing substrate binding, and increasing the activity of DJ-1.

Although both P1 and P2 were found to effectively enhance the deglycation activity
of DJ-1, they employ distinct mechanisms to regulate this activity. The HDXMS results
indicated similar effects on the active sites, dimer-binding region, and hydrophobic core,
suggesting that both peptides activate DJ-1 by binding to the dimer-binding regions, induc-
ing crowding effects in the dimer and hydrophobic core regions. This, in turn, stabilizes
Glul8, His126, and Cys106, increasing substrate affinity and enhancing the deglycation
activity of DJ-1. However, on the 3 sheet core of DJ-1, P1 tightens the structure of the
1 and (6 sheets, whereas P2 exerts a loosening effect on these sheets. This discrepancy
may be attributable to the distinct binding regions of P1 and P2. When P1 binds to the
dimer-binding interface at the xA helix through hydrophobic interaction, crowding effects
are created in the central structure of the dimer-binding interface and exert an inward force
that compresses the adjacent 31 and (36 sheet structures. By contrast, P2, located on the
side of the dimer-binding interface, exerts binding interactions that function as a pulling
force toward the /3 hydrolase core. This simultaneous action stretches the structures of
the 31 and 36 sheets outward, resulting in loosening of the structure.

3.4. Oxidized DJ-1 Reduced by DTT

After the protein was purified, its SDS-PAGE pattern contained two distinct bands,
with the upper band indicating significantly higher deglycation activity than that of the
two-band DJ-1. Notably, the lower band of the protein could be reduced to a single band of
DJ-1 through the addition of a high concentration of DTT, resulting in increased activity.
However, despite the SDS-PAGE patterns of both the original DJ-1 and the DTT-reduced
DJ-1 containing a single band, differences in activity persisted, as evidenced by the H/D
exchange data. In the DTT-reduced D]J-1, the overall protein structure became more relaxed,
including the «A helix; the 32 and (34 sheets in the dimeric functional region; the catalytic
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triad (C106, E18, H126) in the active catalytic region; the xC, D, and «E helices; the 36, 38,
9, 10, and 11 sheets in the protein backbone region; and the G and «H helices in the
hydrophobic core region. Deuterium exchange increased in all these regions. However, a
decrease in deuterium exchange was discovered in specific regions, such as the «D helix in
the protein backbone (sequences 78-91, —6.2%), the 31 sheet (sequences 2-10, —7.1%), and
a loop structure in the «E helix to the middle of the (38 sheet (sequences 107-120, —47.9%).
The H/D exchange data revealed that although DTT can reduce the amount of oxygen
in DJ-1, oxidation may induce irreversible changes in the structure of DJ-1. In particular,
in the catalytic mechanism, DJ-1 is hypothesized to adjust its structure for activation by
contracting the dimeric and catalytic functional regions. However, in the DTT-reduced
DJ-1, these functional regions were in a more relaxed state, indicating a strong correlation
between the activity regulation of D]-1 and these two functional regions.

In the DTT-reduced DJ-1 protein, the structure near the active site C106 was found
to be relaxed. When C106 was oxidized, steric hindrance occurred and was speculated
to create an outward pushing force and disrupt the catalytic triad structure. Removal
of oxygen atoms from the oxidized Cys106 failed to restore the correct catalytic triad,
leading to relaxation of structures near C106, such as the «C and «E helices, 36 and 311
sheets, and the surrounding loop structures. Simultaneously, the dimeric structure’s «A
helix and 32 sheet also became relaxed, resulting in the overall alteration of the protein
backbone structure.

3.5. DJ-1 Peptide Activation

Given the crucial role of dimerization in regulating DJ-1 activity, disrupting dimer-
ization is a natural strategy for modulating DJ-1 activity. Two peptide sequences from
the dimerization interface were designed as potential modulators. Notably, both peptides
were found to enhance the deglycation activity of DJ-1 in vitro, but they exhibited different
effects on the catalytic site.

P1, located in region 15-29 and containing the critical Glul8, competes with the
dimerization interface and rearranges the geometry of the catalytic triad. HDXMS analysis
revealed a significant reduction in deuteration at the direct binding region, which extends
to the entire 11-38 region. Notably, the other dimerization region remains unaffected or,
at least, does not loosen, corresponding to the maintained dimer structure. The catalytic
triad forms a rigid structure with Glul8 and His126, but Cys106 seems to be in a more
relaxed loop.

P2, located in the 47-56 region, forms a (3-sheet in the homodimer structure, interacting
antiparallelly with the same [3-sheet of the dimer partner protein. Although the competition
of P2 toward the dimerization interface does not break the dimer, it leads to a decrease in
H/D exchange, indicating a more compact structure at the interface. Although P2 insertion
may tighten the dimer and optimize the catalytic triad, the overall «/3 hydrolase domain
remains in a relaxed conformation.

4. Material and Methods
4.1. Materials

pET3a-His-DJ1 was purchased from Addgene, Watertown, MA, USA (plasmid num-
ber 51488), originally a gift from the Michael ] Fox Foundation, New York City, NY, USA.
Imidazole, tween 20, DTT were purchased from Amresco LLC, Solon, OH, USA. A 30%
LB broth powder, lysozyme, and IPTG were purchased from Chumeia, Hsinchu City, Tai-
wan. (3-Mercaptoethanol(3-ME) was purchased from Calbiochem, St. Louis, MO, USA.
BCIP (5-bromo-4-chloro-3-indolyl phosphate) and guanidine hydrochloride (GuHCI) were
purchased from Cyrusbioscience, New Taipei City, Taiwan. Glycerol, TEMED, and DJ-1 an-
tibody were purchased from Invitrogen, Waltham, MA, USA. Triton, SDS, and ammonium
persulfate (APS) were purchased from OmniPur, Radnor, PA, USA. Ni-NTA agarose was
purchased from QIAGEN, Hilden, Germany. N-acetyl-l-cysteine, methylglyoxal solution
(MGO), pepsin, NBT (Nitro blue tetrazolium chloride), phenylmethyl sulfonyl fluoride
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(PMSF), formic acid (FA), anti-rabbit IgG, and D20 were purchased from Sigma-Aldrich, St.
Louis, MO, USA. Protein assay dye was purchased from Bio-Rad, Hercules, CA, USA. Im-
mobilized pepsin and protein stain were purchased from Thermo Fisher Scientific, Waltham,
MA, USA. Peptide 1 (>EEMETIIPVDVMRRA?) and peptide 2 (¥ SRDVVICPDA®) were
synthesized by Yao-Hong Biotechnology, New Taipei City, Taiwan.

4.2. Protein Purification

pET3a-His-DJ1 transformed BL21 and was grown at 37 °C to OD = 0.45. Protein
expression was induced by 0.1 mM IPTG at 30 °C for 2 h. The cell lysate was collected
by 10,000 rpm, centrifuged at 4 °C for 30 min and stored at —80 °C. The cell lysate was
defrosted for 10 min on ice before addition of 20 mL of lysis buffer, containing 50 mM Tris
pH 8, 150 mM NaCl, 1 mg/mL lysozyme, 1 mM PMSEF, 20 mM (3-ME, and 0.1% Triton.

After being thoroughly vortexed, the cell lysate was homogenized at 65% 125 W soni-
cation on ice (QSonica Q125, 6.4 mm probe, from QSonica LLC., Newtown, CT, USA). The
sonication was in 10 cycles of 30 s sonication and 30 s stops. After 10,000 rpm centrifugation
for 30 min, the collected supernatant was flowed through 2 mL Ni-NTA column. The
Ni-NTA column was pre-washed with 2 mL of washing buffer (50 mM Tris pH 8, 150 mM
NaCl, 20 mM (3-ME, 10 mM Imidazole). The column with bound protein was washed with
40 mL of washing buffer. After washing, the protein was eluted by elution buffer (50 mM
Tris pH 7.5, 125 mM NaCl, 3 mM DTT, 150 mM Imidazole, 50% Glycerol). The eluate
fractions were collected every 0.5 mL. The protein concentrations were determined by
Bradford assay (Bio-RAD Laboratories, Hercules, CA, USA) and quantitated by a 96-well
plate reader at 595 nm absorbance. Protein was verified by Western blotting and the purity
were estimated by SDS-PAGE.

4.3. DJ-1 Activity Assay

To measure the activity of DJ-1, the fresh substrate was prepared immediately before
the assay. PBS buffer was bubbled by nitrogen gas for 3 min before experiments. The
glycation reactions were initiated by mixing 0.5 mL of PBS buffer, 5 uL of 1M N-acetyl-L-
cysteine (10 mM final concentration), and 7.82 uL of 0.65 M methylglyoxal solution (8 mM
final concentration). After mixing, the sample was purged by nitrogen gas for 15 s and
sealed by parafilm. The samples were incubated in 37 °C water baths for 10 min. After
adding 23 pL (1.266 pg/pL) of DJ-1, the samples were further incubated for 30 min, and
then the absorbance at 288 nm was detected.

4.4. Electrophoresis of DJ-1 Dimer

Twelve milligrams of DJ-1 protein was treated by 25 mM DSS crosslinker (Disuccin-
imidyl substrate) at 25 °C for 30 min. Fifteen milligrams of 15-mer peptide 1 (P1) and
10 pg of 10-mer peptide 2 (P2) were added to interact with DJ-1. DSS-treated and peptide-
added protein samples were loaded onto a 12% polyacrylamide gel for SDS-PAGE. For
the native-PAGE, protein samples were loaded onto a 12% polyacrylamide gel without
SDS. NativePAGE cathode buffer additive (20x) was added to the NativePAGE running
buffer to prepare the buffer for the cathode chamber. The running buffer was used without
additive for the anode.

4.5. Sequence Identification of the DJ-1 Proteolytic Fragment

Before analyzing the HDXMS data, the sequences of the detected pepsin-digested frag-
ments were first identified by MS/MS. To prepare the pepsin column, a 2.1 mm x 35 mm
empty column was packed by Thermo Scientific Pierce immobilized pepsin agarose,
(Thermo Scientific, Waltham, MA, USA). The column was flushed with 0.1% formic acid at
a flow rate of 0.1 mL/min. The above two steps were repeated 3 to 4 times until the pepsin
column was filled. After DJ-1 was proteolyzed into fragments by pepsin, the fragments
were collected by a micro RP peptide trap (OPTI-TRAPTM from optimize technology,
Oregon City, OR, USA) and then separated by a reverse phase HPLC in a C18 column
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(BioBasic 18 LC Columns, Thermo Scientific, Waltham, MA, USA). The mobile phase was
the gradient between Buffer A: 0.1% formic acid and Buffer B: 80% acetonitrile/0.02%
formic acid. The flow rate was set to 0.15 mL/min and most peptides were eluted in 30 min.
The peptides were fragmented by tandem mass spectrometry (MS/MS), and the MS/MS
data were imported into the X! Tandem-parser-1.7.7 software to calculate the sequences of
the fragments.

4.6. Sequence Identification by X! Tandem

DJ-1 MS/MS data were exported from Bruker DataAnalysis and the intensity threshold
was set at 700. The MS/MS data and the sequence were imported to X! Tandem for sequence
identification. The mass error was set at 500 ppm. The sequence of each fragment was
further manually verified based on the primary mass and the matched product ions under
X! tandem-parser-1.7.7.

4.7. Hydrogen/Deuterium Exchange Experiments

A 20x Tris buffer (1 M Tris-base, 2.5 M NaCl, pH 7.5) was diluted by 99.9% D,O
to prepare a 1x D,O buffer. Then, 15 puL (50 ug) of DJ-1 protein and D,O buffer was
incubated in a 37 °C water bath for 30 min. H/D exchange was initiated by mixing 15 uL
DJ-1 protein with 45 uL D,O buffer in a 37 °C water bath for 10, 30, 100, 300, 1000, 3000,
and 10,000 s. The reactions were quenched by adding 140 uL of quench buffer (0.5% formic
acid, 1 M GuHCI).

4.8. Mass Spectrometry Analysis

The pepsin column connected with the peptide trap was precooled on ice and the
pepsin was activated by flushing the column with 0.1% formic acid at 0.1 mL/min. The
quenched deuterated samples were withdrawn by syringe and injected into the pepsin
column. The column was washed with 0.1% formic acid at 0.5 mL/min in HPLC for
1.5 min. The pepsin column was then disconnected, and the peptide trap was reconnected
to a C18 column. The peptides were then separated by HPLC and analyzed by mass
spectrometer. The HPLC mobile phase was the gradient between Buffer A: 0.1% formic acid
and Buffer B: 80% acetonitrile/0.02% formic acid. The flow rate was set to 0.15 mL/min
and most peptides were eluted in 30 min. The C18 column, LC running buffer, and the
tubing were covered by ice. The peptides of the protein were detected on the positive mode
of the mass spectrometry and the mass detection range was 400 to 2000 m/z. The data were
processed on Bruker DataAnalysis (ver.4.1).

4.9. D]-1 HDXMS Calculation

The sequence, retention time, and charge of the identified peptide fragments were
uploaded to the H/D exchange software HDExaminer 1.2 as the peptide pool. The non-
deuterated MS data of DJ-1 were further imported to identify the peptic peak. The peptides
with low intensity were excluded for further calculation, and this step served as a second
filter for peptide identification. The masses of the fragment of the non-deuterated DJ-1
were the standards for all other H/D exchange samples. Then, the MS data of the H/D
exchange samples at seven time points were imported into the HDExaminer. The average
mass of each deuterated peptide that appeared at each time point was calculated. The mass
shift at a specific time point after H/D exchange was the amount of deuteration.

5. Conclusions

Two peptides have been identified as enhancers of DJ-1 activity. To understand the
mechanisms behind this enhancement, we employed hydrogen/deuterium exchange mass
spectrometry. The findings revealed distinct binding mechanisms for each peptide with the
DJ-1 protein, ultimately contributing to the observed increase in activity.
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Abstract: Background: Auxin, a plant hormone, plays diverse roles in the modulation of plant
growth and development. The transport and signal transduction of auxin are regulated by various
factors involved in shaping plant morphology and responding to external environmental conditions.
The auxin signal transduction is primarily governed by the following two gene families: the auxin
response factor (ARF) and auxin/indole-3-acetic acid (AUX/IAA). However, a comprehensive ge-
nomic analysis involving the expression profiles, structures, and functional features of the ARF and
AUX/IAA gene families in Vaccinium bracteatum has not been carried out to date. Results: Through
the acquisition of genomic and expression data, coupled with an analysis using online tools, two
gene family members were identified. This groundwork provides a distinguishing characterization
of the chosen gene families in terms of expression, interaction, and response in the growth and
development of plant fruits. In our genome-wide search of the VaARF and ValAA genes in Vaccinium
bracteatum, we identified 26 VaARF and 17 ValAA genes. We analyzed the sequence and structural
characteristics of these VaARF and VaIAA genes. We found that 26 VaARF and 17 ValAA genes were
divided into six subfamilies. Based on protein interaction predictions, VaIAA1 and ValAA20 were
designated core members of ValAA gene families. Moreover, an analysis of expression patterns
showed that 14 ARF genes and 12 IAA genes exhibited significantly varied expressions during fruit
development. Conclusion: Two key genes, namely, ValAA1 and ValAA20, belonging to a gene family,
play a potentially crucial role in fruit development through 26 VaARF-IAAs. This study provides
a valuable reference for investigating the molecular mechanism of fruit development and lays the
foundation for further research on Vaccinium bracteatum.

Keywords: auxin response factor; cis-elements; domain analysis; expression profiling

1. Introduction

Auxin is a pivotal hormone in plants that is crucial for the regulation of growth and
development across various stages of the plant lifecycle [1]. It plays a central role in
numerous biological processes including the development of various organs, regulation of
shoot apical dominance, and differentiation of conducting tissues like xylem and phloem [2].
In Arabidopsis, YUCCA2 (YUC2) regulates chloroplast RNA editing by modulating auxin
levels, affecting the expression of editing factors through ARF1-dependent pathways [3].
Genome-wide analysis in Mikania micrantha identified 18 YUCCA genes with diverse
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expression patterns and significant roles in plant growth and auxin biosynthesis [4]. Auxin
also modulates responses to both biotic and abiotic stresses, making its signaling pathways
critical targets for agricultural innovation [5].

At the heart of auxin signaling are the following two key families of transcription
factors: the auxin response factor (ARF) family and the AUX/IAA repressor family [6].
These proteins are essential for the transcriptional regulation of auxin-responsive genes.
ARFs recognize auxin-responsive elements (AuxREs) in the promoter regions of target
genes, which typically include a TGTCTC motif or its variations [7]. Structurally, ARFs
are characterized by a DNA-binding domain (DBD) incorporating a B3-like DNA-binding
domain [8], a middle region (MR) that acts either as a repression or an activation domain,
and a carboxyl-terminal domain (CTD) that mediates oligomerization with other ARFs
or AUX/IAA proteins [9]. The modulation of ARF activity is intricately linked to their
interaction with AUX/IAA proteins. In the absence of auxin, AUX/IAA proteins bind to
ARFs, inhibiting the expression of auxin-responsive genes. Upon auxin binding, AUX/IAA
proteins undergo ubiquitination and subsequent degradation via the 26S proteasome,
thereby freeing ARFs to activate their target genes [1,10].

In the two decades since the identification of the inaugural member of the auxin
response factor (ARF) family, 23 ARF members have been identified and characterized
within the genome of Arabidopsis thaliana (L.). With the advancements in whole-genome
sequencing, researchers have been able to ascertain the presence of 22 [11], 25 [12], 23 [13],
25 [14], and 36 [15] ARF genes within the genomic structures of Solanum lycopersicum L.,
Oryza sativa, Triticum aestivum L., Sorghum bicolor (L.) Moench, and Zea mays L., respectively.
It is noteworthy that reports elucidating certain biological functionalities associated with
ARFs have also begun to garner attention. An interesting aspect of these ARF genes is their
predilection to perform functions in different plants, offering a fascinating dimension to
their biological capacities.

Previous studies have highlighted the complexity of auxin signaling, noting that the
specificity of ARF and AUX/IAA interactions can lead to diverse developmental and phys-
iological outcomes [16]. The cell-type specificity of ARF-AUX/IAA expression in relation
to different local auxin sources is a critical area of study in plant development. Research
highlights how distinct cell types interpret auxin signals to mediate various developmental
processes. Rademacher [17] provided a cellular expression map of ARF genes, showing
complex overlapping patterns during embryogenesis and primary root meristem develop-
ment. The study underscores the developmental specificity generated by the transcriptional
regulation of ARF genes. Bargmann and Estelle [18] speculated on the tissue specificity of
auxin responses through the SCF(TIR1)-AUX/IAA-ARF pathway, addressing how different
cell types respond to the same auxin gradient. Ding [19] mapped the tissue-specific con-
tributions of auxin signals in root growth, demonstrating significant roles of specific cell
types like the endodermis. Specific ARFs regulate processes ranging from leaf senescence
and floral organ abscission to vascular patterning and reproductive development in model
plants such as Arabidopsis thaliana [3,20]. This underscores the potential of similar genes in
Vaccinium bracteatum to affect key traits such as fruit development and stress tolerance [21].

ARFs and other TF families such as WRKY and MADS have recently been defined as
instrumental in regulating various auxin-mediated responses [22]. Functional characteriza-
tion of AUX/IAA-encoding genes has been testified through mutant and over-expressed
studies conducted in Arabidopsis thaliana (L.). For instance, loss-of-function mutations
in AtIAA3 and AtIAA28 resulted in lateral root formation defects [23,24]. It is discerned
that AtIAA12 and AtIAA18 [25] can modulate embryonic apical configuration and root
meristem formation by inhibiting AfARF5 [26] activity. In Arabidopsis, the AtARF7 gene
participates in water absorption and root growth and, similarly [27], maize genes ZmARF25
and ZmARF34 [28] play significant roles in the regulation of lateral and crown root develop-
ment. In the case of tomatoes, ARF genes occur as pivotal players in controlling chloroplast
development and the accumulation of sugar and carotenoids, as well as fruit ripening.
Simultaneously, SIARF2A and SIARF2B are also implicated in fruit ripening regulation.
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Upon silencing of SIARF2A, SIARF2B [5], or both, fruit ripening is severely inhibited and
cannot be restored by exogenous ethylene treatment. Furthermore, SIARF2 is involved in
regulating the senescence of tomato floral organs. In rice, the OsARF11 and OsARF15 [29]
genes, and in kiwi, the AcARF4, AcARF5, AcARF23a, and AcARF28a genes are significantly
upregulated after being induced by salt stress.

Importantly, Vaccinium bracteatum Thunb., an Ericaceae plant [30], is known for its
berries that turn purple-black when ripe, bearing flowers in June-July and fruits in August—
October. These small, deep blue fruits are naturally high in anthocyanin content, making
this species a valuable ornamental fruit-greening plant. The plant’s leaves contain a sub-
stantial amount of plant polyphenols, which bestow high dietary and health preservation
value. In Vaccinium bracteatum [31], a species renowned for its medicinal and nutritional
value [32], understanding the role and regulation of ARF and IAA genes could provide
significant insights into its growth and stress response mechanisms [30]. This study aims to
provide a comprehensive analysis of the ARF and IAA gene families in Vaccinium bracteatum,
exploring their gene structures, expression profiles, and evolutionary relationships within
and across species [20]. By elucidating the phylogenetic relationships and functional anno-
tations of the ARF and IAA genes in Vaccinium bracteatum, this study aims to contribute to
the broader understanding of auxin-mediated regulation in plants [33], potentially guiding
future agricultural strategies to exploit these pathways for crop improvement [34-36].

2. Results
2.1. Identification of VaARF-IAA Families in Vaccinium bracteatum

Through a meticulous HMM analysis followed by BLASTP comparison against the
NCBI database, we successfully identified a total of 26 VaARF and 17 ValAA genes in
Vaccinium ashei (Vaccinium bracteatum) (Table S1), representing a comprehensive catalog of
genes implicated in the auxin response and signaling pathways. The open reading frames of
these VaARF-IAA genes range from 173 to 531 amino acids in length, reflecting a significant
diversity in protein size and potential function within the family. The predicted isoelectric
points (PIs) of the resultant proteins span from 5.45 to 9.08, with molecular weights (MWs)
ranging from 22,120.92 to 133,143.06 Da, highlighting the biochemical diversity of these
auxin response factors and auxin-induced proteins in Vaccinium bracteatum.

2.2. Chromosomal Localization and Collinearity Analysis of VaARF-IAA Gene Families
in Vaccinium bracteatum

2.2.1. Chromosomal Distribution and Gene Duplication Events

Chromosome 9 has the highest density of VaARF genes, with a total of five identified,
whereas chromosomes 1, 3, 4, 5, and 10 each harbor a single VaARF gene (Figure 1A). The
ValAA genes exhibit a similarly uneven distribution, with chromosome 5 containing the
most ValAA genes (four), and chromosomes 2 and 9 showing no ValAA gene presence.
Further analysis revealed several instances of gene clustering, suggesting potential gene
duplication events. This distribution pattern suggests a non-uniform duplication and diver-
gence history across different chromosomes, possibly influenced by specific evolutionary
pressures or chromosomal environments.

2.2.2. Synteny Relationships Highlighting Evolutionary Conservation

The collinearity analysis of ARF and IAA gene families in Vaccinium bracteatum was
conducted using TBtools (version 2.019) software, focusing on assessing the chromosomal
distribution and potential gene duplication events within the genome. Gene families
can be generated by tandem and segmental duplications of chromosomal regions as well
as whole-genome duplications (WGDs) [37]. Two homologous repeats within the same
chromosome that are less than 200 kb apart are usually referred to as tandem repeats [38].
A significant finding from this study was the observation of tandem duplications and
segmental duplications that contribute to the expansion of the ARF and IAA gene families.
For instance, within chromosome 9, two pairs of VaARFs (VaARF19-2 and VaARF19-4;
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VaARF31-1 and VaARF31-2) were identified, spaced 137 kb and 18 kb apart, respectively.
The nucleotide homology between VaARF19-2 and VaARF19-4 was calculated at 68.0%, and
between VaARF31-1 and VaARF31-2 at 85.7%, as detailed in Supplementary Table S2. Such
closely linked gene pairs underscore the role of tandem duplications in the local expansion
of gene families within the genome.
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Figure 1. The distribution of VaARF and ValAA family members on the chromosomes of Vaccinium
bracteatum. (A) The chromosome mapping of VaARFs-IAAs and (B) collinearity among VaARF
gene families within the chromosome. (C) collinearity among ValAA gene families within the
chromosome.The chromosome number is listed at the top of each vertical bar. The ruler depicts the
length of the chromosome/Mb. The red color on the chromosome is the ARF gene, and the green
color is the JAA gene. The gray line indicates that most of the ARF and IAA genes have a collinear
relationship among species. Chromosomes 1-12 are shown in pink, with ARF and IAA gene names
on the periphery.

Furthermore, the analysis also highlighted several instances of potential segmental or
whole-genome duplications. For example, three pairs of ARF genes, two pairs of IAA genes,
and additional clusters involving four ARF genes and a multi-gene family of JAA showed
homology, suggesting their origin from more extensive duplication events. The non-
synonymous to synonymous substitution ratio (Ka/Ks) for these gene pairs was calculated
and found to be less than 1 for all instances, as shown in Supplementary Table S2. This
indicates that the duplicated gene pairs and clusters have undergone purifying selection,
which typically restricts functional diversification and preserves essential functions.

2.3. Phylogenetic Analysis of VaARF-IAA Gene Families in Vaccinium bracteatum

The phylogenetic relationships among auxin response factor (ARF) genes from Vac-
cinium bracteatum and other species were elucidated through comprehensive analyses
utilizing ClustalX for multiple sequence alignment and PhyML software for phyloge-
netic tree construction via the maximum likelihood method. This analysis encompassed
ARF nucleotide sequences from five species (Table S3) including Vaccinium bracteatum
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(26 VaARFs), Arabidopsis thaliana (21 AtARFs), Glycine max (37 GmAREFs), Brassica napus
(27 BnARFs), and Gossypium hirsutum L. (37 GhARFs), totaling 146 ARF genes (Figure 2).
The resultant phylogenetic tree distributed these 146 ARF genes into six distinct subgroups
(I-VI), illustrating the evolutionary breadth of the ARF gene family across these species.
Notably, VaARF1-1 showed close evolutionary proximity to ARF genes from the other four
examined species, while VaARF22 shared a tight phylogenetic relationship with AtARF3,
highlighting instances of conserved evolutionary trajectories. Additionally, 141 IAA genes
were categorized into six subgroups (I-VI), including 18 ValAAs, 24 AtIAAs, 45 GmIAAs,
31 BnlAAs, and 33 GhIAAs. Within this framework, ValAA1 was closely related to GhIAA14,
and ValAA27-3 was near GhIAA27, underscoring the homology and potential functional
conservation across species.

Figure 2. Phylogenetic relationships among VaARF, ValAA, and five other families of species. (A) Phylo-
genetic analysis of VaARF (B) Phylogenetic analysis of VaIAA. The phylogenetic tree was established
utilizing the full-length gene sequence of VaARF-IAAs from Vaccinium bracteatum and Arabidopsis
thaliana, Glycine max, Brassica napus, and Gossypium hirsutum L.
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2.4. Gene Structure and Conserved Domain Analysis of VaARF-IAA Gene Families
in Vaccinium bracteatum

The majority of VaARF genes are characterized by more than five introns, highlight-
ing the intricate architecture of these genes. Specifically, VaARF14-1, VaARF14-2, and
VaARF30-2 are unique in their structure, each comprising a single exon, devoid of any
introns (Figure 3). In contrast, VaARF17, VaARF19-3, and VaARF31-1 contain two introns
each. Similarly, the majority of ValAA genes possess around five introns, with ValAA33
and ValAA27-2 featuring one and two introns, respectively. This variability underscores
the evolutionary diversification within the ARF and IAA gene families.
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Figure 3. Genetic structure analysis of VaARF and ValAA gene families. (A) Genetic structure analysis
of VaARF (B) Genetic structure analysis of ValAA. Exons and introns are represented by yellow boxes
and black lines, respectively.

Upon domain analysis, all identified VaARFs were found to contain the conserved B3
domain (Figure 4A,B), and most harbored the PB1 domain, affirming the conservation of
these domains within the VaARF family. These domains are likely crucial for the functional
repertoire of the ARF genes, with the B3 domain involved in DNA binding and the PB1
domain involved in protein—protein interactions. Interestingly, VaARF14 encompasses an
AP2_ERF domain, and VaARF3 uniquely possesses the KS3_2 domain, hinting at specialized
functions beyond typical ARF gene roles. For the ValAA gene family, except for ValAA17,
which is composed of three B3 domains, the rest predominantly feature the PB1 domain,
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further illustrating the functional conservation and diversification within these auxin-
response gene families.
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Figure 4. Domain analysis of VaARF and ValAA gene families. (A) Domain analysis of VaARFs
(B) Domain analysis of ValAAs. Different colors represent different domains.

Based on the protein sequences of VaARFs and ValAAs, these conserved motifs were
discovered using the MEME website. The conserved motifs of VaARF and ValAA pro-
teins were analyzed, and 12 conserved motifs (motifs 1-12) were found in both proteins
(Figure 5A,B). Their sequences are shown on the right side of Figure 5. In addition to
motifs 8 and 10, the remaining 10 motifs are prevalent in most ARFs. VaARF22, VaARF32,
VaARF31-1, and VaARF31-2 contain only motif 1, and these four genes may be function-
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ally redundant. VaARF19-3 and VaARF19-5 contain only motifs 8 and 10. Motif 10 is
unique to VaARF6, VaARF5-1, VaARF1-3, VaARF19-2, VaARF1-2, VaARF5-2, VaARF1-1,
VaARF2, VaARF19-1, VaARF18-1, and VaARF18-2. For the IAA gene family, all ValAAs ex-
cept ValAA27-1 contain motif 1, indicating that it plays an important and possibly structural

role in ValAAs.
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Figure 5. Conserved motifs of the VaARF and ValAA gene families.
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2.5. Promoter and Synteny Analysis of VaARF-IAA Gene Families in Vaccinium bracteatum

Remarkably, every member of the VaARF-IAA gene families was found to possess light-
responsive elements (Table S4), highlighting the pivotal role of these genes in light-mediated
physiological processes (Figure 6A,B). Similarly, hormone-responsive elements were ubiqui-
tously present across all VaARF gene promoters, reflecting the gene family’s comprehensive
involvement in hormonal signaling pathways. The majority of these promoters also fea-
tured MeJA-responsiveness, MYB binding sites indicative of drought inducibility, auxin
responsiveness, and gibberellin-responsive elements, among others. Additionally, elements
related to low temperature, defense (TC-rich repeats), and stress (CARE) were identi-
fied, signifying the gene family’s versatile role in plant growth, development, and stress
response mechanisms.
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Figure 6. Analysis of cis-regulatory elements in the VaARF and ValAA families. (A) Analysis of
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Specifically, CARE elements, associated with stress-responsive elements, were uniquely
identified in the promoters of VaARF19-5 and VaARF5-2, while TC-rich repeats, signifying
defense and stress responsiveness, were exclusively found in ValAA14-1 and ValAA27-3.
The diversity and specificity of cis-acting elements observed in the promoters of VaARFs
and ValAAs suggest a complex regulatory network influencing plant responses to environ-
mental cues and hormonal signals.

2.6. Expression Analysis of VaARF-IAAs during Fruit Ripening

VaARF2, VaARF6, VaARF4, VaARF5-1, VaARF1-2, VaARF19-5, and VaARF28 were
highly expressed during the green fruit stage, suggesting a potential correlation with
fruit enlargement (Figure 7A). Conversely, VaARF5-2, VaARF18-2, and VaARF1-1 showed
heightened expression in the blue fruit stage, which may be associated with the processes
involved in fruit ripening.
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Similarly, within the IJAA gene family, 12 genes displayed significant differential ex-
pression across the fruit development stages. ValAA14-1, ValAA27-4, and ValAA27-3 were
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particularly active during the green fruit stage, further associating these genes with the pro-
cess of fruit enlargement. On the other hand, ValAA1, ValAA20, and ValAA27-2 demonstrated
peak expression levels in blue fruit, suggesting their roles in the maturation process.

2.7. Interaction Networks of VaARF-IAAs with Functional Genes

Auxins play an integral role in orchestrating plant growth and development. They
regulate gene expression through specific transcription factors and proteins, which are
fine-tuned to environmental responses within the signaling cascade [39]. Key among
the auxin transcription factors are the auxin response factors (ARFs) and the AUX/IAA
inhibitors. In pursuit of a deeper understanding of the biological functions and regulatory
networks of ARFs and AUX/IAAs, we utilized a homology-based approach to predict
protein—protein interactions (PPIs). Our study revealed the presence of several PPIs within
the ARF and AUX/IAA gene families (Figure 8A), with VaIAA1 and ValAA20 identified as
the core components within these two gene families [40].

Figure 8. Interaction protein analysis of the VaARF and ValAA gene families. (A) The interaction
between the two gene families. (B) Prediction of protein—protein interactions between ARF protein
and other functional proteins. The dark color of the circles and lines represents a high degree
of interaction among proteins. The size and dark color of the circles of each protein show high
interactions with other proteins.

Furthermore, we analyzed the protein—protein interactions among ARFs, AUX/IAAs,
and other functional genes (Figure 8B). As anticipated, the majority of the proteins interact-
ing with ARF were validated as significant constituents of the auxin response pathway [41].
For instance, ARF interacts with PIN-FORMED (PIN) proteins, ATP-BINDING CASSETTE
subfamily B (ABCB) proteins, MYB proteins, TIR proteins, and AFB proteins [42], all of
which play vital roles in plant growth and development [43].

2.8. Protein 3D Structure Analysis

Three-dimensional models were generated using the primary sequences of VaARF and
ValAA proteins, which revealed distinct structural features that may correlate with functional
specificity (Figure 9A,B). The structural variability observed among the VaARF proteins,
such as differences in the orientation and configuration of secondary structural elements
like x-helices and 3-sheets, suggests specialized interactions and functions within the plant
signaling pathways. The 3D structural models of key proteins such as VaARF1-1, VaARF2,
VaARF5-1, and VaARF19 series show notable differences in their domain architectures and
surface properties. These variations may influence their binding affinities and interactions
with other molecules, possibly affecting their role in auxin signaling and response mechanisms
in Vaccinium bracteatum. Moreover, the analysis identified specific regions within these proteins
that could potentially be involved in ligand binding or protein—protein interactions, critical
for their function as transcriptional regulators. For example, the predicted models suggest
that the VaARF19-5 protein might have additional binding sites, which could be crucial for its
interaction with other proteins or DNA elements within the plant cell.
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3. Discussion
3.1. Interpretation of Phylogenetic Relationships and Gene Structure Diversity

In naming these identified genes, we adhered to a systematic approach by aligning
them with their closest homologs in the NCBI database, thereby ensuring that the nomencla-
ture reflects phylogenetic relationships and facilitates cross-species comparisons [44]. This
methodology not only enhances the clarity of our findings but also aligns with standard
practices in genomic studies, enabling researchers to easily correlate our identified genes
with known auxin response mechanisms in other species [45].

The exhaustive identification and subsequent annotation of the VaARF and ValAA
gene families underscore the complexity of auxin signaling in Vaccinium bracteatum. These
findings lay a crucial foundation for future functional studies aimed at unraveling the
roles of these genes in growth, development, and stress responses in Vaccinium bracteatum,
potentially opening new avenues for agricultural innovation and crop improvement.

Vaccinium bracteatum, a member of the Rhododendron family, is a diploid plant species
characterized by 12 distinct chromosomes, as revealed in our previous research. The distri-
bution of ARF and IAA genes across these chromosomes is notably uneven, highlighting the
complex genetic architecture of auxin response mechanisms in this species. Chromosome 9
stands out with the highest gene distribution density for VaARF genes, whereas chromo-
some 5 leads in density for ValAA genes. This uneven gene distribution and evidence of
gene clustering and duplication provide valuable insights into the genomic organization
and evolutionary dynamics of the ARF and IAA gene families in Vaccinium bracteatum. Such
findings not only enrich our understanding of the genetic basis of auxin response in this
species but also underscore the intricate relationship between chromosomal architecture
and gene function diversification in plant genomes [46].

The arrangement of ValAA1, ValAA27-1, and ValAA26 in close locations, along with
ValAA27-4 and ValAA18, paired with the clustered positioning of VaARF genes including
VaARF18-2 and VaARF4, VaARF31-1 and VaARF31-2, VaARF19-2 and VaARF19-3, and
VaARF9 and VaARF3, strongly suggests the history of gene duplication events. These
clusters may indicate regions of the genome that have undergone evolutionary expan-
sions [47], potentially contributing to the diversification of the ARF and IAA gene functions
in Vaccinium bracteatum.

The chromosomal collinearity analysis not only elucidated the structural organization
and evolutionary dynamics of the ARF and IAA gene families in Vaccinium bracteatum but
also provided insights into the mechanisms driving gene family expansion and functional
conservation. This detailed mapping and comparison help pave the way for further
functional genomic studies aimed at understanding the correlations between these gene
families in plant development and stress responses [48].

3.2. Role of ARF Genes in the Fruit Ripening of Vaccinium bracteatum Based on Expression Profiles

The expression analysis of auxin response factor (ARF) genes during fruit ripening
in Vaccinium bracteatum was meticulously carried out using transcriptome data from four
developmental stages including leaves, green fruit, red fruit, and blue fruit, with green and
red fruits representing unripe stages. This comprehensive dataset, derived from triplicate
samples for each stage, provided a robust foundation for exploring the dynamic expression
of ARF genes across different phases of fruit development [49].

Expression levels were quantified using FPKM (Fragments Per Kilobase of transcript
per Million mapped reads) [50], enabling a precise measurement of gene activity. Our
analysis revealed that 14 ARF genes exhibited significant differential expression throughout
the fruit development process, suggesting a pivotal role for the majority of ARF-related
genes in fruit maturation.

This detailed expression profiling of ARF and IAA genes underscores the complex
regulatory network governing fruit development in Vaccinium bracteatum [51]. The distinct
expression patterns observed not only highlight the specific contributions of individual ARF
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and [AA genes to fruit enlargement and ripening but also pave the way for future studies
aimed at unraveling their functional roles in these critical developmental processes [52].
Further studies, including gene knockout experiments, are necessary to determine
the definitive roles of these ARF genes in specific fruit developmental processes, such as
cell division, growth, and maturation. Additionally, exploring the links between specific
auxin sources, such as YUCCA gene expression, and the regulation of these ARF genes will
provide deeper insights into the hormonal control mechanisms in fruit development.

3.3. Analysis of Interaction Networks

Auxin Polar Transport (PAT) is essential for auxin’s short-distance distribution, medi-
ated by auxin carrier protein families within the cell membrane, including PIN-FORMED
(PIN) proteins and ATP-BINDING CASSETTE subfamily B (ABCB) proteins [41]. The
activity of these carrier proteins is influenced by the regulation of their expression and
subcellular localization, which are modulated by ARF transcription factors in response to
environmental signals.

In tomatoes, SIPINS is specifically expressed in pollen, with its function possibly
linked to pollen development [53] and auxin homeostasis [54]. TIR and AFB proteins
are nuclear auxin-sensitive proteins containing nucleotide/leucine-rich repeats, allowing
interaction with specific subsets of AUX/IAA proteins [54]. Research in Arabidopsis thaliana
reveals that TIR1/AFB genes encode the primary auxin receptors that regulate plant growth,
and AFB3 mediates lateral root growth in response to nitrogen [55]. In soybeans, the
GmTIR1/AFB3 gene is a homolog of TIR1 and AFB3 found in Arabidopsis thaliana, serving to
regulate soybean nodulation in response to rhizobia infection through the auxin signaling
pathway [56]. In barley (Hordeum vulgare), the HvYUC protein is involved in mediating
defense against salt stress, and a similar positive response to aluminum stress by TAA1
through ethylene signaling has been observed [57]. The findings of this study significantly
broaden our understanding of the regulatory networks of ARFs and AUX/IAAs, as well as
their influence on plant growth and development [58].

3.4. Functional Implications of the Protein Structure Findings

The comprehensive phylogenetic analysis not only reveals the homologous relation-
ships among Vaccinium bracteatum ARF genes, IAA genes, and those from other key plant
species, but it also indicates a greater degree of evolutionary conservation within the ARF
gene family compared with IAAs [59]. Such findings suggest that ARF genes may play
a fundamental role in plant development and stress responses that have been preserved
across divergent evolutionary paths [50]. The detailed subgrouping and cross-species
comparisons provide valuable insights into the functional diversification and evolutionary
history of the ARF and IAA gene families, offering a foundation for further functional
characterization and exploration of their roles in plant biology [47].

The structural analysis of VaARF and ValAA gene families in Vaccinium bracteatum
reveals a remarkable diversity and complexity within their gene structures. A significant
structural variance is observed between the ARF and IAA genes [60], where ARFs exhibit a
higher exon/intron ratio compared with IAAs, suggesting a higher degree of complexity
and diversity within the ARF family. This structural distinction could be indicative of the
varied functional roles that these gene families play within plant developmental processes
and stress responses. The elucidation of gene structures and domain compositions not only
provides insights into the functional complexities of the VaARF and ValAA gene families
but also underscores the evolutionary strategies employed by Vaccinium bracteatum in
modulating auxin signaling pathways. These findings pave the way for future functional
characterization studies, aiming to unravel the specific roles of these gene families in plant
growth, development, and adaptation to environmental cues.

In our comprehensive analysis of the promoter regions, spanning 2 kb upstream of the
transcription start sites of each VaARF gene, we aimed to elucidate the potential regulatory
mechanisms governing the VaARF-IAA gene family’s activity in Vaccinium bracteatum. This
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analysis uncovered a plethora of cis-acting elements predominantly associated with various
plant hormone responses, underscoring the intricate relationship between the VaARF-IAA
gene family and hormonal regulation [61].

This promoter analysis not only sheds light on the potential functional diversity
within the VaARF-IAA gene family but also provides a foundation for future studies aimed
at unraveling the molecular mechanisms by which these genes modulate plant growth
and stress resilience in Vaccinium bracteatum. The identification of unique and common
regulatory elements across these promoters underscores the multifaceted roles of ARF and
IAA genes in orchestrating plant development and environmental adaptation [62].

To better understand the structural basis of ARF protein function in Vaccinium bractea-
tum, we utilized the Swiss Model web-based platform to predict and analyze the 3D
structures of the ARF protein family. This analysis revealed substantial structural diversity
among the ARF proteins [63], reflecting their varied roles in plant physiology and develop-
ment. This comprehensive structural analysis not only enhances our understanding of the
functional diversity of the ARF gene family in Vaccinium bracteatum but also provides a foun-
dation for future experimental studies aimed at validating these models and elucidating
the specific roles of these proteins in plant growth and development processes [64,65].

4. Materials and Methods
4.1. Plant Resources

Samples of Vaccinium bracteatum were collected from the hilly subtropical region
in the southern part of Anhui Province (30°51’ N, 118°23’ E). This collection enabled us
to obtain essential genomic data for the species. Complete genomic data and amino acid
sequences of two gene families from Arabidopsis thaliana, Glycine max, Brassica napus, and
Gossypium hirsutum L. were procured respectively from the TAIR website (https://www.
arabidopsis.org/) (accessed on 25 September 2023), NCBI database (https:/ /www.ncbinlm.
nih.gov/) (accessed on 25 September 2023) and uniport database (https://www.uniprot.org/),
(accessed on 25 September 2023). Leaves and fruits were collected from three separate
developmental stages including the green fruit growth phase (Stage 1), pink fruit color
accumulation phase (Stage 2), and mature blue fruit phase (Stage 3). Each developmental
stage was sampled from three biological replicates. The samples were flash-frozen in liquid
nitrogen followed by preservation at —80 °C until RNA extraction. The resultant RNA
samples were thereafter utilized for gene prediction based on the transcriptome.

4.2. Genome-Wide Identification and Classification of ARF-Aux/IAA Gene Families

Information on Arabidopsis thaliana ARF and AUX/IAA gene families was downloaded
from the TAIR database (https://www.arabidopsis.org/) (accessed on 25 September 2023).
The JGI Plant Site (https:/ /phytozome.jgi.doe.gov/pz/portal.html) (accessed on 27 Septem-
ber 2023) was then utilized to compare the homology of amino acids linked with Arabidopsis
thaliana ARF and AUX/IAA proteins. Furthermore, the characteristics of ARF and AUX/IAA
genes were identified through the NCBI database’s Blastp feature, followed by assigning
specific names. The online ExPASy tool (https:/ /www.expasy.org/) (accessed on 12 Octo-
ber 2023) was then utilized to obtain data on the biochemical qualities of each ARF and
AUX/IAA protein, including parameters such as the number of amino acids, isoelectric
point (pI), and molecular weight.

4.3. Visualization and Collinearity Analysis of Chromosomal Positioning

The chromosomal localization data for the verified VaARF-IAA gene family stems
from the sequencing results obtained from Vaccinium bracteatum. Chromosome maps
were illustrated using MG2C (http://mg2c.iask.in/mg2c_v2.1/) (accessed on 15 October
2023). To analyze and characterize the collinearity of the ARF-AUX/IAA gene families,
TBtools (version 2.019) were utilized. These tools helped in identifying homologous and
paralogous genes in the replication events of the ARF and AUX/IAA gene families. For
the computation of the Ka/Ks ratio, which represents the rate of non-synonymous to
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synonymous substitutions among respective gene pairs, TBtools (version 2.019) was used.
In addition, EMBL Pairwise Sequence Alignment (https://www.ebi.ac.uk/jdispatcher/
psa/lalign) (accessed on 15 October 2023) was employed for carrying out a bidirectional
sequence alignment, assisting in determining nucleotide level congruity within gene pairs.

4.4. The Establishment of the Phylogenetic Tree

By utilizing the tool known as “Find Best DNA /Protein Models (ML)” found in Molecular
Evolutionary Genetics Analysis (version MEGA 11.0), optimal model tests were conducted
on the amino acid sequences of ARF and AUX/IAA proteins. This ultimately facilitated
the construction of a maximum likelihood model. Each tree node was computed utilizing
1000 bootstrap duplicates, with the remainder of the parameters set at their default values.

4.5. Analysis of Introns, Exons, and Regulatory Sequences

To illustrate the exon—intron structure diagram and the coding sequence (CDS) con-
figuration of the VaARF-IAA genes, we leveraged the GENE Structure Display (GSDS
2.0) web tool (accessible at http://gsds.gao-lab.org/) (accessed on 9 January 2024). This
was performed by uploading the genomic sequence and the coding sequence to cre-
ate the gene structure. We analyzed the conservative base sequences of the ARF and
AUX/IAA proteins in VaARF-IAAs using the online tool MEME Suite (available at https:
/ /meme-suite.org/meme/) (accessed on 20 January 2024). The base sequences found in
the generated protein dataset were saved for future reference. For the visualization process,
we employed TBtools software (version 2.019).

4.6. Analysis of Promoter Sequence

The promoter sequence analysis involved 2000 bp of the genome sequence upstream
as the transcription initiation site. The software TBtools (version 2.019), was utilized to
extract the 2000 bp upstream sequence of the ARF and AUX/IAA gene families, serving
as the promoter sequence. Further analysis of the operative elements in the promoter
region was conducted via the PlantCARE website (http:/ /bioinformatics.psb.ugent.be/
webtools/plantcare/html/) (accessed on 5 March 2024). Upon generating the data, it was
prudently organized and simplified. The visualization process was facilitated using TBtools
(version 2.019) software.

4.7. Expression Patterns within Different Fruit Stages

Total RNA was isolated from 12 samples, precisely from tissues of leaves and green,
pink, and blue fruits, with each tissue represented by triplicates. The data depicted in
the figure are the products of a transcriptome analysis used to examine tissue specificity
and the differential expression of ARF and AUX/IAA gene families across varying regions
within the plant.

The mapping of these RN A-seq reads was completed using TBtools (version 2.019),
employing its default settings. Quantitative gene expression analysis was conducted using
the TPM (Transcripts Per Million) algorithm. Additionally, the heatmap of the resultant
TPM values for ARF and AUX/IAA from each tissue was generated using the heatmap
function of TBtools (version 2.019).

4.8. Analysis of Protein—Protein Interaction Expression

Utilizing the AraNetV2 (http://www.inetbio.org/aranet/) (accessed on 12 March 2024)
and STRING (http:/ /string-db.org/) (accessed on 15 March 2024) databases, we established
the interaction networks between VaARF and ValAAs. To visualize these predicted interac-
tion networks, we employed Cytoscape (version 3.7.2). In addition, the three-dimensional
structural homology of the VaARF-IAA gene family’s spatial protein models in Vitex
agnus-castus (Chaste tree) was modeled using 3D structure models provided by ExPaSy
(https:/ /swissmodel.expasy.org/interactive) (accessed on 26 March 2024).
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5. Conclusions

In our research, we identified 26 ARF genes and 17 AUX-IAA genes within the genome
of Vaccinium bracteatum. We conducted an in-depth analysis of their phylogeny, gene
structure, conserved domains, and motifs to ascertain their evolutionary affiliations with
other plant species. The gene expression profiles during different stages of Vaccinium
bracteatum fruit development revealed a spectrum of expression diversity in the ARF and
IAA gene families. Furthermore, interaction analyses of VaARF and VaAUX-IAA with
various functional genes unveiled their critical role in plant growth and development. These
findings lay a solid foundation for future research into the operational characterization of
ARF genes, AUX-IAA genes, and ARF-mediated signal transduction pathways.
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Abstract: The advent of deep learning algorithms for protein folding opened a new era in the ability
of predicting and optimizing the function of proteins once the sequence is known. The task is more
intricate when cofactors like metal ions or small ligands are essential to functioning. In this case, the
combined use of traditional simulation methods based on interatomic force fields and deep learning
predictions is mandatory. We use the example of [FeFe] hydrogenases, enzymes of unicellular
algae promising for biotechnology applications to illustrate this situation. [FeFe] hydrogenase is an
iron-sulfur protein that catalyzes the chemical reduction of protons dissolved in liquid water into
molecular hydrogen as a gas. Hydrogen production efficiency and cell sensitivity to dioxygen are
important parameters to optimize the industrial applications of biological hydrogen production. Both
parameters are related to the organization of iron—sulfur clusters within protein domains. In this work,
we propose possible three-dimensional structures of Chlorella vulgaris 211/11P [FeFe] hydrogenase,
the sequence of which was extracted from the recently published genome of the given strain. Initial
structural models are built using: (i) the deep learning algorithm AlphaFold; (ii) the homology
modeling server SwissModel; (iii) a manual construction based on the best known bacterial crystal
structure. Missing iron—sulfur clusters are included and microsecond-long molecular dynamics of
initial structures embedded into the water solution environment were performed. Multiple-walkers
metadynamics was also used to enhance the sampling of structures encompassing both functional
and non-functional organizations of iron-sulfur clusters. The resulting structural model provided by
deep learning is consistent with functional [FeFe] hydrogenase characterized by peculiar interactions
between cofactors and the protein matrix.

Keywords: hydrogenase; molecular modelling; structure prediction; microalgae; photobiological
hydrogen production

1. Introduction

The enzyme [FeFe] hydrogenase (Hyd, hereafter) is found in bacteria and microalgae
organisms [1]. The enzyme is an efficient catalyst in converting the proton of liquid water
into molecular hydrogen as a gas, using either solar energy or chemical reductants [2,3].
Among different types of hydrogenases, the [FeFe] hydrogenase is more efficient in hydro-
gen production than the other types. Therefore, Hyd is at the core of biological production
of Hp, which is a cost-effective and carbon-free strategy to produce fuels [4]. Among the or-
ganisms that express the enzyme, Chlorella vulgaris 211/11P Cou, is an interesting microalga
strain that presents a promising candidate for the production of biofuels at an industrial
scale [5], due to its rapid growth in fresh water. Strain selection is fundamental to optimize
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the biological production of Hy by microalgae photosynthesis at a reasonable cost [6]. The
proton reduction takes place in the so-called H-cluster of Hyd, which is the active site inside
the evolutionary preserved core domain of [FeFe] hydrogenases. Cvu microalgae were
found to produce Hy gas in relatively easy growing conditions [7]. H-cluster is arranged in
a canonical cubane-type iron-sulfur cluster, [4Fe4S]y, which is linked via the thiol group of
a cysteine amino acid to a peculiar diiron active site, [2Fe]y. The two iron atoms of [2Fe]y,
in proximal (Fe,) or distal (Fe,) positions relative to [4Fe4S]y, carry biologically atypical
carbon monoxide (CO) and cyanide (CN™) ligands that stabilize the reduced Fe states.
The latter ligand molecules are present in all classes of hydrogenases [8]. The two ligand
molecules azadithiolate (—(SCH2),NH, adt hereafter), and one of the CO molecules bridge
Fey, and Fe; in [2Fe]y, respectively. The catalytic mechanism likely involves the formation
of an intermediate hydride species of the H-cluster [9]. In Figure 1, we display the structure
of the Hyd H-cluster of the bacterium Clostridium pasteurianum [FeFe] hydrogenase I (Cpl,
hereafter), together with a schematic drawing of its chemical structure.

F-domain H-domain

H-cluster
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Figure 1. (Top panel)—[FeFe] hydrogenase crystal structure of Cpl in bacteria Clostridium pasteurianum
(PDB code: 6N59): H-domain and F-domain are represented as green and pink ribbons, respectively,
with PyMOL [10]. H-cluster and auxiliary clusters are explicitly indicated. (Bottom panel)—A sketch
of the chemical structure of the H-cluster. The blue circle identifies the region close to Fe; accessible

to water molecules through channels in the protein matrix.
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While the role of the protein domain where the H-cluster is embedded (the H-domain)
has been investigated in detail, the structural and functional role of other [FeFe] hydroge-
nase regions are more elusive, because limited structural information is available. Most
[FeFe] hydrogenases possess additional FeS clusters, called F-clusters. The task of these
auxiliary (or accessory) clusters is to transfer electrons from external donors to the catalytic
site and vice versa. In the case of [FeFe] hydrogenase, where the electron external donor is
often reduced ferredoxin, auxiliary clusters allow electron transfer from the protein surface
where ferredoxin binds to the active site. The latter is buried into the H-domain to attract
electrons, favouring protection of active reduced states from oxidation. Because of the
larger solvent accessibility of F-clusters compared to the buried H-cluster, the properties
of the former may influence the O; sensitivity more significantly than the latter, as O is
dissolved in the solution environment. Since the H-cluster environment is very conserved
within all [FeFe] hydrogenases, it is reasonable to assume that the auxiliary clusters may
differently tune O, sensitivity in different species [11]. From this point of view, the eventual
structure of the F-domain and its interactions with the H-domain can be important features
to possibly increase the resistance of Hyd to O; [9].

For completeness, the three-dimensional (3D) structures of three [FeFe] hydrogenases
obtained by X-ray diffraction of crystals are displayed in Figure 2. The location of the
H-clusters and the auxiliary [4Fe4S] F-clusters ([4Fe4S]r, hereafter) are explicitly indicated.

Figure 2. Three structures determined by X-ray crystallography of [FeFe] hydrogenase. (Left): Cp
(HydA1 gene, Clostridium pasteurianum (bacteria), PDB 6N59 [12]). (Middle): Dd (HydAB gene,
Desulfovibrio desulfuricans (bacteria), PDB 1HFE [13]). (Right): Cr (HydAl gene, Chlamydomonas
rheinardtii (algae), PDB 3LX4 [14]). Secondary motifs assigned with STRIDE [15] are displayed as
cartoons with the use of the PyMOL program [10]. FeS clusters are displayed as spheres (S is yellow,
Fe is orange). The proteins are not in scale. The size of the proteins decreases from left to right. The
images are rescaled to fit into each frame. The F-domain is emphasized in pink color.

The first two structures refer to the bacteria Clostridium pasteurianum and Desulfovibrio
desulfuricans (Dd, hereafter), respectively. They are the best characterized enzymes in the
literature in terms of structure [2]. These hydrogenases are, depending on metabolites,
location, and other cellular conditions, catalysts for either hydrogen uptake or hydrogen
production [16]. The Chlamydomonas rheinardtii (Cr) Hyd structure is the only [FeFe]
hydrogenase from microalgae, which has been crystallized, though the crystal lacks the
[2Fe]y subcluster. This hydrogenase enzyme is one of the most efficient catalysts for
hydrogen gas production at (temperature and pressure) room conditions. Most of the
other Cr Hyd structures in the protein databases (see Supplementary Materials ) are almost
identical to 3LX4. Even the O, inactivated HydA1 enzyme (PDB 4R0V [17]) has a structural
deviation (measured as RMSD) from 3LX4 of 0.7 A. The overall structure of the H-domain
in Cr Hyd is similar to that in Cpl and Dd Hyd. The most interesting difference between Cr
Hyd and the bacterial Hyd is the absence of a folded F-domain including some auxiliary
clusters. Cr Hyd is considered as the minimal catalyst of biological H, production, though
very sensitive to oxidation. Compared to genus Chlamydomonas, genus Chlorella microalgae
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can have folded F-domain and auxiliary clusters efficiently bound [11], but no crystal
structures are available.

The isolation and purification of [FeFe] hydrogenase from algae is problematic [18]
and this is one of the reasons why in vitro characterization of Hyd in species different from
bacteria is missing, with a few exceptions though. Hyd is part of the dioxygen sensing
mechanism developed by unicellular eukaryotes to adapt their metabolism to environments
where the production of dioxygen by photosynthesis is not fully sustainable [16].

In this investigation, we perform the first computational study proposing a structural
and functional characterization of hydrogenase in Cvu where also the FeS clusters required
for hydrogenase functioning are included. To predict possible structures for the protein
including the location and binding of iron—sulfur clusters, we start from the protein se-
quence employing the first two proposals produced by a routinely used tool to predict draft
structures, SwissModel [19]. The first proposal is obtained by the deep learning algorithm,
AlphaFold [20]. The prediction pipeline contains different moduli encompassing, in the
first steps, many of the established homology modeling techniques, but in later steps builds
configurations of disordered regions by using conformational maps. This structure was
reproduced by us using the original AlphaFold code. The second structure is obtained by
homology method (from SwissModel) based on the search of HHblits [21]. This method
ignores conformational maps and therefore proposes configurations of disordered regions
on the basis of the available experimental structures. Thus, a number of regions cannot
be predicted and are consequently missing. Deep-learning and homology methods have
been compared [22], concluding that in the absence of sufficient experimental information
reliability of results depends on the specific application [23]. The two above mentioned
structures are compared to a third manually constructed model, based on the highest
resolution crystal structure available for [FeFe] hydrogenase. Interatomic potentials are
used to set the initial structures in the environment similar to chloroplast stroma where
microalgae hydrogenase is located [24].

Summarizing, we propose structures for Cou Hyd according to the following protocol:
(i) we analyze the annotation of the sequence as available in the literature; (ii) we assume
the existence of a relation between the protein matrix and two iron—sulfur clusters, the
catalytic one in the H-domain and a second accessory one in a hypothetical F-domain;
(iii) we use deep-learning and homology methods to predict 3D initial structures; (iv) we
perform simulations of a third molecular models where the protein, the two iron-sulfur
cofactors, and a simple model of water solution environment are included.

This work extends that performed by Ordonez et al. [25], in that here we fully an-
notate the gene in Cou which potentially expresses Hyd and we provide a reproducible
pipeline designed to obtain 3D structures including functional ones. The annotated Covu
sequence is different from any other one previously proposed in computational modeling.
The knowledge of the enzyme structure is necessary for further mechanistic studies [12]:
isolation and purification of [FeFe] hydrogenase from microalgae, with yields allowing
structural in vitro studies, are very difficult [18]. Because of enzyme isolation issues, even
the Cr enzyme could be characterized in various states only in whole E. coli cells [26,27].

Our construction provides the basis for interpreting possible forthcoming experimental
data coming from a possible new Cvu hydrogenase endowed with a single potential F-
cluster on top of the H-cluster.

2. Results
2.1. Alignment and Gene Annotation

The Cou Hyd sequence was determined by using the procedure described below in
Methods (Section 4). In performing the alignment of the whole set of (10,723) Cou nuclear
genes to the eight known Hyd sequences (see Figure 3), only one gene displays both
E-value smaller than 3 x 10~!? and query coverage larger than 58%. The gene in question is
KAI3438965.1. It is interesting to note that for this gene the UNIPROT [28] data-base yields
the following annotation: “Iron hydrogenase small subunit domain-containing protein”.
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The alignments reveal in all cases the potential fingerprint of the H-cluster binding
domains composed by 3 conserved motifs [16,29].

224 280 465 469
P1-3 XXXCXPXXX . XXPCXXKXXX.EXMXCXXGCXXG
L1-3 XTSCCPXWX . XMPCXXKXXE .EXMACXXGCXXG
Cpl FTSCCPGWV.VMPCTSKKFE .EVMACHGGCVNG
Dd_Hyd FTSCCPGWV.IMPCIAKKYE.EYMACPGGCVCG
Cr_Hyd FTSCCPGWI.IMPCTRKQSE.EIMACPAGCVGG
Td_Hyd FTSCCPAWV.VMPCVRKQGE . EVMACPGGCIGG
CspDT_Hyd FTSCCPAWV.VMPCVRKQGE.EVMACPGGCIGG
Cf_Hyd FTSCCPAWV .VMPCVRKQGE .EVMACPGGCIGG
Cv_Hyd FTSCCPAWI.IMPCTAKKHE .EVMACPGGCIGG
Cv_v_Hyd LASACPGWV.IMPCYDKKLE .EVMACPSGCLNG
Cvu_Hyd LASACPGWV.VMPCYDKKLE . EVMACPSGCLNG
At_Narl LSSACPGWI.VMPCYDKKLE .EIMACPAGCLNG
Mm_Narl LASACPGWI.VMPCYDKKLE .EVMACPSGCLNG
Hs_Narl LASACPGWI .VMPCYDKKLE .EVMACPSGCLNG
Hs_Narf LTSACPGWV.VAPCYDKKLE .EVLACAGGCLNG
Sp_Narl LSSSCPGWI.LMPCFDKKLE .EVMACPGGCING
Sc_Narl LSAVCPGFL.LMPCFDKKLE .EVNACPGACMNG
P1/L1 P2/1.2 P3/L3

Figure 3. Hyd fingerprint motifs (P1-3 of Ref. [16], L1-3 of Ref. [29]) in 8 different species (all
species are in Supplementary Materials). The last 6 rows are the regions aligned to P1-3 and L1-3
fingerprints in Nar (see main text). Aligned Cys residues are those with numbers (top) as in the
Cou sequence. Abbreviations for organisms (see also Section Abbreviations) are Cf, Chlorella fusca;
CspDT, Chliorella species, DT strain (Taiwan); Td, Tetradesmus obliquus; At, Arabidopsis thaliana; Sc,
Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Hs, Homo sapiens; Mm, Mus musculus. Cv_Hyd
and Cv_v_Hyd are the proteins expressed by gene AEA34989.1 and XP_005843810, respectively, in Cv.

Although in Ref. [29] only the most studied Hyd are shown and compared, the full
list of well-conserved motifs is available and can be found in Refs. [16,30]. There are
evident changes to sequences that have been identified in P1-3 motifs in the literature.
In particular, the TSC sequence in the P1 motif of Cou Hyd is not present in the known
Hyd sequences. The P1 sequence change is, however, also observed in one Cv gene
(XP_005843810.1), that is the protein sequence closest to that analyzed in this work and
that bears the same annotation. The most important residues are the conserved Cys 224,
280, 465, 469 in Cou Hyd sequence (red in Figure 3), all binding the H-cluster. Apart from
not fully conserved residues, the alignments we have performed show that the sequence
extracted from the whole Cvu genome represents, especially in terms of the position of Cys
residues, a candidate for the FeS cluster ligand, as it is required by [FeFe] hydrogenase. In
Ref. [16] (Figure 12) and first line in Figure 3 the second Cys in P1 is not always present,
while it is a marker in L1 [29].

By using the available hydrogenase identifier tool [31], the identified Cou gene is
not classified as a hydrogenase and the same is true for the similar sequence of Cv
(XP_005843810.1). Conversely, the Cv gene AEA34989.1 (see below) is identified as hy-
drogenase of class A. It must be noticed that in the sequence alignment of all the Cou
genes, no other genes display similarity with any of the existing hydrogenases, including
gene AEA34989.1 of Co. Since both species produce hydrogen, the whole genome search
excludes that other genes can code for a possible hydrogenase in Cou, differently from Co.

It is interesting to notice the fairly good alignment, in fingerprint regions, between the
KAI3438965.1 Cou gene and the genes expressing the nuclear prelamin A recognition factor
(Nar) in eukaryotic organisms [32] (see the six bottom lines in Figure 3). The Nar class of
proteins has been found as a possible evidence of a “memory” of ancient Hyd in aerobic
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eukaryotes [16]. The sequence variability between the Hyd and Nar classes is larger in
the direction of N-terminus: P1 looks more variable than P3 and indeed only Nar proteins
show the ASA sequence in place of TSC. The implications of the similarity of the addressed
Cou gene to Nar genes concerning the ability of binding H- and F-clusters are described in
more details in Section 3.

Since there are no other genes among the Cou candidates for H-cluster binding while
the hydrogenase activity was demonstrated in Cou cultures, we are led to conclude that the
hydrogenase sequence of Cou is gene KAI3438965.1. Naturally, we cannot exclude that the
expressed Hyd protein is eventually processed when introduced in chloroplasts and there
assembled into the [2Fe]y; component of H-cluster.

By inspecting the global alignments (see in Supplementary Materials, the folder
Blas_Clustal_Alignments) we observe that also the Cys residues in the N-termini of Cou
Hyd are aligned to the species where Cys residues are present in the N-terminal region,
namely Cpl, Dd Hyd, Cv Hyd. In Figure 4, we display, as an example, the alignment
between Cou and Cv Hyd (gene AEA34989.1), the latter belonging to class A Hyd [31]
(see above). Previous studies about the recruitment of auxiliary F-clusters along with
evolutionary analysis arguments showed that Hyd in species without these aligned Cys
residues in the N-terminal region (like Cr, Cf, CspDT, and Td, does not bind auxiliary
F-clusters [29]. Therefore, our alignment, that is common to Cpl and Dd Hyd, shows that
an auxiliary conserved F-cluster can be present in Cou Hyd as well as in the other Hyd
sequences where an F-domain has been identified (see the crystal structures of CpI and
Dd Hyd).
éié:ii%ibi?fuegaloggl6 Length: 717
Score:146 bits(338), Expect:7e-39,
ng:iftfgzpiiisZ;;Tingfr;zsifijzz ’164/493 (33%), Gaps:82/493(16%)
|

Query 62 DEAIRVSFHD GCVT-SAEAVLLQHOSAGELLQRLADPDWTVVVSLSPQSIAALAA 120
+EA S c Cc cC +H + L L + A% P

Sbjct 241 EEALDHS QCSSVCPVGAIVEHSEWRQVLDALENKQKVMVVQTAPSVRVSIGE 298
Query 121 VHRLSSAEC-AARLTAFLRHLGVAAVFDIAAARQVALAEAAREFLQR----YRSSRGGST 175
A R LG VFD E E LQR R

Sbjct 299 ELGLAPGTVETGQMVAAQRALGFDYVFDSDFSADLTIMEEGTELLQRLGAAWRAETAAQD 358

t
+

Query 176 AEAAAAAGQDAAGGGDDMDVDRPKPSSDGHRNAVGGGFPGPLPMLASACPGWVCYAEKTH 235
A A A G + GH PGPLPM S Cp W+ E|
Sbjct 359 AAAGSWAARKQGHGEGE--------- AHGH------- PGPLPMFSCCPAWINLVEKSY 402

Query 236 GDHVLPYIATGKSPQAVLGTLVKRQWCAAAGLAPDRVYHCSVMPCYDKKLEGARDDFWLP 295
+ P KSPQ +G VK W GL P+ V +MPC KK E R +F
Sbjct 403 PE-LIPHLSSCKSPQMMMGAVVKHYWAKKKGLKPEDVCLVGIMP¢TAKKHETERKEFR-N 460

Query 296 GTSVPETDCVLATTELQELLEQRQADLHSLQGIPFDAILPAAAAAAAAPSGTRASSSGGS 355
+DV TE +L + + SL FD L A AAA T
Sbjct 461 ENGAYDCDYVITTREFGHMLRHKKIPMPSLKPEEFDNPLGEATGAAALFGAT-----—-— 512

Query 356 SAQHDTVQLPTSSSSGSGSGVTATASSGSGGYLEHVFRSAARELFGLELPPGPLPVKVGR 415
GG +E R A G Lp L v R
Sbjct 513 GVMEAAIRTAYEIAAGEPLP--KLEVEAVR 541

Query 416 NAD-LRE--LSLEAPDGTV----—---. LRFAAAYGFRNIQGLMRKVKLERCE}DYVEVMA 464
E LLADT RAAG N L+ + G YD+VEVMA

Sbjct 542 GVKGVKEATLTLPANDTTLKAGVAGKEIRVAVASGIGNARHLLORIQAFEAHYDFVEVMA 601
Query 465 25 TPNGGGOPKPTAKQTPAQLLEQLEELYAAGGIAA--RPEADPALQQLYMSFVQGEP 522

CP GC GGGQPK H P L + Y A tP + Y F G+P
Sbjct 602| CPGGCIGGGGQPK---THDPDAVLKRMGAIYQVDKSLALRKSHENPSIHKIYAEFL-GQP 657

Query 523 GSQAAHQLMHTHY 535
G + H L+HTHY
Sbjct 658 GGELSHKLLHTHY 670

Figure 4. Sequence alignment between Cv Hyd (Sbjct) and Cou Hyd (Query). Motifs P1, P2, and P3
(see Figure 3) are enclosed within red, green, and blue boxes, respectively. The Cys-rich motif in the
N-terminus is enclosed within black boxes.

In the following analysis, we assign Cys 72, 75 and 78 in Cou Hyd as ligands for an
auxiliary F-cluster. To complete the binding of the auxiliary 4Fe4S cluster, we assign Cys
21 as a fourth ligand. In Nar proteins, the 4Fe4S binding pattern by four Cys residues is
found to be Cx3gCx2Cx2C [33], while in Cou we find Cx50Cx;CxxC (x denotes a generic
aminoacid). As shown by Nar proteins, the actual cooperation between the first Cys residue
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and the other three Cys residues depends on the structure of the long protein segment
(38 residues) connecting the two regions. The 4-Cys binding of the auxiliary F-cluster is
here adopted on the basis of the homology with the Nar proteins. The assessment of its
stability is the major aim of the following study.

In summary, by using the sequence alignment of the KAI3438965.1 Cou gene dis-
cussed above, we observe that the [FeFe] hydrogenase sequences feature the following
three domains: the N-terminal F-domain, with at least one possible F-cluster; the central
well-structured and conserved H-domain, containing the active site (H-cluster) bound by
Cys residues in P1, P2, and P3 motifs; an unstructured C-terminal short segment. These
domains are characterized in terms of residue numbers in Table 1.

Table 1. Summary of protein domains conserved among Hyd of different species. The numbers
represent the location of the Cys residues that bind FeS clusters. In the last line, we show our
hypothesis for the location of the Cvu F- and H-domain and C-terminus.

Species F-domain H-domain C-terminus
Aux. clusters H-cluster

Cpl 1-209 210-568 569-574
157,190, 193, 196 300, 355, 499, 503
147, 150, 153, 200
94,98, 101, 107
36, 46,49, 64

Dd Hyd 1-86 87-392 393-421
45, 66, 69, 72 178, 234, 378, 372
35,38,41,76

Cr Hyd 1-64 65-487 488-497

170, 225,417, 421

Cou Hyd 1-88 89-530 531-549

21,72,75,78 224,280, 465, 469

In Table 1, we report the location along the amino acid sequence of the Cys residues
that bind the FeS clusters in the Cou F- and H-domain and C-terminus.

To confirm evidence of the Cvu gene KAI3438965.1 annotation to a hydrogenase
function, we have performed a detailed analysis of the structural protein stability as
described in the following section.

2.2. Structure Prediction

As is commonly done in similar cases, we inserted the KAI3438965.1 sequence in
the SwissModel server (see Section 4 for details) and decided to continue the sequence
structural study taking into further consideration the first two of the proposed structures
produced in this search.

To reproduce the 3D structure of the first proposal of Cou Hyd obtained by SwissModel,
we used the deep learning algorithm (AlphaFold, AF hereafter, see Section 4).

Before going into the details of the 3D AF predictions, it is convenient to first describe
the distribution of structural information among the sequence domains detailed in the
previous section. In all available Hyd crystal structures, namely (Cpl 6N59, Dd 1HFE and
Cr 3LX4), the H-domain scaffold is made by 11 a-helical secondary domains embedded into
a globule with a further small B-sheet made of 7 B strands in an antiparallel configuration.
We call this arrangement of secondary motifs the “scaffold” of the H-domain. In Table S1
of Supplementary Materials, we indicate the residues belonging to the scaffold shared by
Covu Hyd and the three reference available crystal structures mentioned above.

We first notice that the formation of disulfide bridges between Cys residues has never
been observed in hydrogenase structures obtained in anaerobic in vitro working conditions.
This is confirmed by the AF predictions with no surprise as they are obtained from the
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available structural information. In the chloroplast, stroma hydrogenase is functional when
in a reducing environment, while in the presence of dioxygen it is rapidly degraded. Thus,
in the following structural refinement we shall assume that no disulfide bridges are present
in the models in study.

In the AF output file “pdb_hits.hrr” (see Supplementary Materials AF_alignments/msas
directory), secondary structure motifs of crystal structures coming from database search and
AF predicted structures are compared using the DSSP algorithm [34]. AF then calculates the
predicted alignment error (PAE) matrix [35]. The matrix provides AF’s expected position
error between pairs residues and it is a measure of the confidence in the relative position
of two residues within the predicted structure. As displayed in Figure S2, PAE matrix for
Cou prediction shows large errors for three inter-domain, the hypotetical F-domain and
the two extended loops visible in Figure S1 (left panel). This fact indicates that the relative
positions and/or orientations of at least two segments connecting two ordered regions in
the 3D structure are poorly determined. Therefore, F-domain and the disordered segments
must be refined by, for instance, molecular simulations to reduce this uncertainty.

In Figure S3, we display the behavior of the structural prediction (pIDDT) accuracy
index used by AF along with the protein sequence in the case of the highest-score AF
structure prediction (see Section 4 for details). The other predicted structures do not differ
significantly in the H-domain secondary structure. The structural difference is limited to the
same regions identified by PAE, in particular in the terminal regions, i.e., the N-terminus
that is the possible F-domain, and the extended loops connecting secondary domains lying
within the H-domain (see Figure S1, left panel).

The scaffold of the H-domain (displayed as top-right horizontal bars in the figure) is
entirely made by residues with high pIDDT index (blue points). The long unstructured
loops that connect secondary motifs within the H-domain (residues Gly 173-Gly 212 and
Ala 338-Ser 381) are constructed by AF uniquely to connect regions where structural
information is high. On the other hand, the F-domain is characterized by a partially
emerging secondary structure. Indeed, a short a-helix (residues Ser 81-His 89) is found
by the STRIDE algorithm at the interface between the F- and the H-domain (Figure S1,
left panel). Interestingly, an apparently rigid turn encompasses residues Leu 69-Asp 71
with the consequence that Cys 72, 75, 78 become close in space because of the constraint
imposed by these secondary motifs. This information comes from the available crystal
structures that AF elaborates, taking into account the presence of the auxiliary cluster
in Cpl that is proximal to its H-cluster. In order to better quantify the deviation of the
structural prediction with respect to known available 3D structures (three crystal structures
and one recent electron microscopy based model), in Table 2 we display the root-mean
square deviation (RMSD, see Methods) of heavy backbone atoms belonging to different
sets of aligned residues.

Table 2. RMSD (A) of heavy backbone atoms (N, Cr, C, O), belonging to different sets of aligned
residues. The left value is for the whole H-domain scaffold, middle is for the 11 helix-bundle, right is
for the 7 B-strands. Tm is Thermotoga maritima. 1 indicates here the initial configuration generated

by AlphaFold.
Reference Cpl Dd Cr Tm Cou
Target Hyd Hyd HydABC Hyd1
Cpl 0
Dd Hyd 1.7/1.8/0.8 0
Cr Hyd 3.2/3.6/0.7 3.0/3.4/0.9 0

TmHydABC 2.2/2.3/1.6 2.3/24/1.6 3.7/4.2/1.5 0
CouHyd 1 22.2/4.5/2.0 222/42/22  228/54/1.7  224/48/25 0

We measured the structural deviation among two portions of the scaffold: the 11-
helices bundle and the 7 B-strands. In all cases, the deviation is measured by comparing
the Cou AF prediction with three reference known crystal structures and one recent cryo
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electron-microscopy (cEM) structure. These are Cpl, Dd Hyd, Cr Hyd, and Tm Hyd ABC.
The latter is one of the chains (PDB 7P92) reported for the Thermotoga maritima Hyd ABC
electron bifurcating [FeFe] hydrogenase, indicated as Hyd ABC [36]. The lower values of
RMSD obtained for the B-strands compared to the values coming from the a-helices points
to a more rigid structure of the H-domain portion formed by the seven p-strands. This
analysis suggests that the H-domain, independently of the hydrogenase performance, can
be divided in two sub-domains: one made by the « helices; the other by the two 8 sheets.
The two domains will be used as references to describe the equilibration of the Cou Hyd
model into the solution environment modeled in the following simulations. As expected,
after energy minimization (see below), AF predictions of the H-domain structure differ
mainly in the two large extended loops.

In the following, we introduce labels that will be used in the subsequent structure
refinement. Notice that this step is performed once the FeS clusters are explicitly added
to initial structural models and atomistic simulations are performed. We denoted the
simulation starting from the AF construction described above as simulation 1.

A second simulation (2, hereafter) was started from the F-domain proposed by AF
combined with the H-domain proposed by SwissModel. The H-domain is present, in the
SwissModel second proposal, in the form of a partially oxidized HydA1 protein of Cr (PDB
4ROV [17]). This initial configuration displays the following RMSD values (in A see Table 2)
with respect to the sequence in parenthesis: 4.8/4.2/5.8 (Cpl); 4.7/4.1/5.8 (Dd); 3.7/2.3/5.7
(Cr);5.0/4.5/5.6 (T'm); 22.8/5.6/6.0 (Cou 1). It can be noticed that the deviation of the entire
scaffold is smaller than in AlphaFold proposal, while the deviation of the B-sheet is larger.
Indeed, the first -strand (b1, see Table S1 in Supplementary Materials) does not get formed
at the beginning of simulation 2.

The further simulation where the F-domain has the initial backbone structure of Cpl
was denoted as simulation 3 (see Section 4 for details). In this case, the initial RMSD (see
Table 2) with respect to the reference known structures is the same as in 1.

2.3. Structure Refinement

In view of the time evolution of several structural parameters like gyration radius,
solvent-accessible surface area (SASA), distance between FeS clusters (see Figure S5 and
related discussion in Supplementary Materials), observed in molecular dynamics (MD) we
decided to compare structural parameters averaging over the last 200 ns of the simulated
MD trajectories. Simulations show that the initial configurations require several hundreds
ns to settle down in the water environment. Reduction of fluctuations and the stabilization
of the monitored structural parameters after 800 ns of simulation are the result of the
equilibration of different initial configurations of the system.

The small structural deviation of FeS clusters in all simulations indicates that they all
keep a structure functional to hydrogenase activity (see Supplementary Materials). One A
crucial step underlying the hydrogenase activity is the proton reduction occurring at the
Fe; site. To probe the proton access to this site, we measured the accessibility of solvent
water molecules to Fe atoms. The radial distribution function, g(r) (Figure 5) of Fe-Ow
pairs shows that the distal Fe; atom is accessible to water in simulations 1 and 3, while Fe,
is less accessible than Fe; in all simulations (left panels). This is a consequence of the free
valence left on Fe; in all models. However, the more compact H-domain used as initial
configuration in simulation 2 displays a less accessible Fe; atom, because of the relatively
smaller number of water molecules in the Fe first-coordination shell (r < 0.4 nm). Fe atoms
of [4Fe4S]y are buried, while Fe atoms in [4Fe4S]r are more accessible to water molecules
(right panels). Furthermore, Fe atoms in [4Fe4S]y clusters are significantly more accessible
in the first coordination sphere in simulation 2 compared to 1 and 3. The water molecules
accessing Fe; are exchanged by water molecules at larger distances, showing that water
molecules are not trapped into protein cages because of the bias induced by the initial
model construction.
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Figure 5. Radial distribution function of Fe-Ow pairs, with Ow oxygen atoms belonging to water
molecules and Fe belonging to different FeS clusters. Black curves: simulation 1. Red curves: simula-
tion 2. Blue curves: simulation 3. (Top-left): Fe is Fe; (distal Fe atom in [2Fe]f;). (Bottom-left): Fe is
Fe, (proximal Fe atom in [2Fe]y). (Top-right): all Fe atoms belonging to [4Fe4S]y. (Bottom-right):
all Fe atoms belonging to [4Fe4S]r. Averages are computed over the last 200 ns.

Interestingly, in all simulations we found that the H atoms of water molecules ap-
proaching Fe; are located at a distance smaller (2.5 A) than the corresponding O atom
(3.5 A, see the leftmost density in g(r) in Figure 5). The probabilities of such water configu-
ration are 0.07, 0.04, and 0.11 for simulations 1, 2 and 3, respectively. This means that the
water molecule approaching Fe, is often oriented with an H atom towards Fe, the site of
H reduction. In Figure 6, we show a representative configuration of the F- and H-clusters
after a simulation time of about 800 ns of model 1. Figure 6 shows that the water molecule
approaching Fe; atom has the orientation expected for an efficient proton reduction [37].
In fact, one proton is at 2.1 A from Fe; and forms a hydrogen bond with N(adt) (2.2 A). The
proton of NH(ad?) is also at a pretty small distance from Fey, namely 2.2 + 0.5 A in (1) and
2.5+ 0.6 Ain (2).

The average distances between the [4Fe4S]r and [4Fe4S]y cluster centers of mass
(see also Figure S7 in Supplementary Materials are: 17.310.6 Ain (1); 34.940.8 A in (2);
15.140.9 A in (3). In simulations 1 and 2, the average distance is only slightly above
the upper range of distances where electron transfer between the two clusters can occur
in proteins [38,39]. However, we should consider this distance remarkably small for
simulations 1 and 2 considering the fact that we started from an extended configuration
of the F-domain produced by AF and SwissModel, respectively. On the other hand, the
large distance observed in simulation 3 points to structural constraints in the F-domain
that hinder the approach of the two clusters (see below). As discussed in a recent work [37],
active [FeFe] hydrogenases, with the exception of Cr, show that the [4Fe4S]y-[4Fe4S]r
distance (measured as the distance between the centers of mass) is in the range 11-14 A.
The comparison of simulations shows that simulations 1 and 2 are in better agreement with
the above observations.
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Figure 6. F-cluster and H-cluster after 800 ns in simulation 1. FeS clusters are displayed as spheres,
with Fe in pink and S in yellow. C is cyano, N blue, O red, H white. The atomic dimension is given
by the van der Waals radius of each atom. Blue dashed lines display the distance vectors with the
moduli as numbers in A.

The difference between the simulations is to be ascribed to different model construc-
tions as most of the changes in distance develop during the first 300 ns (see the time
evolution of the structural parameters in Supplementary Materials).

The above observations regarding the simulation 1 can be summazized by saying that
the collected simulation data are consistent with: (i) the mechanism of proton reduction
at Fey; (ii) the protection to oxidation of [4Fe4S]y; (iii) a good accessibility of the F-cluster
which interacts with reductant species coming from the protein environment.

In the following, we shall describe interactions relevant to stabilize reactive configurations.

In Cou Hyd the first three residues of the protein motif facing Fe; (motif P1, see
Figure 3) are not conserved among the other [FeFe] hydrogenases. The ASA sequence
in Cou replaces TSC of all the other Hyd sequences. Ala 223 is aligned to Cys 367 in the
[FeFe] hydrogenase of Clostridium beijerinkii (CbA5H, PDB code 6TTL [40,41]). In the crystal
structure of the latter, Sy of Cys 367 is found at a small distance from Fe; (3.1 A). In our
simulations, the atoms contributing to hinder the access of water to Fe; are: the NH group
of adt ligand (in all simulations); the methyl group of Ala 223 (CB, in all simulations); the
guanidinium group of Ala 152 (N#) (in simulations 1 and 2).

CpB(Ala 223) and N(adt) show similar behavior in simulations 1 and 2, as they remain
stable at distances 4.3 + 0.3 and 2.5 + 0.1 A from Fe;, respectively. N#(Arg 152), conversely,
is closer to Fe; in 2 (3.9 4 0.8 A) thanin 1 (7.2 & 1.0 A), thus explaining the lower accessibility
to water of Fe; in 2 than in 1 (Figure 5, top-left). Therefore, we find that the Ala 223 and
Arg 152 sidechains can act similarly to Cys 367 in the case of CbA5H in limiting water
accessibility to Fe;. As a consequence of this Fe; hindering, the reduced state of the H-
cluster is partially protected from water soluble O; accessibility. The latter can initiate the
H-cluster oxidation, as suggested by previous experimental results [42].

The root-mean square deviation displayed in Table S3 (Supplementary Materials
shows that the relaxation of the disordered loops present in all simulations (never included
in RMSD calculation) affects more significantly the interactions between the H- and F-
domains than the interactions between the structural elements within the H-domain. The
simulations (1 and 3) were started from the H-domain taken from AlphaFold. They
display low RMSD values for both the 11-helix bundle and the two B-sheets, including
the case where the reference structure is Cr. Simulation 2, started from an oxidized form
of HydA1 in Cr (PDB 4R0V [17]), leads to structures different from the available mature
crystal structures mainly in the organization of the 7 f strands. In all simulations, the
H-domain scaffold does not get distorted in any significant way, as the relative RMSD
relative to the initial configurations remains always smaller than 4 A.
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In agreement with the results of the SASA analysis of the different domains and
sub-domains (see related discussion in Supplementary Materials), the collected RMSD
values indicate that in simulations 1 and 3 structural changes of the initial structures
occurs while keeping the protein scaffold almost rigid. Instead N-terminal (F-domain) and
loops contribute for the largest part to structural relaxation. However, the whole protein
backbone and the H-domain scaffold change more significantly when the F-domain is more
structured. This occurs in simulation 3 immediately at the beginning of it and in simulation
2 more slowly during the whole time evolution.

Fluctuations are concentrated on the first few residues of the N-terminus and on
the long loop connecting helices h3 and h4 (Arg 168—Cys 224). This loop encompasses
a hydrophylic region and the largest fluctuation is around Ala 178, belonging to a 5-Ala
segment (Ala 178-Ala 182) in the middle of the loop. Fluctuations are larger in simulation
3 than in 1, showing a lower stability of the configuration reached after the first 800 ns
by 3 compared to that reached in a similar situation by 1. In particular, the N-terminus is
fluctuating even at Cys residues involved in the binding of the F-cluster (Table 1), with a
significant stress around Fe atoms. The loop around residue 351 (h7-h8) is also fluctuating.
Indeed, the major difference of simulation 2 compared to simulation 1 is in the behaviour
of the long h7-h8 loop. In 2, the reduction of fluctuations in this region increases the
fluctuations in the N-terminus. The different behavior of the h3-h4 loop, h7-h8 loop and N-
terminus in simulations 1 and 2 appears to be an important marker of mutual interactions
between the H- and F-domains. These interactions can be visualized comparing the last
configurations obtained after 1 us as shown in Figure 7.

It can be observed that in simulation 3 the atoms of the [Fe4S4]y cluster are left
accessible to water (bottom panel), while in the other two simulations water accessibility
is hindered by the F-domain. Focusing on the position of the long h3-h4 loop (in green)
and C-terminus (in red), one notices that in simulation 1 the F-domain is wrapped around
the assembly of the loop and the C-terminus (top-left). This simulation tends to organize
N- and C-termini around the long h3-h4 loop. We also notice that the latter is largely
embedded into the H-domain, reaching the active site, with Ala 223, that is very close
to Fe;, being the final part of this long loop. In simulation 2, the N-terminus is more
independent by the behavior of the H-domain, and it is less spread over the H-domain
and C-terminus (top-right). This condition leaves the N-terminus able to better fold into
a nascent B-strand (the yellow ribbons). In simulation 3, the wrapping of the N-terminal
F-domain is diverted, with respect to the case of 1 and 2, towards other regions of the
H-domain. The different disordered segments connecting the structural elements of the
H-domain can act as hairpoons towards what, in our case, is the unique external body
present in the H-domain environment, i.e., the F-domain.

Summarizing, the comparison between the three simulations indicate that the seven
B-strands, organized in short B-sheets, constitute the most rigid portion of the H-domain
scaffold. Around this scaffold, at least four disordered regions are arranged: the two
terminal regions and two long loops, h3-h4 and h7-h8. We observed that the N-terminus
interacts with the H-domain and that, depending on the settling of the H-domain, an
F-domain either emerges as S-rich (simulation 2), tends to release secondary motifs (sim-
ulation 1) or keeps a helical content (simulation 3). These features indicate inter-domain
cross-talk mediated by the disordered regions in the H-domain. From simulation 3, we
can exclude that the F-domain has the structure of Cpl because this structure provides a
non-functional Hyd, with the two clusters at a large distance one from the other. In the
other two cases, we observe that a possible binding of the auxiliary F-cluster is consistent
with a functional hydrogenase.
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[4FedS]H

Figure 7. Cou Hyd after 1 us of MD simulation. (Top-left): simulation 1. (Top-right): simulation
2. (Bottom): simulation 3. The H-domain is displayed as a set of blue transparent spheres. The
disordered h3-h4 loop (residues Arg 168—Cys 224) is in green. The C-terminus (residues Met 531-Trp
549) is in red. The F-domain is shown as a cartoon representing the secondary motifs calculated by
STRIDE. FeS clusters are displayed as spheres, with Fe in pink and S in yellow. The atomic dimension
is given by the van der Waals radius of each atom. Residues His 89-Leu 530 (H-domain) have been
translated and rotated in order to minimize the magnitude of the relative RMSD of heavy atom
backbone of the three structures.

2.4. Enhancing Statistics

The possibility for the two FeS clusters to be pushed at short distances in simulation 1
indicates the presence of interactions eventually favouring the approach of the F-cluster
towards the H-cluster. These interactions seem to emerge when the F-domain is found in a
configuration different from that exhibited in the Cpl hydrogenase.

To sample protein configurations across a broad range of values of the distance be-
tween the two FeS clusters, we subjected the system to metadynamics simulations using as
an external bias a suitable function of the cluster—cluster distance. By using this method,
it is possible to compare the propensity of the two FeS clusters to approach when the
F-domain is initially only marginally folded by deep learning method (simulation 1) to the
situation where the F-domain was initially folded as in CpI (simulation 3).

In Figure 8, we compare the free energy as a function of the d distance between
the two FeS clusters (see Section 4 for details) calculated by using 100 walkers starting
with AF (metadynamics 1) to that calculated by using 100 walkers starting with Cpl-like
configurations (metadynamics 3). The free energy as a function of the distance between
N-terminus and the H-cluster of Cr is also shown for comparison.
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Figure 8. Free energy (F) as a function of the distance between FeS clusters’ centers of mass (d) for
Cou Hyd, after bias build-up convergence in multiple-walkers metadynamics. The same function
of the distance between N-terminus and H-cluster in Cr is shown for comparison. Black curve:
metadynamics 1. Red curve: metadynamics 3; Blue curve: metadynamics of Cr.

The comparison between the two Cvu curves clearly shows that in the absence of the
Cpl folding of the F-domain ( like in simulation 1), the minimum of F is at about d = 2 nm,
while a flat profile around 4 =2.5 nm is displayed by metadynamics 3. This comparison
confirms that the initial F-domain folding hinders the approach between the two clusters,
requiring an extra work of about 50 kcal/mol in order to change the distance from 3 nm
to the lowest d value of about 0.75 nm (obtained in both metadynamics). Since the short
N-terminus of Cr allows a larger flexibility compared to Cvu, the free energy of Cr is flatter.
But interestingly a free energy minimum at about 4 = 3 nm is visible and a work only
~50 kcal/mol lower than metadynamics 1 of Cou is measured as a result of the wrapping
of the N-terminus towards the H-cluster in Cr.

Some of the structural parameters that have been studied in the equilibrium MD
described in the previous sections are discussed below. In Table 3, we display the average
values of the scaffold backbone RMSD (using the PDB structures as reference) and of the
molecular compactness. Molecular compactness is measured as the ratio R between
the whole protein SASA and the sum of the SASA of bare F- and H-domains. The two
domains were identified in Table 1 and “bare” means that each SASA is computed ignoring
the presence of all other atoms. This quantity tends to unit when the two domains do
not overlap while it is lower than unit when part of the domains is excluded from the
solvent by the presence of the other domain. In the case of hydrogenases, R can be
slightly larger than unit because of the short independent C-terminus. Average quantities
are extracted in different windows of the quantity d sampled by metadynamics. The d-
windows are: 0.75 < d < 1.25 (wl); 1.75 < d < 2.25 (w2);2.75 < d < 3.25 (w3). We assume
that molecules are compact when R < 0.95. The compactness is then measured as the
percentage of compact configurations in each d-window. We remark that the total number
of analyzed configurations is 100,000 for each metadynamics simulation.
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Table 3. RMSD and compactness measured for different sets of configurations. Reference structure
are 6N59 (chain A backbone) and 3LX4 (chain A backbone) for Cvu and Cr, respectively. Compact
samples are the percentage of those in the given window with R < 0.95 over the whole number of
collected configurations (100,000).

Configurations (RMSD) (A) Samples in Set (SASA(H-Cluster)) Compact Samples (%)

1/wl 3.6 31,217 1.8+ 16 18
1/w2 35 6733 1.7 +£1.1 4
1/w3 3.4 4220 13+14 1
3/wl 4.0 43,305 1.6 +15 31
3/w2 3.9 4410 1.0 £0.7 2
3/w3 3.7 240 19407 0
Cr/wl - 0 - -
Cr/w2 2.7 14 1.7+ 1.0 0
Cr/w3 2.8 1751 09+£09 1

It should be noticed that the deviation of the scaffold backbone from the reference
structure slightly depends on the value of the chosen collective variable d. In Cou, the
larger is the distance the lower is the perturbation of the H-domain scaffold. Furthermore,
in metadynamics 1 the protein scaffold is less distorted compared to the reference crystal
structure than in metadynamics 3. The Cr smaller deviation (RMSD lower than 3 A)
compared to Cou shows that an unstructured N-terminal tail perturbs less the H-domain
scaffold than the structured F-domain (metadynamics 3). The solvent accessibility to
the active H-cluster is, on average, in all cases very small, being the maximal SASA of
the H-cluster 110 A? for Cr. Most of the Cr configurations with H-cluster SASA larger
than half the maximum display values of d larger than 4 nm. In Cr, the H-cluster is
known to be accessible to solvent being the enzyme highly sensitive to dioxygen. In Cou,
conversely, the H-cluster accessibility is distributed differently. In Figure 9, we display for
each configuration the sampled values of R and SASA of H-clusters.

The distribution of values shows that in Cou metadynamics 1 compact configurations
with low H-cluster accessibility are sampled. In Cou metadynamics 3 these samples appear
more rarely, while in Cr metadynamics most of the configurations have R larger than 0.9
and when R > 0.95 we see, as expected, the highly accessible H-clusters appearing.

In summary, the enhanced statistics metadynamics method shows for Cou an in-
teresting correlation between short distances of the FeS clusters and low accessibility of
the active H-cluster to water. These properties are of interest in understanding the mini-
mal architecture of hydrogenase that combines dihydrogen production with resistance to
dioxygen. However, the dissection of assemblies between F- and H-domain in case of Cou
(or the N-terminal tail and the H-domain in Cr) requires long trajectories at constant bias
and a proper reweighting of the collected sampling. This analysis will be performed in a
following more detailed study.
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Figure 9. Sampled points in R-SASA(H-cluster) space for Cou and Cr Hyd. Top—Cou metadynamics 1.
Middle-Cou metadynamics 3. Bottom—Cr metadynamics.

3. Discussion

AlphaFold is now used via almost automated pipelines fed by sequence databases
in order to both annotate and propose initial 3D structures. Structural models appear,
for instance in UNIPROT, with the prefix AF, usually as proposals of the highest rank.
Despite this high-throughput structural prediction available today, a detailed scrutiny of
such predictions is necessary.

Therefore, once the function of [FeFe] hydrogenase is associated to the gene KAI3438965.1
of Cou, the information provided by AlphaFold (version 2.2.4) or by other similar softwares
needs to be carefully analysed on the basis of detailed chemical properties to be able to
truly claim understanding of the possible function of the protein.

The AlphaFold alignment results (see Section 2.1 and Supplementary Materials show
that the sequence encoded by gene KAI3438965.1 of Chlorella vulgaris has an E-value of
zero, 99% query coverage and 74% identity with gene XP_005843810.1 of Chlorella variabilis
(see Supplementary Materials). The latter Cv gene is annotated as region Fehyd_SSU
domain-containing, but with unknown function for the coded protein. This unknown
protein belongs to the so-called group C of hydrogenases, while we noticed that the known
Cov Hyd of class A corresponds to gene AEA34989.1. Thus, the above information tells us
that at least two [FeFe] hydrogenases can be coded by the Cv genome. It is plausible that
Chlorella vulgaris and Chlorella variabilis algae strains contain different [FeFe] hydrogenases
like Clostridium pasteurianum, that expresses three types of Hyd: Cpl, Cpll, and CpllI (see
Ref. [12] and references therein).

The sequence analysis also shows that the protein encoded in KAI3438965.1 Cvu gene is
related to proteins that have no hydrogenase function, like Nar proteins of other eukaryotic
organisms [33]. However, adding the typical Hyd FeS cofactors to model structures of
the protein expressed by Cou KAI3438965.1 gene, we showed that one of the resulting
constructs is consistent with a functional hydrogenase. It is therefore possible that the
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same protein turns into a hydrogenase when internalized into the chloroplast where the
H-cluster is completed with the [2Fe]y component.

Different Chlorella vulgaris strains have been proposed as interesting candidates for
sustainable biological hydrogen production [6,25,43]. Despite the phenotypical characteri-
zation available for these microalgae, only the genome of the 211/11P strain is published [5].
Moreover, the structural information about [FeFe] hydrogenases of microalgae is poor. In
particular, the Chlamydomonas rheinardtii crystal and solution structures available in the
Protein databank do not contain complete FeS clusters [14,44]. In any case, Cr Hyd lacks a
functional F-domain and this missing domain can be responsible for the low resistance of
Cr Hyd to oxidation [9].

Chlorella vulgaris 211/11P [FeFe] hydrogenase could be a very important system
for experimental characterization of the type of cooperation between the single [4Fe4S]
auxiliary cluster and the H-cluster [9]. The interactions of the iron—sulfur catalytic site
(H-cluster) with the local protein environment are thought to contribute to modulate
catalytic reactivity, but this has not been fully demonstrated. Some studies indicate that
protein secondary interactions directly influence the relative stabilization/destabilization
of different oxidation states of the metal cluster active site [2].

In some microalgae organisms, the evolutionary process has guided [FeFe]-hydrogenase
to lose the F-domain and replace it with a smaller disordered domain of variable se-
quence [11]. Interactions between the F-domain and the H-domain modulate the accessibil-
ity to the H-cluster of O, and other reactive oxygen species, irrespective of their generation
mechanism, thus eventually decreasing the rate of protein oxidation [42,45]. The possible
protective effect depends on the mutual interactions between F- and H-domains which
must favour a short distance between F- and H-clusters if it has to allow electron transfer
from the exogenous reductant to Fe; in the H-cluster. In this work, we investigated the
possible protective effect of the Hyd N-terminus which is able to mimic in short microalgae
Hyd the large F-domain that is present in cyanobacteria.

To investigate this possibility, we built three models of pseudo F-domains in Cou.
We showed that a structure of the F-domain similar to Cpl provides a non-functional
hydrogenase, because the two FeS clusters are too far apart in space to transport electrons
from reductant species to the active H-cluster. Conversely, alternative structures produced
by a deep learning algorithm provided a pseudo F-domain that can be functional and at
the same time can hinder the H-cluster to O accessibility. In another model proposal the
additional FeS cluster in the F-domain is also accessible to external reductant species.

We have shown that the combination of sequence alignment, deep learning algorithms,
and atomistic molecular dynamics simulations with the inclusion of inorganic cofactors,
has the potential of becoming a new pipeline for model studies addressed at understanding
and lately optimizing the function of [FeFe] hydrogenase.

4. Materials and Methods

For brevity, the acronyms listed at the end of the text are used in next section.

4.1. Alignment and Gene Annotation

The Cvu genome has been published with the code SIDB01000001.1 in Genbank [5].
To identify the protein with a candidate hydrogenase function, we aligned the whole
genome of Cvu to the known sequences of 7 [FeFe] hydrogenase: Clostridium pasteurianum,
Desulfovibrio desulfuricans, Chlamydomonas rheinardtii, Chlorella variabilis, Chlorella sp. DT,
Chlorella fusca, Tetradesmus obliquus. We performed BLAST alignments [46,47] using BLO-
SUMO90 [48] and PAM30 matrix [49,50]. Then, we singled out and extracted the sequence
KAI3438965.1 that always shows the highest score in all alignments. We compare and
summarize the results obtained with BLAST [51] and CLUSTAL [52] algorithms and are
reported in Supplementary Materials.
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4.2. Structure Prediction

In order to generate a hypothetical Cou Hyd with one auxiliary [4Fe4S] cluster in the
F-domain, we proceeded as explained below.

In the first case (1), in all the AlphaFold [20,53] (version 2.2.4) predicted structures
we looked for a configuration where Cys residues 21, 72, 75, and 78 were able to bind the
F-cluster (see sequence alignment in Figure 4). Then we inserted the auxiliary [4Fe4S]r
cluster and minimized the energy once a suitable force-field for the system is identified
(see Structure refinement below). The second model (2) comes from SwissModel, a fully
automated protein structure homology-modeling server [19]. We choose SwissModel
prediction “two”, because prediction “one” was obtained from AF which is integrated into
SwissModel, and it is, therefore, identical to 1. In 2, only a partial H-domain from residue
86 to 540 is present. Therefore, we completed the structure with the prediction made by
AF for the missing residues. Once the H-domain scaffold is aligned and overlapped (see
Table S1), we obtain a full model structure where residues 1-100 and 531-549 are taken
from the AF prediction and residues 101-530 from the SwissModel prediction.

In the third case (model 3), we substituted the unfolded F-domain of the AF prediction
having the highest pIDDT score, with the folded F-domain taken from 6N59 PDB structure
of Cpl [12]. To do so, we first replaced the coordinates of atoms in residues 1-88 of Cou
with the coordinates of those atoms that are shared with residues 119-206 in 6N59. We
then minimized the relative root-mean square deviation (see below) of the atoms in residue
82 with respect to the same residue in Cvu as generated by AF. In this way, we obtain
a model in which the H-domain is taken from AF and the F-domain is mapped to the
coordinates of the crystal structure of Cpl. The initial structures of the three models are
displayed in Figure S1.

As a result of this procedure, we obtained three model structures with very similar
H-domain scaffolds, but a variety of F-domains and disordered loops.

4.3. Structure Refinement

After the initial structure prediction (see previous sub-section), in all models we
bonded all the clusters inside the protein matrix as in the H-ox state: the [4Fe4S]y cluster
has the charge 2+, corresponding to the formal 2Fe(Il)2Fe(IlI) oxidation state of iron ions;
the [2Fe]y cluster has the charge —1, corresponding to the formal Fe(I)Fe(Il) oxidation states
of the two iron ions; the auxiliary [4Fe4S]r cluster has the same parameters of [4Fe4S]y.

In order to insert the clusters and run MD simulation, we used the available force-
field parameters of FeS clusters [54] that we adapted to the Charmm36 force-field for
proteins [55] (see Supplementary Materials, the Force_Field folder). The FeS clusters are
explicitly bonded to the protein matrix, with the bonds between Cys residues and Fe atoms
described by the chosen force-field (see below). We inserted the protein (7957 atoms) in
a simulation cell, adopting periodic boundary conditions, with water plus ions atoms to
neutralize the system ([NaCl] = 0.15 M). All the three systems are made by ~10° atoms.
After an initial energy minimization and equilibration in NVE statistical ensemble (20 ps),
the systems were equilibrated for 100 ps in the NVT ensemble first at a temperature of
T = 150 and than at T = 300 K. The configurations of the three models obtained after
energy minimization are displayed with all the bonded FeS clusters in Figure 54 (see
Supplementary Materials).

The equilibration was continued for another 2 ns in the NPT ensemble, at a constant
T = 300 K with a bath relaxation time of 0.1 ps. The pressure was kept at 1 bar with a
barostat relaxation time of 2 ps and compressibility of bulk water at room conditions.

Coulomb and Lennard-Jones interactions were described by means of a buffered Verlet
pair list with a short-range cutoff equal to 1 nm [56]. Long-range electrostatic interactions
were treated with the particle mesh Ewald method [57] with a grid spacing of 0.16 nm.
The LINCS [58] and SETTLE [59] algorithms were employed to constrain, respectively,
all protein bonds involving H atoms and internal degrees of freedom of water molecules,
allowing to integrate the equations of motion with a 2 fs time-step. Finally, starting from the
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equilibrated systems, we performed 1 pus long MD simulations for each of the three different
models in the NPT ensemble, initiated with different random seeds to generate the initial
atomic velocities from a Maxwell distribution at 300 K. The simulation orthogonal cell’s
sides (L, Ly, and L,) were, on average after 800 ns of equilibration for simulation 1: (Lx> =
11.330 £ 0.006 nm; (L,) = 7.352 & 0.004 nm; (L;) = 12.496 + 0.006 nm, for simulation 3:
(Lx) = 10.858 £ 0.006 nm; (L) = 7.9678 4= 0.004 nm; (L.) = 10.437 4= 0.006 nm.

4.4. Enhancing Statistics with Well-Tempered Metadynamics

Many computational methods have been devised to address the well-known limita-
tions of equilibrium molecular dynamics, that is the insufficient sampling of configurations
of macromolecules when keeping the conditions of thermal equilibrium. Among the many
techniques used to enhance sampling, we decided to use altruistic multiple-walkers well-
tempered metadynamics [60,61]. The method defines a collective variable (CV), that we
denoted as ¢, function of atomic positions, . The values, s, taken by ¢ can be used to label
the system macrostates. The set of coordinates g labels the system microstates, with each set
of q yielding one of the possible values of s. If ergodicity holds, infinitely long simulations
of a trajectory g(t) in a given statistical ensemble would correctly sample the statistical
weight of s. However, because of the huge number of ways in which certain values of s
of ¢ are encountered, compared to others, actual numerical simulations in practice only
sample the maximally degenerate values of ¢. This is the case where ¢ is the CV associated
to folding /unfolding events. Generalized statistical ensembles try to address this problem
by biasing the trajectory to spend more time where ¢ has a low degeneracy and less time
where ¢ has a large degeneracy. The sampling of configurations obtained with the bias of
the inverse probability of ¢ is called metastatistics.

In our application, the enhanced statistics (metastatistics, hereafter) is obtained from
a swarm of trajectories (called walkers) provided by metadynamics while building up a
suitable external bias, which is then kept fixed when collecting configurations in the final
step of the NpT simulation. The time evolution of each of the walkers starts from an initial
configurations built either on the basis of AF predictions, (metadynamics 1) or manual
construction (metadynamics 3). The initial configurations of each walker are different
mainly because of the different interactions with the macromolecular environment. The
initial differences are then amplified by the different construction of the external bias so
that a variety of configurations among the many possible ones labelled by the values of the
collective variable ¢ are sampled.

The external bias that induces ¢ broadening is progressively built adding repulsive
gaussian functions of the collective variable term in the potential. In well-tempered
metadynamics [62], as the simulation proceeds, the width of the added Gaussian remains
constant but its height steadly decreases. The bias magnitude, which increases monotoni-
cally, eventually changes very little with time. As we said, at the beginning the space of CV
is flooded by gaussians of height w. With the progress of flooding, the height of the newly
added Gaussians decrease. This behavior is very important in highly complex biological
systems, where the biasing potential should never reach any excessively large value.

In this work, we used a biasing factor TJAF%T =16 (AT =20 K) for Cvu, and 8 for Cr
molecules. In order to sample both active and inactive structures for Cou, we choose as CV
the distance between the center of mass of the two [4Fe4S] clusters, one in the H-cluster
and the other in the F-cluster. In particular, there is an effective catalytic function when the
CV is inside a specific range (11-14 A).

In the case of Cr, where the F-cluster is not present, we take as CV the distance between
the center of mass of the single [4Fe4S] cluster and the N-terminus of the molecule.

While only the highest-score AlphaFold prediction was used in conventional simula-
tion 1, in metadynamics 1 we used the five highest-score AlphaFold predictions. Each of
the 5 configurations was randomly rotated 19 times and then inserted into an orthorhombic
simulation cell. We thus obtained 5 x 20 configurations, each used as starting configuration
of a walker. In metadynamics 3, we used the single manual construction randomly rotated
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100 times. The bias construction, providing the free energy as a function of the chosen col-
lective variable 4, lasted 28 ns. Gaussian functions were added to the bias every 10 ps. The
bias exchange among the 100 walkers was performed every 2 ns. The free energy displayed
in Figure 8 is the opposite of the converged bias. Data reported in Table 3 are obtained
averaging over the last 10 ns simulation collected at constant bias after convergence and
over all 100 walkers. Averages are not reweighted to cancel the bias because at this stage
we want to describe the behavior of configurations sampled at different d values.

4.5. Analysis

In order to compute average quantities in conventional MD 1-3, we used the last 200 ns
of each simulations. Structural quantities of interest are described below. RMSD measures
the average distance between structure at time ¢, with respect to a reference structure at
time t1. The definition of RMSD is:

Natoms

RMSD(fy, 1) = i Y milri(tr) —ri(t2)]?, 1)
i=1

where M is the total mass of the molecule, m; and r; are the mass and position of atom i.
The structure at time ¢, is standardly translated and rotated with respect to the reference
one so as to minimize the RMSD. RMSD is useful to compare two structures and look for
the differences along the simulation.

Root-mean square fluctuation (RMSF) instead measures the average distance between
atoms belonging to the same residue i, averaged over time. In our analysis we computed
such quantity as emerging from a sub-set of eigenvectors of the covariance matrix, as it is
routinely made in principal component analysis (PCA) [63]. To simplify the analysis we
used the first 4 eigenvectors (descending order of eigenvalues) of the covariance matrix.
Also, we used the backbone heavy atoms to compute the covariance matrix, to focus the
study on major structural changes of the protein

The gyration radius (Ry) is defined by the formula

1 Natoms

Rg(t) = i Y. mlri(t) —reml?, 2)
i=

where CM identifies the center of mass of the molecule.

In order to characterize the accessibility of the solvent to protein surface and clus-
ters atoms, we calculated the solvent accessible surface areas (SASA) [64] and the radial
distribution function (g (7)) of water molecules, respectively. The SASA is measured with
a spherical probe mimicking a water molecule (with a radius of 1.4 A). Standard atomic
radii [65] are used for protein atoms. In SASA calculations Fe is assumed to have zero
radius since it is buried by ligand atoms. The function g(r) is defined as:

1 1 N hd(r—r)

8 =1 YD)

pb>local N ica jeb 4rrz )
where 0 is the Dirac function and (py) ¢, the density of atoms of type b averaged over all
spheres of radius r around atoms of type a.
Finally, salt bridges are the number of contacts between two groups of atoms, 2 and
b with opposite charge. Choosing a as Cé(Glu), Cy(Asp), C-terminus and b as N{(Lys),
N7 (Arg) and N-terminus, we define

SB=) ) S; 4)

icajeb
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where §;; is the step function, which is equal to 1 if the contact (distance < 4 A) between
atoms i and j is formed and zero otherwise.

All MD simulations were performed with the NAMD 2.13-14 [66] and GROMACS
2021.5 [67,68] codes. Analysis was performed with GROMACS 2021.5, VMD 1.9.3 [69] and
PLUMED 2.8.1 [70] softwares. The TopoGromacs Tool [71] was used to convert Charmm
topology and parameters into Gromacs input data-sets.

5. Conclusions

In this work, we have presented a computational study of the Chlorella vulgaris
211/11P putative [FeFe] hydrogenase. The unicellular algal strain produces, under suitable
conditions, pure hydrogen gas by using sunlight as a primary energy source and water as a
hydrogen source. The system we are studying is challenging even for advanced annotation
and structure prediction methods, because of the need for also including non-protein
cofactors correctly bound to the protein.

We found that sequence alignment analysis, AlphaFold prediction models, and sim-
ulations including the required metal clusters, are consistent with the data published in
the literature [2,9,12-14,37]. Our analysis led us to conjecture that the C. vulgaris 211/11P
strain [FeFe] hydrogenase belongs to a novel family of [FeFe] hydrogenases. The main
points on which we base our conclusion that the above represents a new hydrogenase
are: (i) it consists of a functional H-domain, with the peculiar H-cluster binding motif
ASACPGW replacing the conserved TSCCPGW motif of most of all the other known [FeFe]
hydrogenases; (ii) it can contain a single auxiliary 4Fe4S cluster bound to a non-conserved
F-domain; (iii) depending on the F-domain degree of structural arrangement, significant
effects on the structural parameters are observed; (iv) we can exclude that the potential
F-domain has the structure of [FeFe] hydrogenase I in Chlostridium pasteurianum.

Taken together, the models we investigated reveal important properties of the [FeFe]
hydrogenase of Chlorella vulgaris 211/11P strain, highlighting the need for further investi-
gation of the interactions between F- and H-domains. Indeed, understanding the cross-talk
between the two domains and, in general, between disordered and ordered regions, is
necessary to optimize the hydrogen production efficiency of these enzymes.
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Abbreviations

Hyd [FeFe] hydrogenase

Cp Clostridium pasteurianum

Cpl [FeFe] hydrogenase of Cp, gene Cpl
Cv Chlorella variabilis

Cv Hyd [FeFe] hydrogenase of Cv, gene HydA1
Cvu Chlorella vulgaris 211/11P strain
CvuHyd [FeFe] hydrogenase of Cvu, gene KAI3438965.1
Cr Chlamydomonas rheinardtii

Cr Hyd [FeFe] hydrogenase of Cr, gene HydAl
Dd Desulfovibrio desulfuricans

DdHyd [FeFe] hydrogenase of Dd HydAB

MD molecular dynamics

MtD molecular well-tempered metadynamics
AF AlphaFold deep learning

SM Supplementary Materials
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Abstract: Vacuolar ATPases (V-ATPases), proton pumps composed of 16 subunits, are necessary for
a variety of cellular functions. Subunit “a” has four isoforms, al-a4, each with a distinct cellular
location. We identified a phosphoinositide (PIP) interaction motif, KX, K(R)IK(R), conserved in all
four isoforms, and hypothesize that a/PIP interactions regulate V-ATPase recruitment/retention
to different organelles. Among the four isoforms, a2 is enriched on Golgi with a2 mutations in the
PIP motif resulting in cutis laxa. We hypothesize that the hydrophilic N-terminal (NT) domain of
a2 contains a lipid-binding domain, and mutations in this domain prevent interaction with Golgi-
enriched PIPs, resulting in cutis laxa. We recreated the cutis laxa-causing mutation K237_V238del,
and a double mutation in the PIP-binding motif, K237A/V238A. Circular dichroism confirmed
that there were no protein structure alterations. Pull-down assays with PIP-enriched liposomes
revealed that wildtype a2NT preferentially binds phosphatidylinositol 4-phosphate (PI(4)P), while
mutants decreased binding to PI(4)P. In HEK293 cells, wildtype a2NT was localized to Golgi and co-
purified with microsomal membranes. Mutants reduced Golgi localization and membrane association.
Rapamycin depletion of PI(4)P diminished a2NT-Golgi localization. We conclude that a2NT is
sufficient for Golgi retention, suggesting the lipid-binding motif is involved in V-ATPase targeting
and/or retention. Mutational analyses suggest a molecular mechanism underlying how a2 mutations
result in cutis laxa.

Keywords: V-ATPases; V-ATPase a2 isoforms; protein-lipid interaction; phosphoinositides; PI(4)P;
cutis laxa

1. Introduction

Vacuolar H"-ATPases (V-ATPases) are conserved ATP-dependent proton pumps re-
sponsible for the maintenance of organelle luminal pH in eukaryotic cells [1-5]. They are
multi-subunit complexes comprised of a cytosolic V; sector responsible for ATP hydrolysis
coupled to proton translocation through a membrane-bound V,, sector [6]. Several subunits
have tissue- or organelle-specific isoforms thought to mediate V-ATPase localization to
their various functional cellular destinations [7,8]. In mammals, there are four isoforms of
the V,-a subunit, al-a4, which play key roles in V-ATPase localization [9-13]. The al-a3
isoforms are expressed ubiquitously in different tissues, in which al and a2-containing
V-ATPases are mainly found on intracellular membranes [14-20], while a3 are found in both
intracellular compartments and the plasma membrane [21-23]. The a4 isoform is restricted
to the kidney [24,25], epididymis [26], and inner ear [27], where a4-containing V-ATPases
are targeted to the plasma membrane. Mutations in “a” subunit isoforms are linked to
various diseases. Mutations within al have been linked to epileptic encephalopathy [14,16].
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The autosomal recessive disease, cutis laxa, is characterized by a glycosylation malfunction
in the Golgi and is associated with mutations in the a2 isoform [28-31]. Mutations in
a3 and a4 are linked to osteopetrosis [32-35] and distal renal tubular acidosis [25,36,37],
respectively.

The 90kDa a-subunit contains a cytosolic N-terminal domain and a membrane-bound
C-terminal domain consisting of eight transmembrane helices (TMs) [10,38,39]. In Sac-
charomyces cerevisiae, the sorting signal for V-ATPases within the N-terminal half of the
a-subunit homolog, Stv1p, is well characterized [10,11]. The sorting information, W&KY,
present in the Stv1p isoform dictates the retention of Stvlp-containing V-ATPases within the
Golgi network [10]. However, little is known about the targeting signals for the mammalian
Golgi-specific a2 isoform. Evidence in yeast suggests the interaction of the a subunits with
membrane phosphoinositides can account for the membrane retention of the V-ATPases at
specific locations [40,41].

Phosphoinositides (PIPs) are generated by reversible phosphorylation of the precursor
phosphatidylinositol (PI) at the inositol headgroup, mediated by organelle-specific kinases
and phosphatases [42—44]. Organelle-specific distribution and composition of the seven
different PIPs play important roles in membrane protein trafficking [42,45]. Spatial or
temporal enrichment of PIPs at microdomains within organelle membranes is involved
in regulating the activity of membrane-bound ion channels and transporters [45,46]. The
cytosolic N-terminal domain of the yeast a isoform, Vphlp, was recruited to the vacuolar
membrane when the level of endosome/vacuole-specific PI(3,5)P, was elevated [41]. In
contrast, Stvlp was shown to bind directly to a Golgi-specific PI(4)P, and the interaction
was attributed to its cytosolic N-terminal domain [40].

In previous work, we showed that the plasma membrane-specific a4 isoform preferen-
tially binds to PI(4,5)P; and that the a4NT-PI(4,5)P, interaction is responsible for membrane
retention [47]. We proposed a putative binding domain within the N-terminal half of the a
subunit, containing a conserved basic motif (K/R)X(K/R)(K/R). In the present study, we
found that the a2 isoform interacts in vitro with PI(4)P, a Golgi-enriched PIP, and show
that PI(4)P at the Golgi helps to retain the cytosolic N-terminal domain of a2 at the Golgi
membrane. Additionally, we show that the cutis laxa causing mutation K237_V238del
within the critical a2 isoform K?¥VKK?% binding motif not only reduced interactions
with PI(4)P but also disrupted protein membrane retention, suggesting the molecular
mechanism underlying the disease.

2. Results
2.1. Mutations within the Putative Binding Motif reduced Interaction of a2 with PI(4)P-Enriched
Liposomes In Vitro

In our previous work, we proposed a putative lipid binding domain located at the
distal lobe of the N-terminal half of a4. We further suggested that a conserved basic
motif, (K/R)X(K/R)(K/R), is critical for the interaction with the acidic headgroup of
PIPs [47]. In a2, we propose this critical lipid binding motif is K?3” VKK?#? (Figure 1). Using
mutagenesis to verify the basic motif, we generated two mutations in the a2 N-terminal
domain (a2NT), K237A /V238A and K237_V238del, both within the putative binding motif.
The K237_V238del is a mutation found within humans that results in cutis laxa [48].

We first assessed whether either mutation affected protein folding using circular
dichroism (CD) spectroscopy. WT a2NT contains a mainly helical structure, exhibited by
two negative minima at 222 nm and 208 nm. The CD spectra of the mutants and WT, all in
aqueous buffer, overlap at the characteristic wavelengths, indicating that the mutations
did not alter protein structure (Figure 2A). To mimic the membrane environment and
determine whether the presence of micelles enhances the helicity of the proteins, we added
detergent with an SDS-to-peptide ratio of 370:1. The spectra of WT and mutants behaved
similarly in the presence of SDS micelles with increased negative ellipticity at 208 nm and
222 nm, suggesting the membrane-bound behavior of the proteins (Figure 2B). Variation
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in the signal of the positive peak at 190-200 nm is likely due to different trace amounts of
imidazole in the buffer.

1MGSLFRSETM CLAQLFLQSG TAYECLSALG EKGLVQFRDL NQNVSSFQRK FVGEVKRCEE LERILVYLVQ 70
71 EINRADIPLP EGEASPPAPP LKQVLEMQEQ LQKLEVELRE VTKNKEKLRK NLLELIEYTH MLRVTKTFVK 140
141 RNVEFEPTYE EFPSLESDSL LDYSCMQRLG AKLGFVSGLI NQGKVEAFEK MLWRVCKGYT IVSYAELDES 210
211 LEDPETGEV | KWYVFLISFW GEQIGI'- ICDCYHCHVY PYPNTAEERR EIQEGLNTRI QDLYTVLHKT 280
281 EDYLRQVLCK AAESVYSRVI QVKKMKAIYH MLNMCSFDVT NKCLIAEVWC PEADLQDLRR ALEEGSRESG 350
351 ATIPSFMNI | PTKETPPTRI RTNKFTEGFQ NIVDAYGVGS YREVNPALF 399

Figure 1. a2NT model generated by Phyre2.0 with the critical basic K**’ VKK?*° motif in the distal
lobe highlighted in green.
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Figure 2. Mutations K237A /V238A and K237_V238del do not affect protein folding. (A) Circular
dichroism spectra of a2NT wild-type (red), mutant K237A /V238A (black), and mutant K237_V238.del
(blue) in 50 mM Tris pH8.0 in the absence and (B) in the presence of 10mM SDS.

We tested in vitro PIP interactions of wildtype and mutants with PIP-enriched lipo-
somes using a liposome pull-down assay. Wildtype and mutants were incubated with
PolyPIPosome liposomes enriched with different PIPs, including the Golgi-specific PI(4)P,
and its derivatives PI(3,4)P,,P1(4,5)P; and PI(3,4,5)P3 (labelled as PIP3). The protein—
liposome complexes are collected via high-speed centrifugation and resolved by Western
blot. WT a2NT showed significantly higher binding to PI(4)P compared to PI(3,4)P; and
PIP3 (Figure ??A,B). While both mutations visually appear to reduce association with all
polyPIPosome liposomes (Figure ??B left panel), only the liposomes enriched with PI(4)P
resulted in a significant reduction (Figure ??B right panel). The binding differences be-
tween WT and mutants to 1(3,4)P,, P1(4,5)P,, and PIP3 were not statistically significant
(Figure ??C). This result is consistent with the fact that the a2 isoform is localized in Golgi
and that PI(4)P is primarily found in Golgi.
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Figure 3. Mutations within the putative K?”VKK?4? binding motif reduced interaction of a2NT with
PI(4)P-enriched liposomes in vitro. (A) Liposome pull-down assay with PolyPIPosomes (Echelon)
enriched with the indicated PIPs and HIS-tagged a2WT. In total, 20 pg of protein was incubated for
1 h at room temperature with 20 puL of 1 mM PolyPIPosomes containing 5% of the indicated PIPs in
binding buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Nonidet P-40). Additionally, 5 ug of purified
HIS-tagged a2WT was used as the input for loading control. (Right) Quantification was performed
by measuring the intensity ratio of protein pulled down with the liposomes relative to input (n = 3).
(B) Liposome pull-down assay of WT and mutant proteins with PolyPIPosomes (Echelon) enriched
with indicated PIPs (PI(4)P, PI(4,5)P,, PI(3,4)P,, and PIP3. (Right) Quantification
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by intensity ratio of WT and mutants pulled down with PI(4)P-enriched liposomes with respect
to input. (C) Quantification by intensity ratio of WT and mutants pulled down with liposomes
enriched with PI(4,5)P,, PI(3,4)P,, and PIP; with respect to input. n = 3 for all figures. Error bars
indicate & S.D. Statistical significance was analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test comparing mutants to WT. * indicates p < 0.05. ** indicates p < 0.01, *** indicates p <
0.001.

These data suggest that the basic motif K’ VKK?*? in a2 is required for PI(4)P inter-
action, and mutations within this motif negatively impact the interaction. This further
suggests that disruption of the a2-PI(4)P interaction could be the molecular mechanism
underlying the disease-causing mutation, K237_V238del.

2.2. Mutations K237A/V238A and K237_V238del Reduce a2NT Golgi Localization

To assess cytosolic a2NT membrane association, we expressed FLAG-tagged wildtype
a2NT and mutants a2NT K237A /V238A and K237_V238del in HEK293 cells and performed
subcellular fractionation. Although the a2NT.FLAG lacks a transmembrane domain, it was
still detected in microsomal fractions, suggesting that the membrane-bound C-terminal
domain is not essential for membrane retention and that the N-terminal domain is sufficient
to bring the protein to the membrane (Figure 4A). There was a significant decrease in the
amount of both mutants in the microsomal fraction compared to the wildtype (Figure 4B).
These results indicate that both mutations disrupt PI(4)P binding in vitro and reduce
membrane retention in vivo.
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Figure 4. a2NT-WT co-purified with microsomal membranes, and mutants a2NT-K237A /V238A
and K237_V238.del reduced membrane retention. (A) Plasmids containing a2NT wildtype (WT) and
mutants K237A /V238A, K237_V238.del were transfected into HEK293 cells. Cellular fractionation
performed to obtain cytosolic (cytosol) and microsomal fractions (microsomal). (B) Quantification was
assessed by comparing the relative pixel intensity of microsomal fraction to whole cell extracts. (n = 3).
Statistical significance was analyzed by one-way ANOVA with Dunnett’s multiple comparisons test
comparing mutants to WT. * indicates p < 0.05, ** indicates p < 0.01.

Immunofluorescence microscopy was used to visualize the localization of wildtype
and mutant a2NT in the HEK293 cells. Wildtype a2NT.FLAG (red) were enriched at the
Golgi, visualized with the Golgi specific marker, Tgn38-CFP (Figure 5A, top row). As a2NT
was recruited to the Golgi in the absence of a membrane-bound C-terminal domain, this
suggests that Golgi sorting information lies within the cytosolic N-terminal half. In contrast,
there was a significant reduction in the Golgi localization of a2.K237A /V238A (Figure 5A,
middle row) and a2.K237_V238del (Figure 5A, bottom row) (Figure 5B). This result aligns
with the diminished membrane retention of the two mutants in microsomal fractions,
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supporting the hypothesis that the PI(4)P binding motif in a2 is, in part, responsible for
Golgi membrane targeting /retention.
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Figure 5. Mutations affect a2NT recruitment to Golgi. White arrows indicate the presence of a2NT at
the Golgi. (A) Plasmids containing FLAG-tagged a2NT wildtype (WT), mutants K237A /V238A and
K237_V238del were co-transfected with Tgn38-CFP in HEK293 cells. Cells were fixed, permeabilized,
and stained for FLAG-tagged proteins (red) and DAPI (blue). (B) Quantification. A minimum of
30 cells from each cell line were measured for the intensity of the red signal at the vicinity of the
Golgi membrane (green). Data represent mean value == SEM from three independent experiments.
Statistical significance was analyzed by one-way ANOVA with Dunnett’s multiple comparisons test
comparing mutants to WT. *** indicates p < 0.0001, scare bar = 10 um.
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2.3. Depletion of Golgi PI(4)P Impairs a2NT Recruitment to Golgi

We next tested whether the depletion of Golgi PI(4)P impairs a2NT Golgi recruitment.
Sacl is a PI(4)P phosphatase converting PI(4)P to PI [49,50]. We recruited Sacl phosphatase
to Golgi using the rapamycin-induced dimerization method [51-53]. Sacl phosphatase
coupled to FK506 binding protein FKBP (Sac1-FKBP) and Golgi membrane anchor Tgn38
coupled to FKBP-rapamycin binding domain FRB (Tgn38-FRB-CFP) were dimerized by the
addition of rapamycin (Figure 6A). Sac1-PJ phosphatase is recruited to the Golgi (Figure 6B),
where it converts PI(4)P to PI, resulting in the depletion of the Golgi pool of PI(4)P.
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Figure 6. Rapamycin recruits Sac1-FKBP to the Golgi in the presence Tgn38-FRB. (A) Schematic
illustration of rapamycin-induced dimerization. Sacl phosphatase coupled to FK506 binding protein
FKBP (Sac1-FKBP) and Golgi membrane anchor Tgn38 coupled to FKBP-rapamycin binding domain
FRB (Tgn38-FRB-CFP) were dimerized by the addition of rapamycin. (B) Sacl-FKBP (magenta)
recruitment to Golgi (white arrow), labeled by Tgn38 (green), upon treatment with 100 nM of
rapamycin for 15 min at room temperature before fixing. Quantification: A minimum of 30 cells from
each cell line. Data represent mean value SEM from three independent experiments. A paired t-test
was run to analyze the significance in mean difference. * indicates p < 0.05, scare bar = 10 um.

HEK293 cells were co-transfected with plasmids containing a2NT.FLAG, Sac1-P]J-
FKBP, and Tgn38-FRB-CFP. a2NT co-localized with Tgn38-CFP, indicating recruitment
to the Golgi (Figure 7A, top row). Additionally, 100 nM rapamycin decreased the a2NT
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intensity at the Golgi (Figure 7A, bottom row), suggesting that depletion of Golgi PI1(4)P
impairs a2NT’s localization/retention at the Golgi.
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Figure 7. Depletion of Golgi PI(4)P impairs a2NT recruitment to Golgi. White arrows indicate the
localization of a2NT at Golgi (A) Plasmids containing FLAG-tagged a2NT wildtype (WT) were
co-transfected with Tgn38-FRB-CFP (green) and Sac1-FKBP in HEK293 cells. Cells were treated with
100 nM of rapamycin for 15 min at 30 h post-transfection. Cells were then fixed, permeabilized, and
stained for FLAG-tagged proteins (red) and DAPI (blue). (B) Quantification was performed with a
minimum of 30 cells from each cell line measured for the intensity of the red signal in the vicinity of
Golgi (green). Data represent mean value SEM from three independent experiments. A paired ¢-test

*%% 3

was run to analyze the significance in mean difference. *** indicates p < 0.001. scare bar = 10 um.

3. Discussion

The cytosolic N-terminal domain of the a subunit serves as a connector for V1 and V,, assem-
bly [54] and is an important target for multiple V-ATPase regulators [15,17,20,21]. Experi-
ments with chimeras of the two yeast orthologs, Vphlp and Stvlp, showed that the aNT con-
tains information for both the localization and regulation of V-ATPase by reversible assem-
bly [13]. Phosphoinositides regulate transmembrane channels and transporters [42,45,46].
Interactions between a subunit isoforms and different PIPs may impact both functional
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regulation and localization, which, in turn, could account for the differences in functional
destinations among a subunit isoforms.

Previously, we proposed a putative lipid binding domain in the a subunit and the
possible involvement of this domain in V-ATPase regulation [47]. Sequence alignment of
the four mammalian V-ATPase a subunit isoforms with the two yeast orthologs revealed a
conserved basic motif KX, K(R)IK(R) required for the PIP’s interaction in the N-terminal
domain of a4. Here, we provide evidence that the Golgi-specific a2 isoform directly in-
teracts with PI(4)P, a Golgi-enriched PIP. Our results with a2 mutations, K237A /V238A
and K237_V238del, indicate that mutations within the binding motif (K*>* VKK?4°) com-
promised the membrane association and Golgi localization, further suggesting that this
basic motif is essential for PI(4)P binding. The depletion of Golgi PI(4)P with rapamycin
had similar effects on a2 localization, indicating that a2-PI(4)P interaction is important
for the Golgi localization of a2-containing V-ATPases. A recent study identified another
PI(4)P interaction sequence K?2!WY within the vicinity of the putative binding domain,
and the mutation of the K221 residue compromised PI(4)P binding [55]. PIPs are expressed
as lipid rafts within the membrane [56,57] so that multiple basic residues are exposed to
the membrane, which would strengthen protein-lipid interactions. We hypothesize that
the K22!WY sequence could help to strengthen the PIP/protein interaction or potentially
define the PIP’s specificity of the a2 isoform.

PIP binding is often associated with protein conformational changes [58-61]. Struc-
tural analyses of yeast V-ATPases suggest that there are conformational changes between
VphlpNT in holoenzyme V-V, and in free V,, as well as movement of the N-terminal
domain in different states of the active enzyme [6,62]. Our putative lipid binding motif is
within the distal lobe of the aNT, which rotates between the different V-TPase active states.
Similar to the stabilization of K* channel Kir2.2 upon binding to PI(4,5)P; [59], it is possible
that binding to the Golgi PI(4)P traps the a2 isoform at the Golgi membrane as well as in a
conformational state that promotes V-ATPase assembly and/or activity. Studies in yeast
indicate that mutations resulting in the loss of PI(4)P binding compromise Stvlp-containing
V-ATPases’ function, resulting in growth defects at alkaline pH [40]. Structural studies of
conformational changes induced by PIP binding can provide mechanistic insights for the
functional role of this interaction. Nevertheless, aNT is the target of multiple V-ATPase
regulators [15,17,20,41,63], and PIP interaction is only one mode of V-ATPase regulation at
specific membranes.

The a2 K237_V238del mutation has been identified in patients with cutis laxa [48].
Here, we show that this mutation disrupted PI(4)P interaction and compromised Golgi
localization. The characterization of conserved residues implicated in diseases has been
successfully used to determine functional domains and has informed the discovery of novel
therapeutic targets [64-66]. Understanding a-PIP interactions and their impact on V-ATPase
localization and regulation could similarly inform the development of a therapeutic control
of V-ATPase subpopulations, enabling the inhibition, specifically, of V-ATPases involved in
osteoporosis [7,21], and metastatic cancer [67,68].

4. Materials and Methods
4.1. Expression and Purification of Human a2NT Wildtype and Mutants K237A/V238A,
K237_V238.del from E. coli

pET32a+ :: human V-ATPase a2NT (MM1115). N-terminal domain of human a2
from ATG to T400 was obtained by PCR with primers MO501: 5-ACGTGGTACCA
TGGGCTCCATGTTCCGGAG and MO502: 5'-ACGTGAATTCACAGATCTCCGCCGGTGT
AGGGAGCGGGGTTGAC. The PCR product was cloned into pET32a(+) plasmids between
Kpnl and EcoRV sites, resulting in MM1111. pcDNA3 :: human V-ATPase a2NT (MM1127)
Kpnl and EcoRV insert of a2NT in MM1115 was moved into pcDNA3.1+; the new construct
was named MM1127. pET32a+ :: human V-ATPase a2NT K237A /V238A (MM1121) Q5 Site-
Directed Mutagenesis Kit (NEB E05545) was used on MM1115 to make human V-ATPase
a2NT.K237A/V238A mutant with primers MO523: 5'-GCAACATCGACGTCACCCAGCAG
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and MO524: 5'-ACGTGAATTCTTAGGTGTAGGGGGCTGGGTTTATC, sequencing veri-
fied. pcDNAS3 :: human V-ATPase a2NT K237A /V238A (MM1128) Kpnl and EcoRV frag-
ment of MM1121 was ligated into pcDNA3.1+, and the new construct was named MM1128.
pET32a+ :: human V-ATPase a2NT K237_V238.del (MM1122) Q5 Site-Directed Mutagenesis
Kit (NEB E0554S) was used on MM1115 to make human V-ATPase a2NT.K238_V238.del
mutant. pcDNA3 :: human V-ATPase a2NT K237_V238.del (MM1129) The Kpnl and EcoRV
insert of MM1122 was ligated into pcDNA3.1+; the new construct was named MM1129.

The N-terminal domain of human a2 (amino acid 1-400) with a 6X His tag at the
carboxyl end was expressed in E.coli Rosetta (DE3) via pET32a plasmid and purified as
described in a previous study [47].

4.2. PolyPIPosome Pull-Down Assay

In total, 20 pg of purified proteins, a2NT wildtype, K237A /V238A, and K237_V238.del,
was incubated with 20 uL 1 mM PolyPIPosomes (Echelon, US) and 200 pL of binding
buffer (50 mM Tris pHS8.0, 150 mM NaCl, and 0.05% Nonidet P-40). Pull-down assay
was performed as in [47] as well as a Western blot with mouse anti-His antibody (Sigma
SAB1305538) and goat anti-mouse IgG secondary antibody (Invitrogen 31430).

4.3. HEK293 Transfection and Cellular Fractionation

HEK?293 cells (ATCC, US) were cultured on 10 cm culture dishes in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Gibco, US) containing 10% fetal bovine serum (FBS) and 0.5%
antibiotics, and grown in a 95% air, 5% CO, humidified environment at 37 °C. pcDNA3
plasmids of human a2 N-terminal domain (amino acid 1-400) wildtype and mutants
K237A/V238A,K237_V238.del, 5 ug of plasmid/dish, were transfected into HEK293 cells
using PolyJet Reagent (SignaGen, US) in accordance with the procedure recommended
by the manufacturer. Cellular fractionation was as described in [47]. The fractions were
analyzed by Western blot with anti-atp6v(0a2 (Abcam, UK ab96803).

4.4. Immunofluorescence

In the rapamycin treatment experiment, cells were treated with 100 nM of rapamycin
for 15 min at room temperature before fixing. Images were acquired with a confocal
microscope (Leica Confocal SP8, Germany) using a 63x oil objective. Colocalizations were
measured with Mander’s coefficient M1 [69]. Antibodies used were as follows: mouse
anti-DDDDK tag (Abcam ab18230), goat anti-mouse IgG Alexa Fluor ™ 647 (Invitrogen
A21235), and DAPI stain (Invitrogen D1306).

4.5. Statistical Analysis

GraphPad Prism 9.4.1 software was used for statistical analysis and statistical graph
production. One-way ANOVA followed by Dunnett’s multiple comparison test or Student’s
t-test were used as indicated in figure legends. In figures, asterisks are used as follows:
* indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001. The experimental results
are expressed as the mean + SEM.
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Abstract: Mycobacterium tuberculosis, a major cause of mortality from a single infectious agent, pos-
sesses a remarkable mycobacterial cell envelope. Penicillin-Binding Proteins (PBPs) are a family of
bacterial enzymes involved in the biosynthesis of peptidoglycan. PBP4 (DacB) from M. tuberculosis
(MtbPBP4) has been known to function as a carboxypeptidase, and the role and significance of car-
boxypeptidases as targets for anti-tuberculosis drugs or antibiotics have been extensively investigated
over the past decade. However, their precise involvement remains incompletely understood. In this
study, we employed predictive modeling and analyzed the three-dimensional structure of MtbPBP4.
Interestingly, MtbPBP4 displayed a distinct domain structure compared to its homologs. Docking
studies with meropenem verified the presence of active site residues conserved in PBPs. These
findings establish a structural foundation for comprehending the molecular function of MtbPBP4
and offer a platform for the exploration of novel antibiotics.

Keywords: Mycobacterium tuberculosis; antibiotics; penicillin-binding protein

1. Introduction

Mycobacterium tuberculosis is a dangerous bacterium responsible for tuberculosis (TB),
which is a significant global health concern, especially in developing countries [1]. M.
tuberculosis has a thick, lipid-rich cell wall, which acts as a barrier and restricts the entry
of many drugs, including (3-lactam antibiotics. This impermeable cell wall hampers the
penetration of antibiotics into the bacterial cell, reducing their efficacy. Additionally, it is
crucial to acknowledge the significant role of efflux pumps in contributing to the beta-lactam
tolerance of M. tuberculosis [2,3]. Therefore, 3-lactam antibiotics are not typically used as
first-line drugs for TB treatment due to their inherent resistance to M. tuberculosis. As a
result, standard (3-lactam antibiotic treatment for TB involves a combination of drugs [4,5].
Recently, multidrug-resistant (MDR) TB has become a critical issue in the treatment of
M. tuberculosis infections [6]. MDR-TB occurs when the bacterium becomes resistant
to two of the most potent first-line anti-tuberculosis drugs: isoniazid and rifampicin [7].
Patients with MDR-TB can experience treatment failure, the prolonged transmission of drug-
resistant strains, and increased mortality rates [8]. Moreover, the emergence of extensively
drug-resistant (XDR)TB has further complicated the management of TB infections [9].
Consequently, there is an urgent need to discover new antibiotics to effectively combat
multidrug-resistant tuberculosis [10].

In bacteria, the peptidoglycan layer is essential for maintaining the shape and stability
of the bacterial cell wall [11]. Penicillin-Binding Proteins (PBPs) are a family of bacterial
enzymes involved in the biosynthesis of peptidoglycan. PBPs catalyze the polymerization
of the glycan strand (transglycosylation) and the formation of cross-links between glycan
chains (transpeptidation). Additionally, certain PBPs hydrolyze the terminal D-alanine of

Int. . Mol. Sci. 2024, 25, 983. https:/ /doi.org/10.3390/ijms25020983 121 https://www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25, 983

stem pentapeptides (DD-carboxypeptidation) or the peptide bond that links two glycan
strands (endopeptidation) [12,13]. PBPs are classified into two main categories based on
their molecular weight: high-molecular-weight (HMW) PBPs and low-molecular-weight
(LMW) PBPs [14]. Class A PBPs are HMW PBPs with molecular weights typically ex-
ceeding 100 kDa [15]. They are responsible for crosslinking peptidoglycans in the cell
wall and exhibit both transglycosylase and transpeptidase activities [16]. Class B PBPs
have an N-terminal domain of unknown function and a C-terminal domain containing
transpeptidase activity [17]. They are also HMW PBPs but are smaller in size compared to
Class A PBPs [18]. Class C PBPs are LMW PBPs, usually having molecular weights below
50 kDa [19]. Although not directly involved in cell wall synthesis, they possess transpepti-
dase activity and participate in the remodeling and maintenance of the cell wall [13].

In M. tuberculosis, there are seven putative PBPs, comprising DacB, DacB1, DacB2,
PbpA, PbpB, PonAl, and PonA2 [20]. Rv3627c is PBP4 (DacB) from M. tuberculosis
(MtbPBP4) belonging to the Class C PBP group [21]. MtbPBP4 exhibits the characteristics of
a novel carboxypeptidase [22], such as specific serine-type carboxypeptidase activity, and
it cleaves the cross-links involving terminal alanine [23]. The mode of action of 3-lactam
antibiotics on MtbPBP4 involves inhibiting its carboxypeptidase activity. This activity is
crucial for cleaving peptide bonds in peptidoglycan precursors and assembling the bacterial
cell wall. By covalently binding to the active site serine of MtbPBP4, 3-lactam antibiotics
disrupt cell wall synthesis, leading to defects in the peptidoglycan structure and, eventually,
bacterial cell lysis. This inhibition of cell wall assembly contributes to the anti-bacterial
effects of 3-lactam antibiotics against M. tuberculosis [22,24].

In this study, we aimed to gain structural insights into MtbPBP4 through a combination
of bioinformatics, size-exclusion chromatography (SEC), modeling, molecular docking, and
molecular dynamics simulations. The sequence analysis based on bioinformatics indicates
that MtbPBP4 belongs to the peptidase family S13 as a D-Ala-D-Ala carboxypeptidase C
and has conserved active site residues. The SEC results verified the state of MtbPBP4 as a
monomer, and three-dimensional structural modeling exhibited that MtbPBP4 contains the
conserved penicillin-binding (PB) domain with distinct differences with its homologs. Ad-
ditionally, molecular docking with meropenem confirmed the putative interaction residues
of MtbPBP4. This information can provide valuable insights to aid in the design of specific
inhibitors that effectively disrupt the activity of MtbPBP4, assisting the development of
novel and potent anti-tuberculosis drugs to combat MDR-TB effectively.

2. Results and Discussion
2.1. Sequence Analysis

According to a sequence-based analysis using InterPro [25], a transmembrane region at
the N-terminus of MtbPBP4 (residues 1-28) is predicted to be a signal peptide, suggesting its
involvement in membrane targeting or secretion. The remaining region (residues 29-461)
is expected to be located outside the membrane, indicating that PBP4 functions in the
extracellular region. InterPro analysis identified this region as belonging to peptidase
family S13, specifically the D-Ala-D-Ala carboxypeptidase C (InterPro000667, residues
73-459) family, which possesses the conserved motif SXXK as the active site residue.
In a previous study by Sauvage et al., PBPs from selected bacteria were classified, and
Rv3627c (MtbPBP4) was assigned to class C PBP4 [13]. Except for MtbPBP4, the three-
dimensional structures of several PBP4 homologs have been determined, including PBP4
from Escherichia coli (PDB ID: 2EX2) [26], PBP4a from Bacillus subtilis (PDB ID: 1W5D) [27],
R39 from Actinomycetes (PDB ID: 1W79) [28], and PBP4 from Haemophilus influenzae (PDB
ID: 3A3D) [29].

The sequence of MtbPBP4 was compared with other PBP4 homologs using Mul-
tAlin [30] and ESPript 3.0 [31], as depicted in Figure 1. In MtbPBP4, like its homologs, the
SXXK motif is present, specifically Ser114-Thr115-Asn116-Lys117, which is conserved across
PBP4 proteins [20]. Additionally, two other conserved motifs typical of LMW-PBPs were
identified in MtbPBP4 as Ser295-Asp296-Asn297 (SXN) and Lys408-Thr409-Gly410 (KTG).
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These highly conserved residues are anticipated to play a critical role as a carboxypeptidase
in the mycobacterial cell wall. However, PBP4 homologs exhibited a notable distinction
in their sequence, which inserts approximately 70 amino acids near Arg241, adjacent to
the B7 strand of MtbPBP4. The region anticipated to be the 37 in the secondary structure
appears to deviate from a perfect 3 strand due to the lack of sufficient predictive data. This
distinction in prediction results is a consequence of incomplete data in the prediction.
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Figure 1. Sequence alignment of MtbPBP4 with its homologs. The alignment results of PBP4 from M.
tuberculosis with PBP4 from E. coli (PDB ID: 2EX2), PBP4 from H. influenzae (PDB ID: 3A3D), PBP4a
from B. subtilis (PDB ID: 1W5D), and R39 from Actinomycetes (PDB ID: 1W79) were analyzed using
MultAlin [30] and ESPript 3.0 [31]. Conserved and similar residues are shown in red and blue boxes,

respectively. The conserved motifs among PBP4s are marked by the green boxes under the sequences.

2.2. Oligomeric State of MtbPBP4 in Solution

To verify the oligomeric state of MtbPBP4 in solution, we compared the elution
time after gel filtration using four references (ribonuclease A 13.7 kDa, carbonic anhydrase
29.0 kDa, ovalbumin 44.0 kDa, and conalbumin 75.0 kDa) from the Gel Filtration Calibration
kits (Cytiva, Marlborough, MA, USA). It was calculated that the elution time corresponded
to a molecular weight of 36.2 kDa (Figure 2a). To further confirm this, an additional
experiment using SEC-MALS was conducted, and the resulting peak corresponded in
size to 37.6 kDa (Figure 2b). When considering the inclusion of the N-terminal 6xHis-tag,
the theoretical molecular weight should be 42.3 kDa. However, our experimental results
consistently indicated values of 37.6 kDa and 36.2 kDa. Despite a slight deviation from
the theoretical value, this outcome confirms that MtbPBP4 primarily exists as a monomer
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Absorbance (AU)

in solution, and consequently, a monomer model was employed to construct a 3D model
of MtbPBP4 to predict its structure. However, it should be acknowledged that only the
soluble part of the protein was cloned and purified, so the transmembrane domain may
contribute to a different oligomeric state of the protein.
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Figure 2. Oligomeric state analysis of MtbPBP4. (a) SEC chromatograms of MtbPBP4 and reference
proteins and SEC-MALS chromatogram of MtbPBP4 showing the oligomeric state in solution. The
UV absorption of MtbPBP4 (gray) and reference proteins (blue) at 280 nm are plotted as functions of
the elution volume. (b) The calculated molecular mass in SEC-MALS is indicated as red dots. This
result indicates that MtbPBP4 exists as a monomer in solution.

2.3. Overall Structure of MtbPBP4

To obtain structural insights into the role of MtbPBP4, a 3D model of MtbPBP4 was
constructed using ColabFold: AlphaFold2 with the assistance of MMseqs2 [32] (pLDDT
confidence 92.41). The N-terminal signal peptides (Met1-Ala28) and a long unstructured
loop were excluded during the modeling process. As a result, the predicted region aligns
with the region that was cloned and purified. The overall structure of MtbPBP4 consists
of 11 o-helices and 10 (3-sheets (Figure 1). The structure of MtbPBP4 can be primarily
divided into two domains: domain I (part I: Pro67-Asp127, part II: Leu284-Thr461) and
domain II (Asp128-Pro283) (Figure 3a). Domain I, also known as the penicillin-binding
(PB) domain, is composed of a five-B-stranded sheet sandwiched between eight o-helices.
On the other hand, domain II contains the topology of half a Rossmann fold, comprising
a four-f3-stranded sheet and two «-helices. Interestingly, domain II is inserted between
domain I (part I) at the N-terminus and domain I (part II) at the C-terminus, creating a
unique structural arrangement.

To assess the stability and flexibility of the predicted structure, MD simulations were
performed. The RMSD of the Cox atoms was monitored over the course of 100 ns of simula-
tion (Figure 4). The Cox RMSD values remained relatively constant, fluctuating between 0.1
and 0.2 nm (approximately 0.15 nm), indicating the structural stability of MtbPBP4 during
the simulation. This result suggests that MtbPBP4 maintained its overall structure and did
not undergo significant conformational changes throughout the simulation, indicating its
stability under the simulated conditions.

According to the Dali search results [33], the overall fold of MtbPBP4 exhibits similar-
ity to the structures of PBP4 homologs, with Z-scores exceeding 37 (Table 1). The primary
structural difference between MtbPBP4 and its homologs lies in the presence of an addi-
tional domain, referred to as domain III. In the homologs of MtbPBP4, an extra domain III,
consisting of approximately 70 additional amino acids, can be found between domain 1II,
resembling the arrangement of Matryoshka (Russian dolls) (Figure 3b). However, despite
the presence of domain III, domains I and II still exhibit a good superimposition between
MtbPBP4 and its homologs (Table 1).
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Figure 3. Overall predicted structure of MtbPBP4. (a) The overall predicted MtbPBP4 structure was
divided into two domains: domain I, as the penicillin-binding domain, is colored in light green,
and domain IT is colored in light yellow. The residues of conserved motifs are represented in sticks
and colored in light purple. The sequence diagram of MtbPBP4 is also denoted in the lower part.
The signal peptide region (Met1- Ala28) is colored in orange. (b) Structures of PBP4 homologs. The
domain IT region is located between part I and part II of domain I. Domains I, II, and III are colored in
light green, light yellow, and gray, respectively.
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Figure 4. Structural dynamics analysis of MtbPBP4. The RMSD values of the Cox atoms from MtbPBP4
are plotted from 100 ns of MD simulations.

Table 1. Comparison of the homologs of PBP4.

Organism PDB Code Chain No. of Cox Aligned RMSD (A) Z-Score % Identity
B. subtilis 1W5D A 345 (361/458:DALI) 1. 81: '133712LI) 40.8 27
Actinomycetes 1W79 A 335 (363/466: DALI) . gzlll)(ii)LI) 40.9 30
E. coli 2EX2 A 330 (355/456:DALI) @ ; :']:5)1A8LI) 37.7 28
H. influenzae 3A3D A 326 (354/453:DALI) @ 21:'2D512LI) 37.8 26

2.4. Active Site Cleft of MtbPBP4

Our analysis of the putative active site in MtbPBP4, conducted using CASTp [34],
identified a cleft in the binding pocket with a volume of 468.099 A% and a surface area
of 400.493 A2, This binding pocket is located between domains I and II (Figure 5a) and
includes functionally important conserved residues such as Ser114, Ser295, Asp296, Asn297,
and Thr409. The electrostatic potential (ESP) surface of MtbPBP4 displays a different
charge distribution when compared to its homologs (Figure 5b,c). Notably, the presence
of the additional (3-barrel domain III results in varying pocket sizes among PBP4s. These
differences between MtbPBP4 and its homologs may contribute to substrate specificity,
possibly affecting the interactions with ligands or substrates at the binding pocket.

Previous results have indicated that MtPBP4 functions as a carboxypeptidase, cleaving
the N-terminal D-alanine from mycobacterial peptidoglycan [34]. Other D,D-carboxypeptid-
ases identified in M. tuberculosis include DacB1 and DacB2, and the carboxypeptidase
activity of DacB2 has been shown to be inhibited by meropenem, a 3-lactam antibiotic
targeting PBPs in bacteria [35]. It has been shown in a previous study that MtbPBP4 binds
to meropenem [36]. To further analyze the potential for designing inhibitors for MtbPBP4,
docking simulations of meropenem and MtbPBP4 were performed using CovDOCK in
Glide (Schrodinger, LLC., New York, NY, USA) (Figure 6a,b). The docking results showed
that meropenem forms a covalent bond with Ser114 from the first motif STNK, with a
docking score of —5.596 kcal/mol. Additionally, meropenem forms hydrogen bonds with
Asp218, Asn297, Ser411, and Leu412. These structural insights into the interactions between
meropenem and MtbPBP4 can guide the design of effective inhibitors targeting MtbPBP4.
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E. coli PBP4 H. influenzae PBP4

Figure 5. Putative active sites of MtbPBP4 and surface representations. (a) The predicted binding
pocket of MtbPBP4 is represented in purple spheres. The ESP surface of (b) MtbPBP4 and (c) PBP4
homologs. Electrostatic surface potential represents different charge distributions on active sites
marked as dotted circles. The negative and positive charges are colored in red and blue, respectively.

(b)

Figure 6. Docking simulation results for MtbPBP4 and a meropenem. (a) Covalent binding of a
meropenem to MtbPBP4 through Ser114. The residues of MtbPBP4 that make hydrogen bond to a
meropenem are represented by light purple sticks, and meropenem is colored in gray. Hydrogen
bonds are represented by black dashes. (b) Detailed interaction residue information. Hydrogen
bonds are represented by pink arrows, and covalent bonds are shown via the black lines. This figure
was produced using Maestro of Schrodinger Suite (Schrodinger, LLC).
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Our study provides structural and functional insights into MtbPBP4, a critical enzyme
involved in peptidoglycan synthesis in M. tuberculosis. By understanding the mode of
action of (3-lactam antibiotics such as meropenem on MtbPBP4, we can use this knowledge
to guide the design of targeted inhibitors that specifically disrupt the enzyme’s activity.
With the identification of the key residues involved in the binding and inhibition, we
can focus on developing novel anti-tuberculosis agents that effectively target MtbPBP4,
offering a promising vision for the production of new and potent drugs to combat MDR
and XDR-TB.

3. Materials and Methods
3.1. Cloning, Expression, and Purification of MtbPBP4

The Rv3627c gene coding MtbPBP4 (NCBI reference sequence: WP_003899610.1) from
Ala69 to Thr461 was amplified from the genomic DNA of M. tuberculosis H37Rv strain by
polymerase chain reaction using two primers: (forward) 5'-CCA GGG AGC AGC CTC G
GCC GCT GGC GTG ACC GCG GCG CT-3' and (reverse) 5'-GCA AAG CAC CGG CCT
CGT CA CGT CGT GCA CCC GCA GAA C-3'. The amplified gene was inserted into a
pLIC-His vector for ligase-independent cloning (LIC) as previously described [37,38] This
resulted in the incorporation of an N-terminal, 6xHis-tag, a TEV cutting site (ENLYFQ),
and GAAAS residues for LIC cloning. The MtbPBP4-containing plasmid was transformed
into Escherichia coli DH5x competent cells for cloning.

To overexpress MtbPBP4, cloned genes were transformed into E. coli BL21(DE3) com-
petent cells. The transformed cells were grown in Luria broth with ampicillin until OD500
reached 0.6 at 37 °C, and protein overexpression was induced by 0.5 mM isopropyl-$3-
D-1-thiogalactopyranoside (IPTG). After further incubation in 15 °C for 20 h, the cells
were harvested at 5000 rpm. The cell pellets were suspended in lysis buffer containing
20 mM Tris-HCI, pH 8.0, 500 mM NacCl, and 10% v/v glycerol and homogenized using
ultrasonication. The resulting lysate was centrifuged at 13,000 rpm for 1 h to remove cellu-
lar debris. The supernatant was applied to a Ni-nitrilotriacetic acid (Ni-NTA) column for
affinity chromatography, and the recombinant proteins were eluted by a stepwise increase
in imidazole concentration from 0.1 M to 0.5 M. Subsequently, the protein was further
purified using size-exclusion chromatography (SEC) on a Superdex 200 Increase 10/300
GL column (Cytiva) in a buffer containing 20 mM HEPES, pH 7.5, and 300 mM NaCL
The monomeric elution fractions were concentrated using a Vivaspin Turbo15 (Sartorius,
Goettingen, Germany) with a 30 K molecular weight cutoff.

3.2. Oligomeric State Determination of MtbPBP4

The oligomeric state of MtbPBP4 was determined through gel filtration chromatog-
raphy using a Superdex 200 Increase 10/300 GL column (Cytiva). The sample was run
at a flow rate of 0.5 mL/min in a buffer containing 20 mM HEPES, pH 7.5, and 300 mM
NaCl. To estimate the apparent molecular weight of MtbPBP4, we used a calibration curve
based on standard proteins with known molecular weights. This involved comparing the
elution volume of the target protein to that of the standard proteins. The gel filtration
calibration kit LMW (Cytiva) included ribonuclease A (13.7 kDa), carbonic anhydrase
(29 kDa), ovalbumin (43 kDa), conalbumin (75 kDa), and blue dextran 2000. To determine
the oligomeric states of the MtbPBP4 with quantitative values, we conducted a SEC-MALS
experiment using a fast protein liquid chromatography (FPLC) system (Cytiva) connected
to a MiniDAWN TREOS MALS instrument (Wyatt, Santa Barbara, CA, USA). A Superdex
200 Increase 10/300 GL (Cytiva) gel filtration column was pre-equilibrated with a buffer
containing 20 mM HEPES, pH 7.5, and 300 mM NaCl. The detector was normalized using
2 mg/mL bovine serum albumin (Thermo Fisher Scientific, Waltham, MA, USA), and
100 pL of the protein solution was injected at a concentration of 3.5 mg/mL. The acquired
data were analyzed using ASTRA 8 software (Wyatt). Chromatography was performed
on a Superdex 200 Increase 10/300 GL column with a buffer containing 20 mM HEPES,
pH 7.5, and 300 mM NaCl at a flow rate of 0.5 mL/min.
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3.3. Structure Prediction of MtbPBP4

For the prediction of MtbPBP4, we employed ColabFold, which is a user-friendly
and fast implementation of AlphaFold2 [32]. The protein sequence of Rv3627c from M.
tuberculosis H37Rv (UNIPROT ID O06380) served as the input sequence, and a Multiple
Sequence Alignment (MSA) was generated using MMseqs2. The calculations were run
using the ColabFold online platform (AlphaFold2.ipynb) with default options. To visualize
the predicted structures, we utilized the PyMOL program (PyMOL Molecular Graphics
System, version 2.5.3; Schrodinger, LLC.).

3.4. MD Simulation

Molecular Dynamics (MD) simulations of MtbPBP4 were conducted using the GRO-
MACS 2023.1 packages [39]. The AMBER99SB-ILDN force field was selected for the
simulations. The molecules were placed in a cubic box filled with TIP3P water molecules
and neutralized by adding Na* and Cl~ ions. Steepest descent minimization was per-
formed to optimize the system. Subsequently, equilibration steps were carried out in both
the NVT ensemble (constant number of particles, volume, and temperature) and NPT
ensemble (constant number of particles, pressure, and temperature) for 100 ps at 1 atm and
300 K. The V-rescale thermostat and Parrinello-Rahman barostat were used for controlling
temperature and pressure in the NVT and NPT ensembles, respectively. After equilibration,
MD simulations of the predicted MtbPBP4 were performed for 100 ns at 300 K utilizing the
linear constraint solver (LINCS) algorithm for constraining bond lengths and the particle
mesh Ewald (PME) method for handling long-range electrostatic interactions. The result-
ing MD trajectories were analyzed using GROMACS distribution programs, particularly
gmx_rms for calculating parameter values such as root mean square deviation (RMSD). The
analysis was processed using the XMGrace program (Oregon Graduate Institute of Science
and Technology, Hillsboro, OR, USA), and plots were generated using KaleidaGraph 5.0
software (Synergy Software, Reading, PA, USA).

3.5. Covalent Docking

The MtbPBP4 protein was prepared for Glide docking calculations using the Protein
Preparation Wizard of Schrodinger Suite (Schrodinger, LLC., New York, NY, USA). Proper
protein preparation is crucial for accurate protein-ligand docking simulations. The active
site of the protein was identified, and key residues such as Ser114, Ser295, Asn297, and
Thr409 were selected for further molecular docking analysis. To prepare the protein, the
atoms of the protein were scaled with a van der Waal’s radius at a factor of 1 A, and a partial
charge cutoff of 0.25 A was applied. The ligand structure of meropenem was obtained
from the RCSB PDB (http:/ /www.rcsb.org accessed on 6 January 2024) and prepared using
LigPrep (Schrodinger, LLC). The stereoisomers’ chirality was determined from the 3D
structure, and all other parameters were kept as default during the LigPrep preparation.
For covalent docking, the CovDock module (Schrodinger, LLC) was used. The amino acid
Ser114 was set as the reactive residue, which would have a nucleophilic interaction with
the O— and carbonyl group of meropenem acting as the electrophile. The reaction type
was predefined as Beta Lactam Addition using the pre-installed options in CovDock [40].

4. Conclusions

Our comparison of MtbPBP4 sequences indicated that this enzyme belongs to the
peptidase family S13, specifically D-Ala-D-Ala carboxypeptidase C. From SEC experiments,
it was confirmed that MtbPBP4 mainly exists in a monomer state. The predicted three-
dimensional structure of MtbPBP4 is similar to that of the known PBP4 homologs, but
certain differences were identified, such as the absence of domain III, which is typically
inserted between domain II in homologs. MtbPBP4 does contain conserved active site
motifs, consistent with other homologs. The docking of 3-lactam antibiotics to MtbPBP4
revealed the binding site located in these conserved residues. As a carboxypeptidase,
MtbPBP4 is involved in the cleavage of peptidoglycan, which plays a crucial role in
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mycobacterial morphology and cell division. These structural insights provide information
for the development of anti-tuberculosis drugs, as targeting MtbPBP4 may represent a
promising approach to disrupting cell wall synthesis and inhibiting mycobacterial growth.
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Abstract: Astrocytes are crucial in the regulation of neurotransmitter homeostasis, and while their
involvement in the dopamine (DA) tripartite synapse is acknowledged, it necessitates a more com-
prehensive investigation. In the present study, experiments were conducted on primary astrocyte
cultures from the striatum and cortex of neonatal rats. The pharmacological intricacies of DA uptake,
including dependence on time, temperature, and concentration, were investigated using radiolabelled
[*H]-DA. The mRNA expression of transporters DAT, NET, PMAT, and OCTs was evaluated by gPCR.
Notably, astrocytes from both brain regions exhibited prominent mRNA expression of NET and
PMAT, with comparatively lower expression of DAT and OCTs. The inhibition of DA uptake by the
DAT inhibitor, GBR12909, and NET inhibitors, desipramine and nortriptyline, impeded DA uptake
in striatal astrocytes more than in cortical astrocytes. The mRNA expression of NET and PMAT was
significantly upregulated in cortical astrocytes in response to the DA receptor agonist apomorphine,
while only the mRNA expression of NET exhibited changes in striatal astrocytes. Haloperidol, a DA
receptor antagonist, and L-DOPA, a DA precursor, did not induce significant alterations in trans-
porter mRNA expression. These findings underscore the intricate and region-specific mechanisms
governing DA uptake in astrocytes, emphasizing the need for continued exploration to unravel the
nuanced dynamics of astrocytic involvement in the DA tripartite synapse.

Keywords: astrocyte; dopamine uptake; NET; PMAT; neonatal rat

1. Introduction

Astrocytes, named after their star-like shape, are one of the most abundant cell types in
the central nervous system (CNS) [1]. They are crucial regulators of numerous homeostatic
functions as they provide structural and metabolic support to neuronal cells, control ion
balance, and maintain the blood-brain barrier [2,3]. Unlike neuronal cells, astrocytes cannot
generate an action potential but respond to stimuli through fluctuations in intracellular
Ca?* [4]. Astrocytes help maintain neurotransmitter homeostasis in the CNS and modulate
synaptic transmission. Together with neuronal cells, they form the tripartite synapse, a
concept coined by Perea et. al. describing bidirectional communication between astrocytes
and neuronal cells [5]. Astrocytes express various transporter proteins in their plasma
membrane for neurotransmitter uptake and are also capable of (glio)transmitter release
themselves [4,6-12].

The role of astrocytes in the homeostasis of the neuromodulator dopamine (DA) has
been studied to a limited extent. DA is involved in the regulation of several aspects of brain
function through multiple DA pathways, each related to a particular brain region [13,14].
DA function in the cortex, particularly the prefrontal cortex, is involved in higher-order
cognitive functions, such as attention, working memory, decision-making, and executive
control. The mesocortical DA pathway, originating from the ventral tegmental area in
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the midbrain, projects to the prefrontal cortex, and imbalances in this pathway have been
linked to disorders, such as schizophrenia and attention deficit hyperactivity disorder [15].
In contrast, the striatum, a key component of the basal ganglia, is involved in motor
control, reward processing, and habit formation. It receives DA input from the nigrostriatal
pathway, originating in the substantia nigra. Dysfunctions in the nigrostriatal pathway
have been associated with addiction, depression, and other conditions, such as Parkinson’s
disease (PD) [13]. Astrocytes have been implicated in the development of and in the
protection from these diseases [16-18]. Although they have traditionally been viewed as
simple, homogenous cells providing support to neurons, we now recognize that astrocytes
from different brain regions are heterogeneous [19]. Chai et al. demonstrated that cortical
astrocytes and hippocampal astrocytes were similar when comparing RNA sequencing
data, but hippocampal and striatal astrocytes were shown to be different populations [20].
Whether astrocytes from distinct brain regions serve different roles in DA homeostasis is
yet to be discovered.

DA exerts its effects by binding to metabotropic G protein-coupled DA receptors,
which are divided into two subtypes, D1 and D2 receptors [13,21,22]. The DA concentration
in the synapse is controlled mainly by its reuptake by the sodium-dependent, low-capacity,
high-affinity (uptake 1) dopamine transporter (DAT) [23] and, to a lesser degree, by other
transporters. Studies on rodents have reported that the norepinephrine transporter (NET)
has an equal affinity for DA and plays a larger role in DA uptake in brain regions where DAT
is sparsely distributed, particularly in the cortex [24-26] as well as in the DA-denervated
striatum in PD [27]. Sodium-independent transporters with a low affinity for DA, albeit
high capacity (uptake 2), such as organic cation transporter 3 (OCT3) [28,29] and plasma
membrane monoamine transporter (PMAT) [30,31], have an important role in the removal
of excess extracellular DA when the DA concentration is high and has overcome the
capacity of DAT [27]. They transport organic cations, zwitterions, and some uncharged
compounds and operate as facilitated diffusion systems and/or antiporters [32]. OCTs
and PMAT are considered “polyspecific” or “multispecific”, as they interact with a wide
array of cationic compounds with diverse chemical structures. Nevertheless, there are
notable differences in substrate specificity and transport kinetics among these transporters.
PMAT has been shown to have a strong kinetic preference for serotonin and DA over
other monoamines (i.e., histamine, norepinephrine, and epinephrine), whereas a seemingly
opposite preference was observed for OCT3 [33].

Several studies have shown that astrocytes are able to take up DA [21,24,34-38] and
the DA precursor, L-DOPA [39-44], and express DA receptors in their membrane [35,45-47].
Astrocytes respond to DA with fluctuations in intracellular calcium [48,49] and may be
involved in response to treatment with dopaminergic drugs, such as DA receptor antago-
nists, haloperidol and clozapine, as well as the DA receptor agonist, apomorphine [50-56].
Whether astrocytes are capable of active uptake of DA as well as their role in the home-
ostasis of DA is up for debate. The exitance of the primary mechanism responsible for
DA reuptake into neuronal cells, DAT, has not been found in rat cortical astrocytes [24];
however, it has been found in striatal rat astrocytes [39] and striatal mouse astrocytes [57].
Inazu et al. have shown that DA is transported into rat cortical astrocytes via NET, rather
than DAT, as well as by high-capacity, low-affinity uptake 2 transport mediated by OCT3.
Contrarily, Hosli et al. showed astrocytic DA uptake in striatal and cerebellar primary cell
cultures of neonatal rats is mediated only by facilitated diffusion, and uptake is independent
of Na*/Cl™ ions [34]. As astrocyte morphology has been shown to be region-dependent,
particularly in the human brain [58,59], it may be one of the reasons contributing to the
conflicting results of astrocyte DA uptake studies.

The aim of our study was to determine the regional pharmacological and molecular
characteristics of DA uptake into neonatal rat astrocytes from two distinct brain regions,
the cortex and striatum, to further elucidate the role of astrocytes in the homeostasis of DA.
Furthermore, we examined whether the drugs apomorphine, L-DOPA, and haloperidol,
used in the treatment of pathologies stemming from aberrations in the dopaminergic
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system, such as PD and schizophrenia, affect the gene expression of these transporters in
astrocytes.

2. Results

2.1. Dependence of [>H]-Dopamine Uptake on Time, Temperature, and Concentration in Neonatal
Rat Astrocytes from the Cortex and Striatum

We first examined the time course of [PH]-DA uptake with a 30 nM concentration
of DA in cultured cortical and striatal rat astrocytes for the time span of 60 min. As
shown in Figure 1a,b, [PH]-DA uptake increased in a time-dependent manner for the initial
20 min and almost reached a plateau at 30 min in both cortical and striatal astrocytes. The
accumulation of [’H]-DA in both cortical and striatal astrocytes was significantly greater
at 37 °C than the accumulation of [?’H]-DA uptake at 4 °C. Based on these findings, we
carried out the following [*H]-DA uptake assays for 20 min.
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Figure 1. Dependence of [’H]-DA uptake on time, temperature, and concentration in cortical and
striatal astrocytes of neonatal rats. Time dependence of total (37 °C) and nonspecific (4 °C) [PH]-
DA uptake in cortical (a) and striatal (b) astrocytes, concentration dependence of [*H]-DA uptake
(total, specific, and nonspecific) in cortical (c) and striatal (d) astrocytes and [*H]-DA uptake velocity
in cortical (e) and striatal (f) astrocytes. Data are presented as mean + SEM (n = 9) from three
separate experiments.

Astrocytes were then exposed to different concentrations of [*H]-DA (0.03-1000 uM)
for a time span of 20 min, in line with the time course experiments, and the total (37 °C)
and the nonspecific (4 °C) DA uptake were measured from which the specific uptake was
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calculated (as the difference between total and nonspecific uptake) (Figure 1c,d). DA uptake
into cultured cortical astrocytes, presented in Figure 1c, was clearly dependent on the DA
concentration. However, it does not appear saturable at even the highest concentration of
1 mM, whereas DA uptake in the striatum (Figure 1d) was saturable at 1 mM concentration.
The apparent maximum saturation of the radioligand, Bmax, of the specific uptake was
determined as 2343 £ 251 pmol/mg.

The DA uptake velocity in striatal astrocytes (Figure 1f) was calculated from the spe-
cific uptake and the time span of the [*’H]-DA incubation (20 min). The kinetic parameters
of the uptake velocity were calculated using the Michaelis-Menten equation. The apparent
maximal uptake rate, Vimax, of DA was calculated as 117 £ 13 pmol/mg/min and the ap-
parent Michaelis-Menten constant, Ky, was calculated as 987 4= 176 uM. Cortical astrocytes
appear to have a greater uptake capacity for DA in comparison to striatal astrocytes.

2.2. Dependence of [PH]-Dopamine Uptake in Cortical and Striatal Astrocytes of Neonatal Rats on
the Presence of Ouabain amd Sodium Ions

A 1 mM concentration of the Na*/K*-ATPase pump inhibitor ouabain reduced 30 nM
[*H]-DA uptake to 68 + 2% in cortical and 66 + 2% in striatal astrocytes in comparison
to the control (Figure 2a). In contrast, 30 nM [*H]-DA uptake was reduced to 57 4- 8% of
the control in cortical astrocytes and to 41 £ 6% of the control in striatal astrocytes in the
absence of Na* (Figure 2b). The DA uptake was significantly reduced by both ouabain
and the absence of Na*. However, there was no significant difference in the DA uptake
between the studied brain regions (Student t-test, p > 0.05).

2.3. gPCR Analysis of Transporter mRNA Expression in Neonatal Rat Astrocytes from the Cortex
and Striatum

We examined the mRNA expression of high-affinity and low-affinity transporters
involved in DA uptake in neonatal rat astrocytes from the cortex and striatum as well as
neonatal rat cerebral cortical and striatal tissue. qPCR was performed after the extraction of
total RNA from three-weeks-old, confluent cultures and tissue samples for the comparison
of transporter mRNA expression between tissue (additionally used as a positive control)
and astrocyte cell culture samples.

The mRNA expression profile of the transporters in neonatal rat tissue samples
(Figure 3, Tissue) was in line with our expectations. OCT1 and OCT2 mRNA expres-
sion was lower than OCT3 mRNA expression in the two studied brain regions. PMAT
tissue expression was prominent in both tissue samples. Active uptake transporters, DAT
and NET, were expressed in both tissue samples. Conversely, astrocyte cultures from both
brain regions displayed a distinct transporter mRNA expression profile, with OCT1 and
OCT2 being more prominently expressed than OCT3. Among the studied transporters,
PMAT mRNA expression appeared to be the greatest in both brain tissue samples, as
well in cortical and striatal astrocytes. The striatal astrocyte mRNA expression of PMAT
was statistically significantly greater than the cortical PMAT mRNA expression (p < 0.05)
(Figure 3, Astrocytes). The mRNA expression of uptake 1 transporter, NET, exceeded the
expression of DAT in astrocyte cell cultures from both brain regions, the cortex and striatum.
Interestingly, DAT mRNA expression was lower in striatal than in cortical neonatal rat
tissue, whereas striatal astrocytes displayed low, but present, mRNA expression of DAT.
This was contrary to cortical astrocytes, where DAT mRNA expression was at the limit
of detection of our qPCR method (Figure 3, Astrocytes). The differences in transporter
expression in astrocytes from each brain region were determined separately by the Brown-—
Forsythe ANOVA test with post-hoc Dunnett’s T3 multiple comparisons test (Cortex:
F =17.54 (5.00, 35.28), p < 0.0001, Striatum F = 23.21 (5.00, 17.05), p < 0.0001). Striatal PMAT
mRNA expression was significantly greater than all other transporters (p < 0.05), whereas
NET mRNA expression was significantly greater than DAT, OCT2, and OCT3 (p < 0.05).
Cortical astrocytes displayed no significant difference between mRNA expression of PMAT
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and NET; however, the mRNA expression of both transporters was significantly greater
than the expression of OCT1, OCT2, OCT3, and DAT.
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Figure 2. Inhibition of (a) 30 nM concentration of [*H]-DA uptake by 0.1 mM and 1 mM concentration
of ouabain and (b) 30 nM concentration of [*’H]-DA uptake in uptake buffer (UB) without Na* in
cortical and striatal astrocytes from neonatal rats. Results are presented as percent of the control;
each bar expressed as mean + SEM from three or more separate experiments ((a): n =9, (b): n = 22).
Statistical significance of reduction of DA uptake in comparison to the control was determined by
One-Way ANOVA: * p < 0.05, ** p < 0.01, *** p < 0.0001. Difference between cortical and striatal DA
uptake was nonsignificant (Student ¢-test, p > 0.05).

2.4. Inhibition of [*H]-Dopamine Uptake by Antidepressants, Desipramine, Nortriptyline,
Amitriptyline, DAT Inhibitor GBR12909, Corticosterone, and Decynium 22

We evaluated the effect of DAT inhibitor GBR12909, OCT and PMAT inhibitors, D22
and corticosterone, and NET selective inhibitors, tricyclic antidepressants, amitriptyline,
nortriptyline, and desipramine on DA uptake into striatal and cortical astrocytes. Inhibition
curves are presented in Figure 4. The apparent affinity for the transporters involved in DA
uptake in cortical and striatal neonatal rat astrocytes was examined by determining their
ICs values for the inhibition of transporter-mediated [°H]-DA uptake.

[*H]-DA uptake was more prominently inhibited in striatal than in cortical astrocytes
by the selective DAT inhibitor, GBR12909, and NET inhibitor, desipramine, whereas inhi-
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bition by nortriptyline and amitriptyline was slight or nonsignificant in astrocytes from
both brain regions. Corticosterone had no significant effect on [*H]-DA uptake in both
striatal and cortical astrocytes, whereas the PMAT inhibitor, D22, inhibited [*H]-DA uptake
similarly in both striatal and cortical astrocytes.

2.5. Changes in mRNA Expression of Plasma Membrane Monoamine Transporter and
Norepinephrine Transporter in Cultured Neonatal Rat Astrocytes after 24 h Treatment with
Apomorphine, Haloperidol, and L-DOPA

Cortical and striatal astrocyte cultures of neonatal rats were treated with apomorphine,
haloperidol, and L-DOPA for 24 h. First, the cell viability after exposure to these three
compounds was examined by MTS, Figure 5e, f. The astrocytes’ viability was not affected in
comparison to the control even with the highest concentration used, 150 pM. We proceeded
to perform qPCR analysis of astrocyte cell cultures after a 24 h treatment with the chosen
concentration of 100 uM (Figure 5a—d).
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Figure 3. mRNA expression of transporters NET, PMAT, DAT, OCT1, OCT2, and OCTS3 in striatal
and cortical astrocytes cultured from neonatal rats (Astrocytes) as well as in striatal and cortical
tissue samples of neonatal rats (Tissue). mRNA expression is normalized to the mRNA expression
of the endogenous control, 3-actin. Data are presented as mean + SEM (astrocytes: n > 6, from at
least two separate experiments, tissue: 7 > 4 from 4-6 animal tissue samples). Statistical analysis of
comparative mRNA expression of transporters between striatal and cortical astrocytes (Astrocytes),
was performed by multiple unpaired Mann-Whitney U tests with multiple testing correction two-
stage step-up (Benjamin, Kriger, and Yekutieli) to control the false discovery rate (FDR) *** p = 0.001,
ns—nonsignificant.

Apomorphine induced the greatest fold change in mRNA expression in both striatal
and cortical astrocytes of neonatal rats (Table 1). Apomorphine upregulated mRNA expres-
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sion of NET mRNA in both cortical and striatal astrocytes but had an effect only on PMAT
mRNA expression in cortical, not in striatal, astrocytes. Haloperidol and L-DOPA induced
downregulation of PMAT, but the result was statistically nonsignificant (Table 1).
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Figure 4. Inhibition of [3H]—DA uptake by GBR12909, desipramine, nortriptyline, amitriptyline,
corticosterone, and D22. Astrocytes were preincubated with various compounds for 20 min, which
was followed by a 20 min incubation with 30 nM [*H]-DA at 37 °C. Results are presented as percent
(mean + SEM) of the total [PH]-DA uptake of the control from three to four separate experiments car-
ried out in triplicates (n > 9). ICsy and pICs (calculated as the negative log of the corresponding ICs
values) of compounds inhibiting the total [PH]-DA uptake into cultured adult rat astrocytes were calcu-
lated from the corresponding inhibition curves. GBR12909: cortex: ICs5 = 2.97 £ 2.46 uM, pICsy = 5.5,
striatum: ICsp = 0.00956 + 0.00571 puM, pICsp = 8.0, desipramine: cortex IC5y = 0.0125 £ 0.0137 uM,
pICsp = 7.9, striatum: ICsp = 0.000157 £ 0.000223 uM, pICsy = 9.8; nortriptyline: cortex ns, striatum:
ICs0 = 3.5 £ 32.1 uM, pICsp = 5.5, amitriptyline: ns, corticosterone: cortex and striatum: ns, D22:
cortex—ICsp =30 + 17 uM, pICsg = 4.5, striatum—ICsg = 81 £ 235 uM, pICsp = 4.1. Statistical analysis
of the difference in DA uptake in comparison to the control was carried out using an unpaired ¢-test

with Welch control, * p < 0.05.
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Figure 5. Changes in mRNA expression of transporters NET (a,c) and PMAT (b,d) after 24 h
treatment with apomorphine, L-DOPA, and haloperidol. Data are presented relative to the expression
of endogenous control, 3-actin, as mean + SEM of at least two separate experiments ((a,b): n = 9;
(c,d): n =7). Statistical analysis was performed using One-Way ANOVA with post-hoc Dunnett’s
test (Cortex: NET: F(3,30) = 6.701, p = 0.0014, PMAT: F(3,30) = 13.88, p < 0.0001; striatum: NET:
F(3,24) = 10.98, p < 0.0001, PMAT: F(3,24) = 1.392, p = 0.2695); ** p = 0.0013, *** p < 0.001. Cell
viability of cortical (e) and striatal (f) astrocytes after 24 h treatment with various concentrations
(1, 10, 100, 150 uM) of apomorphine, L-DOPA, and haloperidol presented as percent of the control,
mean + SEM ((e): n = 16, 4 separate experiments, (f): n = 12, 3 separate experiments). Differences in
cell viability between treatments and control were determined as nonsignificant by One-Way ANOVA

with post-hoc Dunnett’s test, p > 0.05.

Table 1. Fold changes in mRNA expression of transporters PMAT and NET after 24 h treatment with
apomorphine, haloperidol, and L-DOPA. Significant (p < 0.05) fold changes in mRNA expression by
apomorphine are emphasized by bold text.

Transporter PMAT NET

Brain Region Cortex Striatum Cortex

Striatum

Fold Change

p Value

Fold Change

p Value

Fold Change

p Value

Fold Change

p Value

Control

1+04

1+05

1£02

1£03

Apomorphine

23+ 0.7

0.0008

1.3+05

0.8

45+13

0.02

3.5+ 1.0

0.03

Haloperidol

0.6+0.2

0.7

09+04

1.0

144+05

0.8

0.8+03

0.9

L-DOPA

05+£0.2

0.4

05+0.2

0.4

1.5+05

0.6

1.0+0.2

1.0

3. Discussion

In the present study, we examined the pharmacological and molecular characteristics
of DA uptake in cortical and striatal astrocytes of neonatal rats to characterize the involve-
ment of astrocytes from these two brain regions in the dopaminergic tripartite synapse.
Additionally, we examined whether mRNA expression of the observed DA uptake trans-
porters in astrocytes is sensitive to treatment with dopaminergic drugs and whether this is
brain region-dependent.
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DA uptake in cortical astrocytes of neonatal rats has been studied previously, but
there is little research concerning the characterization of striatal DA uptake, particularly
compared to the DA uptake in the cortical brain region. Research from Inazu et al. [37,38]
and Pelton et al. [60] on cortical astrocytes of neonatal rats suggest that DA uptake is
time, temperature-, concentration- and Na*-dependent as well as inhibited by ouabain,
a Na*/K*-ATPase inhibitor; however, Inazu et al. have not found the DA uptake to be
saturable at a 1 mM concentration of radiolabelled DA [38]. Similarly, Hansson et al. [61,62]
and Hosli et al. [34] reported that astrocytes do not show saturable kinetics for DA, which
they found to be Na*-independent, leading them to question the existence of a high-affinity
carrier system in astrocytes. Our results suggest, similar to the results of Inazu et al. and
Pelton et al., that both striatal and cortical astrocyte DA uptake is time-, temperature-
and concentration-dependent. In the presence of nM concentrations of DA, uptake is
significantly reduced by the absence of sodium ions, both in the uptake medium as well as
by the inhibition of the Na*/K*-ATPase by 1 mM concentration of ouabain in both brain
regions, indicating a presence of an active carrier system in astrocytes from both brain
regions. The capacity of active carrier systems, such as DAT and NET, for DA transport is
exceeded in the presence of higher concentrations of DA when the uptake 2 transporters,
such as the OCTs and PMAT, become vital, due to their high-capacity, albeit low-affinity, for
DA. Astrocytes from both brain regions display the ability to take up DA in the millimolar
range, which indicates the prominent involvement of high-capacity transporters in both
brain regions. Interestingly, striatal-specific DA uptake appears to be saturable, albeit at
high concentrations of DA in the millimolar range, whereas cortical astrocytes-specific
DA uptake appears to be nonsaturable. Based on these results, we presume astrocytes
from both brain regions possess uptake 1 and uptake 2 carrier systems. Striatal astrocyte
DA uptake is more dependent on uptake 1 transporters, whereas cortical astrocyte DA
uptake is mediated primarily by facilitated diffusion. Nonetheless, astrocytes from both
brain regions are capable of continuous DA uptake in the presence of higher concentrations
(mM) of DA. As synaptic concentrations of DA have been observed to reach the millimolar
range [63], the present study highlights the importance of astrocytes in the removal of
excess DA from the synapse as well as DA homeostasis, serving as a sort of neuronal back
up system.

To further identify which particular DA carrier system is involved in astrocyte DA
uptake, we performed qPCR analysis. The presence of the main neuronal active DA uptake
carrier system, DAT, in astrocytes has been reported by Asanuma et al. [39] in primary
striatal astrocyte cultures of neonatal rats and in primary striatal cultures of neonatal
BALB/c mice by Karakaya et al. [57]. The mRNA expression of DAT in astrocyte cultures
from both brain regions in the present study appears to be low. Interestingly, striatal
astrocytes exhibited greater mRNA expression of DAT compared to cortical astrocytes,
although the expression of DAT appeared to be more prominent in cortical, rather than
striatal neonatal rat tissue. GBR12909 inhibited striatal DA uptake but had less of an effect
on cortical DA uptake. The correlation between levels of RNA and protein products of
specific genes may vary [64]. As low mRNA levels of DAT may not reflect its protein
expression and role in astrocyte DA uptake, strong inhibition of nanomolar concentrations
of DA uptake in striatal astrocytes by DAT specific inhibitor, GBR12909, indicate its presence
in our striatal astrocyte cultures. Nonetheless, our gPCR data show a more prominent
mRNA expression of NET in astrocyte cultures from both brain regions, similar to the
results of Takeda et al., who reported only NET, and not DAT, mRNA in cortical astrocytes
of neonatal rats [24]. Its significance in both striatal and cortical astrocyte DA uptake is
supported by the significant inhibition of DA uptake by desipramine, a NET selective
inhibitor (pK; 8.1-8.7 [25,65]). Interestingly, nortriptyline, a NET selective, but less potent,
inhibitor (pKj 8.2 [66,67]) had little effect on cortical compared to striatal DA uptake. The
least potent NET inhibitor of the tricyclic antidepressants, amitriptyline, (pKi 6.5 [68])
produced only a slight inhibition of DA uptake in striatal, not cortical, astrocytes. Although
we may presume astrocyte DA uptake is mediated to some extent by NET in both brain
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regions, its role may be of greater importance in striatal than in cortical astrocytes of
neonatal rats.

Inhibition of the nonspecific uptake carriers, such as the OCTs and PMAT, was less
potent. Specifically, the sensitivity of [’H]-DA uptake to the inhibition by corticosterone,
an OCT inhibitor, was very low in astrocytes from both brain regions. Together with our
qPCR data, this suggests a low involvement of the OCTs. PMAT is relatively insensitive to
corticosterone (Ki = 450 uM [69]) but more potently inhibited by D22 than the OCTs [70]
(pKi 7.0 [33,71]). D22-induced inhibition of DA uptake at higher concentrations (around
10 uM), indicates that PMAT could be involved in astrocyte DA uptake in both striatal
and cortical astrocytes, albeit to a limited extent. Additionally, it is worth noting the effect
of desipramine on [*H]-DA uptake may be attributed to reported nonspecific inhibitory
effects of high concentrations of desipramine on other transporters, such as PMAT, which
has been shown to be inhibited by a large array of antidepressants, albeit with affinities in
the 5-200 uM range [71,72].

The overlapping expression and selectivity of monoamine neurotransmitter trans-
porters as well as transporter inhibitors pose a difficult challenge in determining the
contributions of each individual transporters in neurotransmitter uptake studies [73]. Nev-
ertheless, results of the present study indicate neonatal rat striatal and cortical astrocytes
are capable of DA uptake, mediated by similar uptake carrier systems, in the millimolar
range, which primarily relies on NET and PMAT in cortical astrocytes, and on DAT, NET
and PMAT in striatal astrocytes.

Astrocytes participate in DA homeostasis and aid in DA removal from the synapse.
Studies have shown astrocytes respond to various dopaminergic drugs [21]; however,
research on whether astrocytes may serve as a potential therapeutic target of currently
available treatment options is lacking. We used three different compounds: apomorphine,
haloperidol, and L-DOPA for the treatment of astrocyte cell cultures in the present study.
L-DOPA, a prodrug of DA administered to patients with PD, is metabolized to DA and sup-
plements the low endogenous levels of DA. L-DOPA can interact with D1 or D2 receptors
independent of its conversion to endogenous dopamine [74]. Haloperidol competitively
blocks post-synaptic D2 in the brain, eliminating DA neurotransmission and leading to the
relief of delusions and hallucinations that are commonly associated with psychosis [75].
Apomorphine is the oldest dopaminergic drug available for PD and remains the only drug
with efficacy comparable to that of L-DOPA [76]. Like L-DOPA and DA, apomorphine acts
as a potent, direct, and broad-spectrum DA agonist, activating all DA receptor subtypes,
serotonin receptors, and a-adrenergic receptors [77]. Several studies have investigated
the effects of apomorphine [56,78,79], haloperidol [50,52,54,80,81], and L-DOPA [39,82]
on astrocytes. Apomorphine has been observed to enhance the biosynthesis of multiple
trophic growth factors and is known for its ability to promote neuronal survival [56].
Haloperidol [54] and L-DOPA have been observed to induce a proinflammatory response.
Particularly, L-DOPA has been investigated from the aspect of L-DOPA-induced dyski-
nesia associated with glial activation [83,84]. DA receptor susceptibility to dopaminergic
drugs [75,85,86] as well as pathological conditions, such as hypoxia [87], have been ex-
plored by multiple studies. The role of dopaminergic drugs in astrocyte DA homeostasis
and transport is, however, underexplored. Therefore, we have investigated whether they
may affect the role of astrocytes in DA uptake, more specifically, the mRNA expression
of transporters, NET and PMAT, involved in astrocyte DA uptake. In the present study,
astrocyte mRNA expression of transporter, NET, was upregulated by treatment with apo-
morphine in astrocytes from both brain regions, whereas PMAT mRNA expression was
upregulated only in cortical, but not in striatal astrocytes. Haloperidol and L-DOPA had
no significant effect on mRNA expression of either transporter. Our findings indicate
apomorphine may induce brain region-specific changes in astrocyte DA transport.

In the present study, we confirmed that astrocytes cultivated from neonatal rat cortex
and striatum differ in the molecular and pharmacological characteristics of DA transport.
The transportation of DA into astrocytes from both brain regions depends on time, tempera-
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ture, and exposure to sodium ions and ouabain; but, only DA uptake in striatal astrocytes is
saturable and more sensitive to inhibition by desipramine and GBR12909. Astrocytes from
both brain regions express DAT, NET, PMAT, and OCTs, but only apomorphine treatment
affects their expression. Apomorphine increased the expression of NET and PMAT in
cortical astrocytes but only NET in striatal astrocytes.

Although in vitro studies are a vital step in the study of new, unexplored concepts
and areas, they inevitably pose some limitations. The prolonged lack of dopaminergic
stimulation under nonphysiological conditions may affect the expression of transporters
involved in DA uptake and may induce some changes in the characteristics of the observed
astrocyte DA uptake. Nevertheless, the findings of the present study indicate that astrocytes
from different brain regions have distinct characteristics in regard to DA homeostasis and
are sensitive to treatment with dopaminergic drugs, such as apomorphine, which may open
our horizons to potential new therapeutic targets in the treatment of neurodegenerative
diseases, such as PD, that have yet to be managed successfully.

4. Materials and Methods
4.1. Materials

All tissue culture reagents, except fetal bovine serum, which was from Cambrex IEP
GmbH (Wiesbaden, Germany), were obtained from Gibco Invitrogen (Paisley, Scotland,
UK). [*H]-DA (2220 GBq/mmol) was purchased from Perkin Elmer (Waltham, MA, USA).
The E.Z.N.A.® HP Total RNA Kit was from Omega Bio-tek (Norcross, GA, USA), and the
High Capacity cDNA Reverse Transcription Kit, TagMan Gene Expression Assays, and
TagMan® Gene Expression Master Mix were from Applied Biosystems (Carlsbad, CA, USA).
GBR12909 was from Tocris (Bristol, UK), and decynium 22 (D22), corticosterone, L-DOPA,
haloperidol, and apomorphine HCl were obtained from Sigma Aldrich (St. Louis, MO,
USA). Nortriptyline HCI, desipramine HCI, and amitriptyline HCI were purchased from
Sandoz (Cham, Switzerland). The CellTiter 96® AQueous One Solution Cell Proliferation
Assay (MTS) was obtained from Promega (Madison, WI, USA).

4.2. Animals and Primary Cell Culture Preparation

Astrocyte cell cultures were obtained from neonatal (3-day-old) rats, species Rattus
norvegicus, strain Wistar, in accordance with the Administration of the Republic of Slove-
nia for Food Safety, Veterinary and Plant Protection issue U34401-23/2022/6. This study
was approved by the National Veterinary Administration (approval numbers U34401-
20/2017/2, approval date 20 June 2017 and U34401-23/2022/6, approval date 23 December
2022). Collectively, 30 animals were sacrificed using decapitation, and all necessary mea-
sures were taken to reduce discomfort and suffering of the animals according to the 3R
principle. Astrocyte cultures were prepared as described [88,89]. Briefly, primary cultures
derived from the striatum or cerebral cortex were grown in high-glucose Dulbecco’s Modi-
fied Eagle Medium (DMEM), containing 10% FBS, 1 mM pyruvate, 2 mM glutamine, and
25 pug/mL streptomycin at 37 °C in humidified 95% air/5% CO,. To reduce the number of
contaminating microglial cells, confluent cultures were exposed to overnight shaking at
225 RPM. Medium containing detached cells was removed the next morning, and fresh
growth medium was added. The whole procedure was repeated three times. Upon reach-
ing confluence, the cells were seeded in 12-well plates and grown for an additional 3 weeks
before being used for DA uptake or qPCR experiments. For cell viability experiments, cells
were plated in 96-well plates and grown until reaching confluence (3—4 days).

4.3. Dopamine Uptake Experiments
4.3.1. Dependence of [*H]-Dopamine Uptake on Temperature, Time, and Concentration

Monolayer cultures in 12-well plates were preincubated for 30 min in the uptake buffer
(25 mM HEPES, 125 mM NaCl, 4.8 mM KCl, 1.2 mM KH,POy, 1.2 mM MgSOy, 1.4 mM
CaCly, and 5.6 mM glucose, pH 7.4) at 37 °C (total uptake) or at 4 °C (nonspecific uptake).
To determine the time-dependence of DA uptake, cultured astrocytes were incubated with
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30 nM [3H]-DA for different time intervals (0,5,10, 15, 20, 30, 45, 60 min). The concentration
dependence of DA uptake was determined by exposing cultured astrocytes to different DA
concentrations (up to 1 mM), as indicated in the Results, for 20 min. Specific DA uptake
was calculated as the difference between the total and nonspecific [P*H]-DA uptake. The
apparent uptake velocity, Vimax, was determined using the Michaelis-Menten equation.
Experiments were terminated by placing the plates on ice. [PH]-DA was removed quickly,
and the plates were washed twice with ice-cold uptake buffer without Ca?*. The cells were
subsequently lysed in 300 pL of 0.5 M NaOH. An aliquot (250 pL) of each sample was
transferred to a scintillation vial to measure the radioactivity. The amount of transported
DA was normalized to the total protein content, which was determined in the remaining
aliquots (50 pL) of each sample using the Bradford method using the Bio-Rad Protein Assay
(Hercules, CA, USA) measured with the Biotek Synergy HT Microplate Reader (Agilent,
Santa Clara, CA, USA).

4.3.2. Inhibition of [3H]—Dopamine Uptake

To determine the sensitivity of DA transport to different uptake inhibitors (corticos-
terone, D22, GBR12909, and antidepressants, nortriptyline, amitriptyline, and desipramine)
or Na*/K*-ATPase inhibitor ouabain, cultured astrocytes were first preincubated in uptake
buffer in the presence or absence of the inhibitor for 20 min at 37 °C. Astrocytes were then
exposed to 30 nM [*H]-DA for 20 min. To assess the dependency of DA uptake on the
presence of Na™*, cultured astrocytes were incubated in the normal (Na*-containing) or
Na*-free uptake buffer (125 mM NaCl in the uptake buffer was substituted with equimolar
choline chloride ((CH3)3N(C1)CH,CH,OH)) with 30 nM [*H]-DA for 20 min. Samples
were harvested and processed for measurements of radioactivity and protein content as
described above.

4.4. Quantitative Polymerase Chain Reaction (gPCR)

The total RNA from neonatal rat cortical and striatal tissue and cultured neonatal rat
cortical and striatal astrocytes was extracted using EZNA HP Total RNA kit. Cell cultures
were collected from 12-well plates, each well representing one sample, whereas striatal and
cortical brain tissue samples were collected together from multiple animals. The striatal
tissue was used whole. Due to its size, the cortical tissue was dissected into smaller sections,
and the frontal part of the cortex was used for qPCR analysis. Brain tissue samples used
for gPCR analysis were flash frozen in liquid nitrogen after excision and stored at —70 °C.
Treated and nontreated astrocyte cell cultures plated onto 12-well plates were placed on ice
and washed with sterile PBS buffer three times, which was then quickly and completely re-
moved from each well. The plates were then stored at —70 °C until the total RNA extraction
was performed. The quantity and quality of the extracted RNA was evaluated using ab-
sorbance as measured by the Biotek Synergy HT Microplate Reader on a Take3 microvolume
plate. cDNA was synthesized using 1 pg of total RNA from each sample. qPCR analysis
of cell culture samples from 12-well plates was performed in triplicates or quadruplicates,
each well representing one sample. Experiments were repeated at least twice, and the
analysis of tissue samples was performed using small sections (up to 30 mg) of previously
flash frozen tissue from 3-5 animals. qPCR was performed using TagMan Gene Expression
Assays (PMAT (SLC29A4) Rn01453824_m1, NET (SLC6A2) Rn00580207_m1, DAT (SLC6A3)
Rn00562224_m1, OCT1 (SLC22A1) (Rn00562250_m1), OCT2 (SLC22A2) (Rn00580893_m1),
OCT3 (SLC22A3) Rn00570264_m1, and $-actin (Rn00667869_m1)) according to the manu-
facturer’s instructions in the QuantStudio™ 3 System (Thermo Fisher Scientific, Carlsbad,
CA, USA). Expression of target genes was normalized to the expression of (3-actin according
to the equation [target/reference] = [EFF ¢ference CQreferencel / [EFFtarget"Cqtarget], where Cq
is the quantification cycle and EFF is the amplification efficiency (expressed as a value
between 1 and 2). EFF was determined with the LinRegPCR software (Version 2014.7) [90].
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4.5. Cell Culture Treatment and Cell Viability

Cell viability was assessed using confluent astrocyte cell cultures plated in 96-well
plates and treated with various concentrations of apomorphine, L-DOPA, and haloperidol
(from 1-150 uM) for 24 h. The cell viability was measured using the CellTiter 96™ AQueous
One Solution Cell Proliferation Assay (MTS) (Promega) according to the manufacturer’s
instructions. For the qPCR analysis, confluent three-weeks-old neonatal rat cortical and
striatal astrocyte cell cultures plated in 12-well plates were treated with 100 uM concentra-
tion of the three compounds, haloperidol, apomorphine, and L-DOPA, for 24 h, based on
cell viability experiments.

4.6. Data Analysis

The uptake experiments and qPCR experiments on cell cultures were routinely car-
ried out in triplicates or quadruplicates and each experiment was repeated at least twice.
Triplicate and quadruplicate of each experiment consisted of the number of wells (3 or 4)
used from the cell cultures plated onto 12-well plates. The total number of samples (n)
represented the total number of wells used, pooled from multiple experiments. Similarly, in
cell viability experiments, cell culture in each well plated onto 96-well plate represented one
sample. All data are presented as arithmetic means + SEM. GraphPad Prism 9.5 was used
for processing, presentation, and statistical analysis of the data. The kinetic parameters
(K and Vimax) and ICsq values were calculated using a nonlinear regression method using
the GraphPad Prism software 9.5.0. The normality of the data distribution was investigated
by the Shapiro-Wilk test. The comparison of data among groups was carried out using
ANOVA (One-Way ANOVA or Brown-Forsythe ANOVA) with Dunnett’s or Dunnett’s
T3 multiple comparisons post-hoc test. If only two groups of data were compared, the
Mann-Whitney U test, an unpaired Student’s t-test or Welch's ¢-test was used, depending
on the normality of the data distribution and the variance. All t-tests were two-tailed.
p values < 0.05 were considered statistically significant.

5. Conclusions

In conclusion, our study investigated the molecular and pharmacological features
of DA uptake in cortical and striatal astrocytes from neonatal rats, shedding light on
their distinct roles in the dopaminergic tripartite synapse. Notably, we identified time-,
temperature-, and concentration-dependent DA uptake mechanisms in both regions, with
striatal astrocytes exhibiting saturable kinetics. Our mRNA expression analysis revealed
low DAT levels but prominent NET and PMAT expression in astrocytes from both studied
brain regions. Treatment with dopaminergic drugs influenced NET and PMAT expression
differentially in cortical and striatal astrocytes.
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Abstract: Streptomyces rimosus extracellular lipase (SrL) is a multifunctional hydrolase belonging to
the SGNH family. Here site-directed mutagenesis (SDM) was used for the first time to investigate the
functional significance of the conserved amino acid residues Ser10, Gly54, Asn82, Asn213, and His216
in the active site of SrL. The hydrolytic activity of SrL variants was determined using para-nitrophenyl
(pPNP) esters with C4, C8, and C16 fatty acid chains. Mutation of Ser10, Asn82, or His216, but not
Glyb54, to Ala abolished lipase activity for all substrates. In contrast, the Asn213Ala variant showed
increased enzymatic activity for C8 and C16 pNP esters. Molecular dynamics (MD) simulations
showed that the interactions between the long alkyl chain substrate (C16) and Ser10 and Asn82
were strongest in Asn213Ala SrL. In addition to Asn82, Gly54, and Ser10, several new constituents
of the substrate binding site were recognized (Lys28, Ser53, Thr89, and Glu212), as well as strong
electrostatic interactions between Lys28 and Glu212. In addition to the H bonds Ser10-His216 and
His216-Ser214, Tyr11 interacted strongly with Ser10 and His216 in all complexes with an active
enzyme form. A previously unknown strong H bond between the catalytically important Asn82 and
Gly54 was uncovered, which stabilizes the substrate in an orientation suitable for the enzyme reaction.

Keywords: SGNH/GDSL-hydrolase; site-directed mutagenesis; catalytic residues; molecular dock-
ing; molecular dynamics; protein—substrate interactions; substrate binding site; catalytic efficiency;
Streptomyces rimosus

1. Introduction

Streptomycetes are Gram-positive mycelial bacteria that possess remarkable capacity
for the synthesis of bioactive compounds and a wide range of extracellular hydrolytic
enzymes that they use to gain nutrients by degrading a complex organic material in their
natural habitat [1,2]. Secreted enzymes that support the complex life cycle of Streptomyces
spp. have been used in various industries and agriculture [3-5]. Specifically, applica-
tions of lipases from the genus Streptomyces are related to detergent, food, cosmetics, and
pharmaceutical industries [5]. Recently, great interest has been attracted by the potential
application of Streptomyces lipases in biofuel production due to their transesterification
activity [3,6].
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Extracellular lipase from Streptomyces rimosus (SrL) is among the best characterized
streptomycetes’ lipolytic enzymes. This enzyme was first purified from the culture filtrate of
a mutant of an industrial streptomycete, S. rimosus R6-554 W, and biochemically determined
as a monomeric, basic protein that hydrolyzes triolein and pNP esters, preferring those of
medium-size (C8—C12) acyl chain length [7]. The highest lipase activity was at 50-60 °C
and in alkaline conditions (pH 9-10). Significant thermostability and pH stability was also
the property of the isolated lipase from S. rimosus. Additional biochemical study showed
that SrL possessed pronounced lipolytic activity toward various triacylglycerols and oils of
vegetable and animal origin [8]. Glycerol esters of fatty acids with medium chain length
(C8-C12) were hydrolyzed most efficiently by SrL. where primary and secondary ester
bonds were cleaved. An enzyme preference for the glycerol esters of unsaturated fatty
acids over those of C16 and C18 saturated fatty acids was observed. SrL exerted also
Tween-hydrolyzing activity with a rate comparable to that for hydrolysis of triacylglycerols
and oils [8]. Furthermore, significant thioesterase and phospholipase activity of SrL was
revealed [9]. Stability in organic solvent mixtures containing 50% ethanol, 1,4-dioxane,
acetonitrile, or acetone was shown for SrL, which also catalyzed transesterification in
n-hexane [8].

Amino acid sequencing of purified native SrL protein allowed the design of the
primers and the cloning of the corresponding gene [10]. Sequence analysis revealed protein
of 268 amino acid residues, including 34 amino acids of the signal peptide. In silico analysis
of the deduced amino acid sequence established that SrL belongs to the GDS(L) subfamily
of lipolytic enzymes of the family II [11], which have five conserved blocks (I-V) and four
invariant, catalytically important residues: Ser, Gly, Asn, and His. The first consensus
motif in block I, GDS(L), contains the putative active-site Ser and is located close to the
N-terminus, different from the GxS5xG motif found in many lipases situated near the center
of the protein sequence. The recognition of four conserved residues (Ser, Gly, Asn, and His)
in the GDS(L) subfamily led to a new designation of these enzymes as the SGNH-hydrolase
superfamily [12].

Heterologous expression of SrL. was obtained in S. lividans TK23 where maximal
lipase activity was detected in culture filtrates of the late stationary phase [13]. The crystal
structure of SrL was determined at the resolution of 1.75 A [14,15]. The mature SrL protein
comprises 234 amino acid residues and a three-layered a3 x-sandwich fold typical of the
SGNH-hydrolase superfamily formed by five parallel 3-strands surrounded by 11 x-helices
and by two 31 helices. The 3D structure of SrL is stabilized by the three disulfide bonds
and bears the closest similarity to that of the phospholipase A from S. albidoflavus (SaPLA1;
64.4% amino acid sequence identity) and the esterase from S. scabies (SsEst; 22% sequence
identity). Indeed, the crystal structure of SrL. was resolved by molecular replacement
using a homology model based on the crystal structure of SaPLA1 [16]. In the SrL active
site, analogous interactions to the ones in SsEst were observed, indicating that Ser10 and
His216 were catalytic residues. Namely, earlier reports on the crystal structures of the free
enzyme and enzyme-inhibitor complexes revealed that the S. scabies esterase active site
contains a dyad of Ser14 and His283, which closely resemble the two components of typical
Ser-His-Asp(Glu) triads of serine hydrolases, but lacks the carboxylic acid component [17].
These studies confirmed the nucleophilic role of Ser14 and identified the oxyanion hole in
SsEst. Similar to SsEst, analysis of the crystal structure of SrL did not show any charged
residue (i.e., a third residue of the typical lipase catalytic triad) in the vicinity of His216.
SaPLA1 also possesses a catalytic dyad (Ser11-His218). An additional Ser (at position 216)
is suggested to stabilize the imidazole moiety of catalytic His218 in SaPLA1.

While experimental data supported the crucial roles of Ser and His in the S. scabies
esterase active site, those for SrL are missing. Since until now no crystal structure of
SrL in complex with ligand (inhibitor or substrate) is resolved, experimental evidence
or confirmation is missing regarding the functional importance of conserved amino acid
residues indicated by structural analogy or by in silico studies [15,18]. To gain insight into
the structure—function relationship of extracellular lipase from S. rimosus, this research used
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an experimental approach based on the site-directed mutagenesis and determination of the
hydrolytic activity of purified enzyme variants for three substrates of different fatty acid
chain lengths. In addition, MD simulations were used to investigate substrate binding for
the wild-type (WT) and mutated variants of SrL.

2. Results
2.1. Selection of Mutations Predicted to Affect Enzyme Functionality

Sequence analysis placed SrL into the SGNH-hydrolase superfamily (Pfam: CL0264)
and GDSL-2 family (Pfam: PF13472) composed primarily of bacterial sequences [19]. The
crystal structure determination revealed its similarity to the 3D structures of phospholipase
Al from Streptomyces albidoflavus and esterase from Streptomyces scabies. Several biochemi-
cally well-characterized and structurally resolved enzymes belonging to the GDSL-2 family
were selected (Figure 1), and a multiple-sequence alignment was performed. Figure 1
shows the sequence conservation within the four blocks and the presence of catalytically
important residues. To question the functional importance of conserved residues Ser10,
Gly54, Asn82, and His216, belonging to blocks I, II, III, and V (Figure 1), lipase variants in
which those residues were substituted by alanine were generated. Since SGNH hydrolases
from genus Streptomyces (three out of four) did not have a highly conserved Asp in block V,
additional lipase variants Asn213Ala and Asn213Asp were prepared to investigate whether
the Asn213, a residue near the assumed catalytic His 216, influenced SrL activity.

Serl0 Gly54 Asn82 Asn213,His216
v v v vV Vv

*SrL  |Q93MW7: 39 VALEREYSSG 48 ---—- 85 ACSEAR 90 --——- 111 ITIEENN 117 ----- 247 NSYBISTANGQ 256
*SaPLAL|K0J3J2: 39 VALEIEYSSG 48 ---—- 85 ACSEAV 90 ---—- 111 LTIEENE 117 ----—- 248 DSYRISTAAGQ 257
SclL [Q9S2A5: 39 VALEEYSSG 48 —--—- 85 ACSEAR 90 ————- 111 1sIfgey 117 ----- 247 ESYRISTAAGQ 256
*SsEst |P22266: 48 VFFEIEYTAN 57 ----—- 102 SCGEAL 107 ----- 140 GSLEGYT 146 ----—- 319 WYARISNDKGR 328
*TAP  |POADAL: 31 LILEBELSAG 40 ----—- 67 SISEDT 72 --——- 94 VELEGNE 100 ----- 180 DGIFIENRDAQ 189
*TesA |QYHZYS: 25 LVVEREISAA 34 —-——- 64 SISEDT 69 --——- 91 IELEGNY 97 ----- 177 DGIEEALAAQ 186
*AnAEst |Q8YWS4: 12 CFVEBFFVNG 21 ----- 51 GIRRDT 56 —--—- 82 FSFELYE 88 ----- 179 DGVEEOAGGY 188
*MsAcT |AORS5U7: 6 LCFEEBILTWG 15 --———- 52 GLSART 57 ---——- 89 IMLETSE 95 ---——- 192 BGIFFTEANN 201
*RhAl 1Q00017: 21 YLAEBETMAK 30 —-———- 56 AVAERS 61 ————- 86 VEFEHNE 92 --———- 209 DHTHITSPAGA 218
*EstA |033407: 33 VVEEBELSDA 42 ---—- 113 AVGEYR 118 —-———- 166 ITGEGNE 172 ----- 310 DSVBISTITGQ 319
EstP [Q88QS0: 32 IVFEISLADA 41 ———-—- 100 AVGEYT 105 —---- 153 LTGEGNE 159 ----- 297 DSVBISTIAGQ 306
XVEStE|Q7X4K7: 33 VFEE@RLTDS 42 ————- 93 AAGEAR 98 --——- 136 VWGEANE 142 ----- 282 DGIRIETTATH 291

Block I Block II Block III Block V

Figure 1. Multiple sequence alignment of selected protein sequences that belong to the GDS(L)
family. Enzyme names and UniProtKB accession numbers are shown (SrL, extracellular lipase from
S. rimosus; SaPLA1, phospholipase from S. albidoflavus; Sc1L, lipase from Streptomyces coelicolor; Ss-
Est, esterase from S. scabies; TAP, thioesterase / protease /phospholipase from Escherichia coli; TesA,
lysophospholipase from Pseudononas aeruginosa; AnAEst, lipase from Nostoc sp.; MsAcT, arylesterase
from Mycolicibacterium smegmatis; RhA1, rhamnogalacturonan acetylesterase from Aspergillus aculea-
tus; EstA, esterase from Pseudomonas aeruginosa; EstP, esterase from P. putida; XvEstE, esterase from
Xanthomonas vesicatoria). The asterisk indicates an enzyme with a determined 3D structure. The
conservation of marked amino acids in the alignment is color-coded (red, 100%; green, 80%; gray,
60%). Amino acids of SrL that were changed in this study are marked with triangles. The numbers
next to the aa shown above the blocks indicate their position in mature SrL [10]. The alignment was
constructed in MAFFT [20,21] using the G-INS-1 strategy and MAFFT homologs to improve the
aligning of distantly related sequences.

2.2. The Impact of Targeted Amino Acid Mutations on Enzyme Functionality

Recombinant SrL and its mutants were produced in S. lividans TK23 and purified
to homogeneity as described in Section 4. First, it was analyzed whether the introduced
mutations led to conformational changes in the SrL variants. Structural characteristics of
purified enzyme variants together with WT lipase were evaluated by circular dichroism
(CD). As shown in Figure 2, almost identical CD spectra were obtained for all proteins, sug-
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gesting that the introduced mutations did not lead to changes in the secondary structures
of the proteins.

25,000
c N\
b 20,000 -
%D 15,000 - — WT
= — Ser10 Ala
i I, o - — His216Ala
2 € 5000 | Asn213Ala
2° — Asn213Asp
o 0 - —
s P Asn82Ala
L — =~ | — Gly54Ala
>

-10,000 ‘ ! ;

195 205 215 225 235

Wavelength / nm

Figure 2. Circular dichroism spectra of SrL and its variants.

Next, the specific activity of the purified enzymes was determined for three pNP esters
with different fatty acid chain lengths: p-nitrophenyl butyrate (pNPB; C), p-nitrophenyl
caprylate (tNPC; C8), and p-nitrophenyl palmitate (/NPP; C16). As shown in Figure 3,
hydrolytic activity of Ser10Ala, Asn82Ala, and His216Ala was abolished for all examined
substrates. The replacement of Gly54 with alanine residue decreased lipase activity with
pNPC by about 40%, while the hydrolysis of pNPP and pNPB was almost unchanged
(~10% decrease), compared with WT SrL. The substitution of Asn213 with Ala produced
an enzyme variant with significantly higher activity for pNPP (~55%) and pNPC (~29%),
while the activity toward pNPB remained unchanged in comparison with WT. The activity
of mutant Asn213Asp was moderately enhanced toward pNPB (~29%) and pNPC (~34%)
but decreased by ~35% with long acyl chain length substrate pNPP, compared with WT
(Figure 3).

Out of the three tested substrates, pPNPC was the preferred one in all active enzyme
variants: the specific activities of WT, Asn213Ala, and Gly54Ala were 797, 1026, and
467 U/mg protein, respectively. Activity toward pNPP was somewhat lower for WT and
Asn213Ala (31% and 17%, respectively), and that with pNPB was two orders of magnitude
lower than the activity toward pNPC.

2.3. Biophysical Characterization

To evaluate the thermal stability of active lipases, differential scanning calorimetry
(DSC) was used as the most direct method to obtain the melting temperature and enthalpy
of the thermal unfolding process. As organic solvents are broadly utilized in biocatalysis,
the thermal stability of WT enzyme and its active variants in buffer with the addition of 20%
DMSO (v/v) was evaluated. The results are presented in Table 1, while baseline subtracted
thermograms are shown in Figure S1. According to the obtained melting temperatures
(Table 1), the WT is the most stable enzyme form (T, 66.0 °C and 61.3 °C, without and
with DMSO, respectively), followed by Asn213Asp, Gly54Ala, and Asn213Ala (T, 62.1 °C
and 54.0 °C, respectively). In terms of molar enthalpies of the unfolding process, there
were no considerable differences between different active SrL variants. The same is true
for the measurements in the buffer with 20% DMSO. Although the molar enthalpies are
considerably lower (>80 k] /mol), when the organic solvent is present, the different lipases
show similar unfolding enthalpy values.
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Figure 3. Comparison of the enzyme activities toward pNP esters with different acyl chain lengths
(A-C). The activities are expressed relative to the specific activity of the wild type (100% =
797.40 U/mg protein for pNPC, 549.62 U/mg protein for pNPP, and 2.70 U/mg protein for pNPB)
and represent the average of three measurements. Numerical values of standard deviations (SD) are

given in Table S1.

Table 1. Melting temperatures (Tm) and molar enthalpy (A:H) of the thermal unfolding process for
WT and enzyme variants: Asn213Ala, Asn213Asp, and Gly54Ala. All proteins were measured in
phosphate buffer and buffer/DMSO mixture.

- ~i- PNPP

pNPC

pNPB

Buffer (10 mM Phosphate, 200 mM NaCl, pH 8)

SrL ¢ (mg/mL) M, (kDa) Ty (°O) A:H (kJ/mol)

WT 1 25 66.0 534.8
Asn213Ala 1 25 62.1 534.8
Asn213Asp 1 25 63.9 537.6

Gly54Ala 1 25 63.0 535.1
Buffer/DMSO (10 mM Phosphate, 200 mM NaCl, pH 8, 20% DMSO, v/v)

WT 1 25 61.3 456.7
Asn213Ala 1 25 54.0 450.5
Asn213Asp 1 25 60.0 452.1

Glyb4Ala 1 25 58.5 449.9
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2.4. Molecular Simulations

In total, more than 5 ps of MD simulations were performed to investigate whether
mutations lead to deformation of the protein conformation and to determine the binding
mode of the long fatty acid chain substrate (C16) to SrL. Since the experimental 3D structure
of an SrL-ligand complex has not yet been determined, the adaptive steered MD simula-
tions (ASMD) were combined with MD simulations to determine the substrate binding to
the active site of STL.WT SrL and its variants Gly54Ala, Asn82Ala, and Asn213Ala were
simulated both as free proteins and in complex with the long-chain substrate pNPP. The
complexes were constructed using the atomic coordinates of ligand-free SrL. and ASMD
simulations as described in Section 4.

2.5. MD Simulations of Free Enzyme Forms

Figure 4 shows an overlay of the WT with the SrL variants, indicating that the muta-
tions did not cause protein deformation. These results were in good agreement with the
circular dichroism result (Figure 2). Also, during the 300 ns of MD simulations, the structure
of WT SrL and its variants remained stable, and the RMSD values, which described the
deviation of the protein structures sampled during the simulations from the equilibrated
structure, were mostly ~1.0 A (Figure S2). According to the MM/GBSA free energy calcula-
tions of the ligand-free lipase variants (Table S2), the WT and Gly54Ala variants were the
most stable, and the Asn213Ala variant appeared to be the least stable variant during the
300 ns of MD simulations of the ligand-free proteins at 300 K. The Ser10-His216 distance
was mostly in the range of 2-4 A for all variants, although it was generally shorter for WT
SrL and its Asn213Ala variant than for the Gly54Ala and Asn82Ala variants (Figure S3).

Figure 4. Overlay of the structures of WT SrL (colored magenta) and its mutants Asn213Ala (colored
blue), Gly54Ala (colored gray), and Asn82Ala (colored green) obtained after 300 ns of MD simulations
at 300 K in water (OPC water molecules) solution.

2.6. MD Simulations of the Lipase—Substrate Complex

The web tool CAVER 3.0 (CAVER Web—tool for the analysis of tunnels and channels
in protein structures (https://caver.cz/, accessed on 17 August 2021) [22] was used to
determine the catalytic cavity in WT SrL. In addition, ASMD simulations were used to
determine the possible orientations of pNPP in the cavity (see Section 4 for details of the
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procedure). The ASMD simulations were carried out for two different initial structures, i.e.,
for two different positions of the pNPP. In one, pNPP was placed in tunnel 3 (cyan) with the
tail of the alkyl chain solvated (ASMD-T3 set), and in the other, the alkyl chain of pNPP was
placed in tunnel 1 (green) with the phenyl ring and NO, group solvated (ASMD-T1 set)
(Figure S4). The SrL-pNPP complexes obtained as a result of the ASMD simulations were
visually examined, and it was found that the orientation of pNPP in the complex obtained
starting from the structure accommodated in tunnel 1 was more suitable for hydrolysis than
the pNPP orientation in the complexes obtained starting from the alkyl chain occupying
tunnel 3. In both cases, the most suitable conformation of the ligand was in the complexes
obtained with a puling step of 0.5 A. These structures were further simulated for 100 ns
at 290 K. During the simulation of the structure from the ASMD-T3 set, pPNPP moved
away from Ser10, and most of the alkyl chain remained solvated (Figure S5). On the other
hand, pNPP from the ASMD-T1 set remained close to the initial position and was nicely
accommodated in the SrL catalytic pocket (see Figure 5) during the 100 ns of unconstrained
MD simulations. MM/GBSA binding free energies also revealed higher stability of the
complex from the ASMD-T1 set than from the ASMD-T3 set (—65.6 £ 4.2 kcal/mol vs.
—43.6 £+ 4.3 kcal/mol).

~~

Figure 5. Orientation of the ligand in the STL-pNPP complex, obtained by ASMD simulation (cyan),
for the pNPP with alkyl chain accommodated in tunnel 1 and after additional 100 ns of unconstrained
MD simulation of the solvated complex at 290 K (green). The position of Ser10 in the later structure is
shown (light gray sticks).

Before further simulations, all structures were optimized and slowly heated (0 to
290 K), and the density of the system was equilibrated as described in Section 4. Three
independent 200 ns long MD simulations were performed for each complex. With the
exception of the Asn82Ala—pNPP complex, all other complexes were stable during each
of the 200 ns of MD simulations. In the complex with N82A, pNPP migrated from the
catalytic cleft into solvent after 77 ns in one simulation and after 55 ns in the other, so
further simulations of this complex were not run. Based on the results, the stability of the
complexes during the MD simulations, and the binding free energies calculated using the
MM/GBSA [23] approach, as well as the distance between the C atom of the cleavable
bond and Oy of Serl0 (Table S3), the initial structures were selected for the following
two independent, 300 ns MD simulations (for the WT complex and the complexes with
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the variants Gly54Ala and Asn213Ala). These complexes remained stable throughout the
simulation period with RMSD values mostly below 1.5 A (two independent 300 ns long
MD simulations performed for each complex) (Figure 56), and pNPP remained close to
its initial position (Figure S7). Interestingly, helices «6 and «11 approached each other
(Figure S8), and the strong electrostatic interaction between Lys28 and Glu212 has been
established in all variants (Figure 6) with geometry that often (>60% of the simulation time)
fulfilled the conditions for hydrogen bonding. Moreover, these two residues interacted
with pNPP.

Figure 6. Interaction between Lys28 and Glu212 in the Asn213Ala—pNPP complex obtained after
300 ns of MD simulation in water (OPC water molecules) at 300 K.

To evaluate the substrate binding affinities, the MM /GBSA, MM /PBSA [24], and LIE
energies (Tables 2, S4 and S5) were calculated. Although the calculations predicted similar
binding affinities for all variants, the LIE method [25] revealed a slightly higher affinity of
pNPP for the WT protein and MM /GBSA for the Asn213Ala mutant. In this stable binding
mode, the hydrophilic ester moiety (O=C-O-Phe-NO;,) of pNPP interacted with Ser10,
Lys28, Ser53, Gly54, Asn82 (side chain), and His216, and occasionally with Glu212, while
the hydrophobic, alkyl chain interacted strongly with Tyr11, Gly81, Asn82 (backbone),
Ala84, Gly54, Phe86, Ala108 Alal67, Tyr141, Phel44, and Ile163. Significant stabilization
was also achieved by Thr89 in the complexes with the WT protein and in the complexes
with the mutants Gly54Ala and Asn213Ala. The alkyl chain was additionally stabilized
by Met90 in mutant variants (Figures S9 and S10 and Table 3). The strongest interaction
between pNPP and protein was achieved via the pNPP(O2)-Ser10(OH) hydrogen bond
(Table 3 and Figure S11). In addition to Ser10, pNPP interacted strongly with Ser53, Gly54,
Asn82, and Tyr141, forming either H bonds or strong electrostatic interactions with them
during the simulation of all complexes (Table 3). With Phe86, Tyr141, and Phel44, the
substrate had CH—m interactions during most of the simulation time (Figure 7), and with
the other amino acids mentioned above, the substrate underwent electrostatic and van der
Waals interactions that occasionally became hydrogen bonds.
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Table 2. LIE, MM/GBSA, and MM/PBSA free energy approximations for the binding of pNPP to WT
SrL and its single-point mutants Gly54Ala and Asn213Ala. The energies (kcal/mol) and standard
deviations were calculated for the sets of conformers sampled throughout the 300 ns and during
the last 100 ns of the MD simulations in water (OPC water molecules) at 300 K. MM /GBSA and
MM /PBSA energies were calculated for ionic strengths of 0 (100-300 ns) and 0.1 M at smaller intervals
and for the entire 300 ns, respectively. Values obtained by averaging values energies calculated on
structures sampled during two independent simulations of the same system are shown in bold.

SrL, Variants

and Run Method
LIE MM/GBSA MM/PBSA MM/GBSA MM/PBSA
(1-300 ns) (1-300 ns) (200-300ns)  (200-300 ns)
WT-1 —11.9 —675+42 —26.7 £3.7 —68.0+3.3 —272+41
WT-2 —13.7 —67.6 = 4.2 —29.0+41 —66.2+ 3.6 —283 +4.2
WT-average —12.8 —67.6 —27.9
Asn213Ala-1 —11.8 —69.5+3.3 —282+33 —689 +34 —282+37
Asn213Ala-2 —12.0 —68.9 + 3.5 —272+34 —69.5 +3.3 —271+35
Asn213Ala-average  —11.9 —69.2 —27.7
Gly54Ala-1 —11.3 —67.8 £3.2 —27.7+£3.0 —685+34 —275+3.0
Gly54Ala-2 —11.6 —67.1+3.6 —269 +3.3 —68.5 + 3.4 —26.4 +3.1
Glyb4Ala-average —11.5 —67.4 —27.3

Table 3. Intermolecular, PNPP—SrL hydrogen bonds during MD simulations of the complexes with
WT SrL and its mutants Asn213Ala and Gly54Ala. Indicated is the percentage of simulation time
during which a particular hydrogen bond exists. In cases where an amino acid residue interacts with
the substrate through several different H bonds, the percentage of its population may exceed 100.
The results are for the simulations are performed at 300 K solvated in OPC water.

HB Population

AA/Variant WT-1 WT-2 Asn213Ala-1  Asn213Ala-2  Gly54Ala-1  Gly54Ala-2
Ser10 179 196 184 202 153 196
Tyrll 27 27 8 10 6 11
Lys28 18 71 - - - -
Ser53 67 - 86 65 52 55
Gly54 30 52 31 26 - -
Asn82 55 19 88 88 68 90
Thr89 27 56 - - - -
Met90 - - 42 39 17 24

Tyr141 44 20 38 25 25 24

Throughout the simulation, Ser10 and His216 were properly oriented and formed
strong hydrogen bonds in all complexes. Interestingly, Tyrll, which was involved in
stabilizing the substrate, also interacted strongly with Ser10 and His216 (Figure S12).
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Figure 7. Position of pNPP in the Asn213Ala-pNPP complex after 300 ns of MD simulation in water
(OPC-water molecules) at 300 K. The amino acid residues that have close contacts (distance less than
4 A) with pNPP are indicated.

3. Discussion

The SGNH superfamily encompasses a large group of phylogenetically broadly dis-
tributed enzymes in all domains of life. The GDSL-like lipases/acylhydrolases are the most
abundant in this superfamily. Most members of this group belong to bacteria, followed by
plants and fungi [19]. Although some of them exhibit multifunctional properties, many
members have not been functionally investigated, such as in Arabidopsis, where more than
100 GDSL lipases are recognized [12,26,27].

The native extracellular SGNH/GDSL lipase of S. rimosus was previously purified
and biochemically characterized, the corresponding gene was cloned, and a high level
of heterologous expression was obtained [7,8,10,13]. In the present study, site-directed
mutagenesis was applied for the first time to investigate the function of amino acid residues
suggested to be important for its hydrolytic activity. The assumption of catalytic relevance
of Ser10, Gly54, Asn82, and His216 resulted from the primary structure analysis, which
placed SrL in the SGNH hydrolase superfamily, and from the comparison of the crystal
structure of ligand-free SrL [15] with similar 3D structures of two SGNH-hydrolyses
(esterase from S. scabies and phospholipase from S. albidoflavus) [16,17].

Our results provide experimental evidence for the crucial importance of Ser10, Asn82,
and His216 for the hydrolytic activity of SrL (Figure 3) as their substitution with Ala yielded
inactive enzyme variants. On the other hand, point mutations (Gly54 to Ala and Asn213 to
Ala) did not change the substrate selectivity of SrL. All active mutants preferred the C8
acyl chain length in pNP esters.

The activity of the His-tagged WT SrL enzyme was in very good agreement with previ-
ously reported specific activity of native SrL for pNPP (659 U/mg) and pNPC (850 U/mg) [7].
Replacement of Gly54, a conserved constituent of the block I in the SGNH family enzymes,
with alanine caused only a slight to moderate decrease (depending on the pNP substrate)
in the activity of the variant Gly54Ala compared with the WT enzyme. The GDSL protein
family has been reported to contain a significant proportion of sequences with distinct
variations in motifs that sometimes lack catalytically important residues. Such mutations
can generate pseudoenzymes or enzymes with new properties [28,29]. Natural variations
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of conserved Gly to Ala and Arg have been reported for two members of the SGNH super-
family (Figure 1), acyltransferase from Mycobacterium smegmatis [30] recently reclassified as
Moycolicibacterium smegmatis [31] and a serine hydrolase from cyanobacterium Anabaena sp.
PCC 7120, respectively. By site-directed mutagenesis it was shown that Arg54 in Anabaena
hydrolase has a role in substrate binding and catalytic activity [32].

In lipases with the catalytic triad Ser-Asp-His, the catalytic Asp is located at the
position of Asn213 of WT SrL (block V); therefore, a protein mutated at this position was
generated and analyzed. The SrL variant Asn213Asp showed slightly higher activity with
pNPB and pNPC but lower activity with pNPP compared with the WT enzyme (Figure 3).
On the other hand, the replacement of Asn213 with Ala improved the hydrolytic activity
toward the medium- and long-chain substrates pPNPC and pNPP. Although Asn213 did
not interact directly with pNPPDP, it interacted with Lys28 and, together with Ser214, with
the catalytic His216 (hydrogen bonds and electrostatically) in the MD simulations. Asn213
and Lys28 were located at turns (unstructured regions of SrL) that faced each other and
separated the catalytic part of the substrate binding pocket from the surrounding solvent.
The interactions between Lys28 and Asn213 and Glu212 consolidated and shaped the
catalytic site of SrL and ensured proper alignment of the substrate through the hydrogen
bonding network (in conjunction with strong electrostatic interactions) with the amino acid
residues of the binding site.

MD simulations showed that the interaction between pNPP and the catalytic residue
Ser10, as well as with Asn82 from the oxyanion hole, was stronger in the complex of pNPP
with Asn213Ala than in the complex with the wild-type protein.

Molecular dynamics simulations revealed the key interactions between lipase and
the long-chain pNP ester substrate, including H bonds and electrostatic interactions with
Asn82 and H bonds with Gly54 and Ser10. The observed stabilization of the substrate
carbonyl oxygen with Asn82 and Gly54 suggested that they acted as oxyanion hole residues,
stabilizing the negatively charged tetrahedral intermediates during the hydrolytic reaction.
Moreover, Asn82 (NH; group from the side chain) formed a strong H bond with the
carbonyl oxygen of Gly54 and stabilized it in the orientation suitable for the enzymatic
reaction. In addition, stable H-bonding between His216 and Ser214 was observed during
the MD simulations. Overall, our computational results emphasized the crucial importance
of Ser10, Asn82, and His216 for the catalytic activity of SrL, which was consistent with the
experimental analysis of SrL variants. The obtained results supported the hypothesis of a
variation in the active site of S. rimosus lipase [15], consisting of Ser10 and His216 but lacking
the Asp (or Glu) residue that ensured the correct orientation of the imidazole ring of His in
typical serine hydrolases. Such variation has been reported for the two SGNH hydrolases
structurally closest to SrL, S. scabies esterase and S. albidoflavus phospholipase A1l [16,17].
In addition, the molecular modeling results of our study showed previously unreported
interactions occurring within the active site of SrL lipase in the presence of substrate, thus
providing a good basis for future research on this interesting class of SGNH enzymes.

4. Materials and Methods
4.1. Bacterial Strains and Cultivation Conditions

The bacterial strains and culture media used in this study are listed in Table S6. E. coli
was cultivated at 37 °C in LB medium [33]. Streptomyces lividans TK23 was grown at 30 °C in
liquid CRM medium [34] for plasmid isolation or inoculum preparation, solid MS medium
for sporulation, solid R5 medium for protoplast regeneration, and liquid GRyd medium
for lipase production, as described previously [35,36]. When appropriate, antibiotics were
added to the media in the following final concentrations: 100 mg/mL ampicillin, 25 mg/mL
thiostreptone, and 10 mg/mL kanamycin (Sigma-Aldrich, St. Louis, MO, USA). Only to
MS medium thiostreptone was added at a concentration of 50 mg/mL.
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4.2. Cloning and Site-Directed Mutagenesis

The wild-type srl gene was amplified by PCR using forward primer srlEco, reverse
primer srlHind (Table S7), and plasmid pD]J5 as a template ([10], Table S8) according to
the procedure detailed in Supplementary Materials. The amplified 840 bp DNA fragment
was ligated into the pGEM-T vector (Promega, Madison, WI, USA), which was used to
transform E. coli XL1 cells. The recombinant plasmid, SrLpGEM, was purified from
selected transformants with a QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany),
and the sequence of the lipase gene was verified by sequencing. The plasmid, StLpGEM,
was used either to clone the srl gene into the bifunctional vector pANT849pWB19N [35]
or as a template to generate targeted mutations in the lipase gene using the site-directed
mutagenesis method [37]. Modifications introduced to this protocol are described in detail
in Supplementary Materials. The obtained SrTLpGEM constructs and pANT849pWB19N [38]
were used for the transformation of methylation-deficient E. coli GM119. Non-methylated
plasmids were digested with EcoRI and HindIIl (Fermentas, Waltham, MA, USA), and
DNA fragments (5300 bp pANT849 and 840 bp srl gene or its mutated variants) were gel
purified (QIAquick Gel Extraction Kit, Qiagen, Hilden, Germany) and ligated using T4
DNA ligase (Fermentas, Waltham, MA, USA). The ligation mixture was used to transform
Streptomyces lividans TK23 protoplasts, as described [35,36]. The recombinant plasmids,
SrLpANT, carrying the srl gene or its variants were purified from selected transformants
by an alkaline lysis procedure [36], and the presence of the srl insert was confirmed by PCR
and sequencing.

4.3. Biosynthesis and Purification of SrL Lipase Variants

The purification of His-tagged SrL lipase variants was performed according to the
protocol developed previously [35], which includes (i) growth of S. lividans-SrTLpANT in
GRyd liquid medium for ~6 days or until the extracellular lipase in the culture supernatant
showed maximum activity toward pNPP (Sigma-Aldrich, St. Louis, MO, USA), (ii) precipi-
tation of extracellular proteins with 80% ammonium sulfate and subsequent dialysis, and
(iii) purification of His-tagged lipases by Ni-NTA Agarose gravity flow chromatography
(Qiagen, Hilden, Germany). The only change compared with the described method was
the increase in imidazole (30 mM) in the washing step, which allowed the removal of non-
specifically bound proteins, thus avoiding gel filtration in the purification protocol. The
purified proteins were analyzed by SDS-PAGE, and their concentration was determined
using NanoDrop 2000 (Thermo Fisher Scientific, Fermentas, Waltham, MA, USA).

4.4. Circular Dichroism (CD) Spectrometry

Circular dichroism (CD) spectra of purified lipase variants were recorded in a range
of 235 to 195 nm by using a J-715 Spectropolarimeter (JASCO, Tokyo, Japan) at room
temperature. The concentration of the samples was ~0.5 mg/mL (in 10 mM phosphate
buffer pH 6.8, 0.2 M NaCl).

4.5. Enzyme Activities

Lipase activity was measured spectrophotometrically at room temperature (22 °C)
by monitoring the release of pNP from three different substrates: pNPP, pNPC, and pNPB.
Enzymatic reaction with buffered pNPP or pPNPC emulsion was performed as described
previously [35]. The reaction mixture was created by mixing a substrate stock solution in
dioxane and buffer (50 mM Tris-HCl pH 8, 5 mM sodium deoxycholate) to a final substrate
concentration of 0.33 mM pNPP or 0.36 mM pNPC and 2.5% dioxane (v/v). The hydrolysis
of pNP esters was initiated by adding 10 uL of the enzyme (0.01 mg/mL) into 1 mL of the
reaction mixture. The catalytic activity of lipase toward pNPP and pNPC was measured at
410 nm by UV /Visible Varian Cary 100 Bio spectrophotometer. The spontaneous hydrolysis
of each of the substrates was also examined. A similar protocol was used for pNPB, except
that the hydrolysis was carried out at pH 7.2. The substrate concentration in the reaction
mixture was 1 mM, and the dioxane concentration was 1% (v/v). Enzyme reactions were
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started by adding 10 pL of 1 mg/mL enzyme into a 1 mL reaction mixture. One unit (1U)
of lipase activity was defined as the amount of enzyme needed to liberate 1 pmol of pNP
per minute at the assay conditions.

4.6. Enzyme Stability Measurements

Thermal stability measurements of SrL and its active variants (Asn213Ala, Asn213Asp,
and Gly54Ala) were completed in a Nano-DSC (TA Instruments, Waters Corporation,
New Castle, DE, USA) differential scanning microcalorimeter. Samples were prepared by
diluting the purified protein to a concentration of 1 mg/mL in buffer (10 mM phosphate
buffer, 200 mM NaCl, pH 8) and buffer/DMSO mixtures (20% DMSO, v/v), followed by
degassing for 15 min on a degassing station (TA Instruments, Waters Corporation, New
Castle, DE, USA). The working volume of the calorimeter was 300 pL, and the thermal
cycle was performed with a 60 s equilibration time in the temperature range of 10-90 °C
at a scan rate of 1 °C/min. The buffer-buffer and buffer/20% DMSO-buffer/20% DMSO
thermal scans were subtracted from the protein measurements. The results were assessed
with Nano Analyze software, 3.11.0 (TA Instruments, Waters Corporation, New Castle, DE,
USA), and thermal unfolding characteristics (T,—melting temperature, AH—enthalpy)
were evaluated.

4.7. Selection of the Crystallographically Determined Structure of SrL for Molecular Modeling and
Parameterization of the System

The crystallographically determined structure of SrL, PDB_id 5SMAL, was used as
the initial structure for our molecular modeling study. The asymmetric unit comprised
two monomeric SrL. molecules, A and B, which did not reveal significant conformational
differences: the secondary structural elements overlapped well (RMSD of 0.54 A). For the
molecular modeling study, molecule A was utilized. The structure showed two possible
orientations of the amino acid residues Ser129, GIn135, and Glu212. Orientation A was
chosen for Ser129 and GIn135 because in this orientation they had more stable interactions
with the rest of the protein, whereas for Glu212 both orientations were studied, orientation A
with Cax-CB-Cy-Co equal to —96.5° and orientation B with Cax-Cp-Cy-Co equal to —63.7°.

The SrL structure had six Cys residues all connected by disulfide bonds. In the
model, all Arg and Lys residues were positively charged (+1e), while Glu and Asp residues
were negatively charged (le), as expected under physiological (experimental) conditions.
According to their ability to form hydrogen bonds with surrounding residues, His residues
42,195, and 216 were protonated at N9o, and His181 and His205 were protonated at Ne.
Parameterization was performed using the FF19SB force field [39] for protein and the
compatible GAFF2 force field [40] for ligand. The AM1-BCC atomic charges [41] were
assigned to the ligand. The mutated proteins, Gly54Ala, Asn82Ala, and Asn213Ala, were
prepared using tleap, a basic preparation program for Amber simulations available within
the AMBER?20 package (http:/ /ambermd.org, accessed on 20 August 2021). Proteins and
protein—substrate complexes were neutralized with Na* ions and solvated in an octahedral
box filled with OPC water molecules [42] recommended for use with the ff19SB force field.
The minimum distance between the solvated complex and the edge of the box was 11 A.
The solvated systems were minimized, followed by heating, density equalization, and
productive MD simulations.

4.8. MD Simulations Details

All simulations were carried out using the AMBER20 suite of programs [43,44]. The
minimization of the prepared systems (ligand-free protein variants and their complexes
with pNPP) was performed in three cycles. In the first cycle of optimization (1500 steps),
water molecules were relaxed, while the rest of the system was harmonically restrained
with a force constant of 32 kcal mol~! A=2; in the second cycle (3500 steps), the protein
backbone atoms were restrained with a force constant of 12 kcal mol~! A~2; and in the
third cycle (2500 steps), the system was completely relaxed. The energy-optimized system
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was heated in three steps (from 0 to 100 K, from 100 K to 200 K, and from 200 K to 300 K)
(each interval 10 ps) using the NVT ensemble and the time step of 0.5 fs, followed by 3 ns of
density equilibration (NPT ensemble and the time step of 1 fs). The two independent MD
simulations of 300 ns duration were performed for the ligand-free protein variants, and
for their complexes with pNPP, obtained by Docking, three independent MD simulations
(each 200 ns long) were performed (see below). For each complex of the variant the most
stable structure obtained during these 200 ns long MD simulations was selected, and its
two replicas were simulated for an additional 300 ns. During productive MD simulations,
the time step was 2 fs, and the SHAKE algorithm was used to constrain covalent bonds
with hydrogen atoms. The pressure was maintained at 1 atm with a pressure relaxation
time of 1 ps using the Berendsen barostat [45], while the system temperature was kept
constant at 300 K with a collision frequency of 5 ps~!, using the Langevin thermostat [46].
Simulations were performed using periodic boundary conditions (PBCs) with a cutoff
of 11 A, while the particle mesh Ewald (PME) method was used to calculate long-range
electrostatic interactions.

4.9. Elucidation of the Binding of pNPP to SrL Using Adaptive Steered MD Simulations (ASMD)

For binding of the substrate (¢vNPP) to the active site of lipase, we performed ASMD
simulations. In ASMD, an external force is applied to the selected reaction coordinate to
allow the system to move in the desired direction during simulations of MD [47,48]. The
average nonequilibrium work exerted on the system during ASMD is referred to as the
potential of mean force (PMF) and, according to the Jarzynski equation, reflects the relative
free energy of binding (AG) [49]. ASMD simulations are useful for investigating possible
pathways for ligand binding and release to macromolecules but can also be used to tune
ligand binding into the active site of an enzyme if the active site is known.

Experimental study on SrL combined with previous computational studies on SrL
showed that Ser10 and His216 make the catalytic dyad responsible for ester hydrolysis
in SrL and that acyl chains most probably bind in the hydrophobic tunnel and in the
hydrophobic “gorge” [15,18]. The starting point for our ASMD simulations was a fully
solvated system consisting of the optimized and equilibrated structure of the ligand-free
protein variant with the ligand (pNPP) in the extended conformation manually placed in
the hydrophobic pocket with the C atom of the scissile C-O(R) bond about 6 A away from
Ser10. Three series of ASMD simulations were performed; in one of them, the velocity of
the substrate pooling into the proposed binding funnel was 2.1 A /ns, and in two ASMD
simulations it was 0.5 A /ns (during the simulations, C16 was pooled toward Oy(Ser10)).
Each of the ASMD simulations was performed in seven steps.

The obtained complexes were minimized, heated, and density equilibrated, and three
independent 200 ns long productive MD simulations were performed for each complex (a
detailed description of the procedure is given in Supplementary Materials). The ASMD
simulations as the following productive MD simulations were performed using the TIP3P
water model. The structure for which the lowest binding free energy was determined was
used as a starting point for 300 ns long MD simulation with OPC water molecules. For this
purpose, the system was reparameterized using the OPC water box, and after minimization
and equilibration (the procedure equivalent to that used for the ligand-free enzyme), a
300 ns long MD productive simulation was performed.

4.10. MM/PBSA and MM/GBSA Calculations

The substrate binding MM /PBSA and MM/GBSA energies were obtained using
the MM/PBSA py script as implemented in the AMBER20 program [43]. MM/GBSA
calculations were performed using “igb = 5” [23]. MM /GBSA energies were calculated on
20 ns long intervals sampled throughout the trajectories sampled during three independent
200 ns long productive MD simulations. For the final trajectory obtained during 300 ns
of productive MD simulations, both MM /GBSA and the MM /PBSA [24] energies were
calculated for the structures sampled during the intervals 80-100 ns, 180-200 ns, 280-300 ns,
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100-300 ns, and 1-300 ns using the single-trajectory approach. To test the influence of
the frequency of sampling on the results, we performed a few calculations using both
100 and 1000 structures. Since the difference was negligible, all other calculations were
performed using 100 structures and, in the case of the 1-300 ns interval, 150 structures.
The MM/PBSA calculations were performed using a salt concentration of 0.1 M. The
dielectric constants were 80.0 for the solvent (water) and 2.0 for the solute. The polar
component of the enthalpy of solvation was calculated by the Poisson-Boltzmann method,
and the nonpolar component was determined by AHponpo1 = YSASA + 3, where the solvent
accessible surface area (SASA) was calculated using the MolSurf program [50].

4.11. Data Analysis

To trace the conformational space spanned by the SrL structures during the MD
simulations and to determine the amino acid residues that most strongly stabilized the
binding of pNPP, a series of analyses were performed. Detailed analyses of the geometry,
the population of intermolecular hydrogen bonds, and LIE calculations (linear interaction
energy approach introduced by Aqvist at al. [25]) were performed using the CPPTRA]
module of the AmberTools program package [43]. LIE calculations were performed using
cutoff values 9 A and 11 A, for Van der Waals and electrostatic energy calculations.

5. Conclusions

The site-directed mutagenesis, performed for the first time on conserved residues
in the active site of the SGNH lipase from S. rimosus, confirmed the essential importance
of Ser10, Asn82, and His216, while Gly54 could be substituted by Ala without a signifi-
cant decrease in hydrolytic activity. The replacement of Asn213 with Ala increased SrL
activity, suggesting that SDM can improve the function of this enzyme. MD simulations
identified the key interactions between the lipase and the long-chain substrate (yNPP).
In addition, a previously unrecognized H bond Asn82-Gly54 and a strong electrostatic
interaction between Lys28 and Glu212 were uncovered in the enzyme-substrate complexes,
the significance of which should be investigated for catalysis.

Supplementary Materials: The supporting information can be downloaded at https:/ /www.mdpi.
com/article/10.3390/ijms25010595/s1.

Author Contributions: Conceptualization, M.A., S.T. and D.V,; formal analysis, M.A., S.T., .C. and
D.V,; investigation, Z.F,AB,ES, M.C., 1C.and S.T; writing the first version, M. A.; writing—review
and editing, M.A., S.T., A.B. and D.V. with input of all the authors; visualization, S.T., L.C., Z.F,AB.,
ES., M.C.and D.V; supervision, M.A. and D.V,; funding acquisition, D.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This work is supported by the Croatian Government and the European Union through the
European Regional Development Fund—the Competitiveness and Cohesion Operational Programme:
Project KK.01.1.1.01.0002 granted to The Scientific Centre of Excellence for Bioprospecting—BioProCro.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and supplementary material.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Chater, K.F; Biro, S.; Lee, K.J.; Palmer, T.; Schrempf, H. The Complex Extracellular Biology of Streptomyces: Review Article.
FEMS Microbiol. Rev. 2010, 34, 171-198. [CrossRef]

2. Morosoli, R.; Shareck, F.; Kluepfel, D. Protein Secretion in Streptomycetes. FEMS Microbiol. Lett. 1997, 146, 167-174. [CrossRef]

3. Spasic, J.; Mandic, M.; Djokic, L.; Nikodinovic-Runic, J. Streptomyces spp. in the Biocatalysis Toolbox. Appl. Microbiol. Biotechnol.
2018, 102, 3513-3536. [CrossRef]

4. Olanrewaju, O.S.; Babalola, O.O. Bacterial Consortium for Improved Maize (Zea mays L.) Production. Microorganisms 2019, 7, 519.
[CrossRef]

163



Int. J. Mol. Sci. 2024, 25, 595

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kumar, M.; Kumar, P;; Das, P.; Solanki, R.; Kapur, M.K. Potential Applications of Extracellular Enzymes from Streptomyces spp. in
Various Industries. Arch. Microbiol. 2020, 202, 1597-1615. [CrossRef]

Cho, S.S.; Park, D.J.; Simkhada, J.R.; Hong, J.H.; Sohng, J.K.; Lee, O.H.; Yoo, J.C. A Neutral Lipase Applicable in Biodiesel
Production from a Newly Isolated Streptomyces sp. CS326. Bioprocess Biosyst. Eng. 2011, 35, 227-234. [CrossRef]

Abrami¢, M.; Les¢i¢, L; Korica, T.; Vitale, L.; Saenger, W.; Pigac, J. Purification and Properties of Extracellular Lipase from
Streptomyces rimosus. Enzym. Microb. Technol. 1999, 25, 522-529. [CrossRef]

Lesci¢, I.; Vukeli¢, B.; Majerié-Elenkov, M.; Saenger, W.; Abramié, M. Substrate Specificity and Effects of Water-Miscible Solvents
on the Activity and Stability of Extracellular Lipase from Streptomyces rimosus. Enzym. Microb. Technol. 2001, 29, 548-553.
[CrossRef]

Les¢i¢ Asler, L; Ivi¢, N.; Kovaci¢, F,; Schell, S.; Knorr, J.; Krauss, U.; Wilhelm, S.; Koji¢-Prodi¢, B.; Jaeger, K.E. Probing Enzyme
Promiscuity of SGNH Hydrolases. ChemBioChem 2010, 11, 2158-2167. [CrossRef] [PubMed]

Vujaklija, D.; Schroder, W.; Abrami¢, M.; Zou, P.; Les¢i¢, I.; Franke, P.; Pigac, ]. A Novel Streptomycete Lipase: Cloning, Sequencing
and High-Level Expression of the Streptomyces rimosus GDS(L)-Lipase Gene. Arch. Microbiol. 2002, 178, 124-130. [CrossRef]
Arpigny, J.L.; Jaeger, K.E. Bacterial Lipolytic Enzymes: Classification and Properties. Biochem. J. 1999, 343, 177-183. [CrossRef]
Akoh, C.C; Lee, G.C; Liaw, Y.C.; Huang, T.H.; Shaw, ].E. GDSL Family of Serine Esterases/Lipases. Prog. Lipid Res. 2004, 43,
534-552. [CrossRef]

Vujaklija, D.; Abrami¢, M.; Les¢i¢, 1.; Marsi¢, T.; Pigac, ]J. Streptomyces rimosus GDS(L) Lipase: Production, Heterologous
Overexpression and Structure-Stability Relationship. Food Technol. Biotechnol. 2003, 41, 89-93.

Lesci¢ Asler, I; Pigac, J.; Vujaklija, D.; Lui¢, M.; Stefani¢, Z. Crystallization and Preliminary X-Ray Diffraction Studies of a
Complex of Extracellular Lipase from Streptomyces rimosus with the Inhibitor 3,4-Dichloroisocoumarin. Acta Crystallogr. Sect. F
Struct. Biol. Cryst. Commun. 2011, 67, 1378-1381. [CrossRef]

Lesci¢ Agler, 1.; Stefani¢, Z.; Margavelski, A.; Vianello, R.; Koji¢-Prodié¢, B. Catalytic Dyad in the SGNH Hydrolase Superfamily:
In-Depth Insight into Structural Parameters Tuning the Catalytic Process of Extracellular Lipase from Streptomyces rimosus. ACS
Chem. Biol. 2017, 12, 1928-1936. [CrossRef]

Murayama, K.; Kano, K.; Matsumoto, Y.; Sugimori, D. Crystal Structure of Phospholipase A1l from Streptomyces albidoflavus
NA297. J. Struct. Biol. 2013, 182, 192-196. [CrossRef]

Wei, Y.; Schottel, ].L.; Derewenda, U.; Swenson, L.; Patkar, S.; Derewenda, Z.S. A Novel Variant of the Catalytic Triad in the
Streptomyces scabies Esterase. Nat. Struct. Biol. 1995, 2, 218-223. [CrossRef]

Marsavelski, A.; Sablji¢, I.; Sugimori, D.; Koji¢-Prodi¢, B. The Substrate Selectivity of the Two Homologous SGNH Hydrolases
from Streptomyces Bacteria: Molecular Dynamics and Experimental Study. Int. J. Biol. Macromol. 2020, 158, 222-230. [CrossRef]
Anderson, A.C.; Stangherlin, S.; Pimentel, K.N.; Weadge, ]J.T.; Clarke, A.J. The SGNH Hydrolase Family: A Template for
Carbohydrate Diversity. Glycobiology 2022, 32, 826-848. [CrossRef]

Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT Online Service: Multiple Sequence Alignment, Interactive Sequence Choice and
Visualization. Brief. Bioinform. 2018, 20, 1160-1166. [CrossRef]

Kuraku, S.; Zmasek, C.M.; Nishimura, O.; Katoh, K. ALeaves Facilitates On-Demand Exploration of Metazoan Gene Family Trees
on MAFFT Sequence Alignment Server with Enhanced Interactivity. Nucleic Acids Res. 2013, 41, W22-W28. [CrossRef] [PubMed]
Chovancova, E.; Pavelka, A.; Benes, P; Strnad, O.; Brezovsky, J.; Kozlikova, B.; Gora, A.; Sustr, V.; Klvana, M.; Medek, P; et al.
CAVER 3.0: A Tool for the Analysis of Transport Pathways in Dynamic Protein Structures. PLoS Comput. Biol. 2012, 8, €1002708.
[CrossRef] [PubMed]

Anandakrishnan, R.; Drozdetski, A.; Walker, R.C.; Onufriev, A.V. Speed of Conformational Change: Comparing Explicit and
Implicit Solvent Molecular Dynamics Simulations. Biophys. J. 2015, 108, 1153-1164. [CrossRef] [PubMed]

Swanson, ].M.].; Henchman, R.H.; McCammon, J.A. Revisiting Free Energy Calculations: A Theoretical Connection to MM/PBSA
and Direct Calculation of the Association Free Energy. Biophys. |. 2004, 86, 67-74. [CrossRef] [PubMed]

Aqvist, ].; Medina, C.; Samuelsson, J.E. A New Method for Predicting Binding Affinity in Computer-Aided Drug Design. Protein
Eng. Des. Sel. 1994, 7, 385-391. [CrossRef] [PubMed]

Xiao, C.; Guo, H.; Tang, J.; Li, J.; Yao, X.; Hu, H. Expression Pattern and Functional Analyses of Arabidopsis Guard Cell-Enriched
GDSL Lipases. Front. Plant Sci. 2021, 12, 748543. [CrossRef]

Lai, C.P,; Huang, L.M.; Chen, L.F.O.; Chan, M.T.; Shaw, ].F. Genome-Wide Analysis of GDSL-Type Esterases/Lipases in Arabidopsis.
Plant Mol. Biol. 2017, 95, 181-197. [CrossRef]

Eyers, P.A.; Murphy, ].M. The Evolving World of Pseudoenzymes: Proteins, Prejudice and Zombies. BMC Biol. 2016, 14, 98.
[CrossRef]

Bidin, S.; Vujaklija, I.; Paradzik, T.; Bielen, A.; Vujaklija, D. Leitmotif: Protein Motif Scanning 2.0. Bioinformatics 2020, 36, 35663567 .
[CrossRef]

Mathews, I; Soltis, M.; Saldajeno, M.; Ganshaw, G.; Sala, R.; Weyler, W.; Cervin, M.A.; Whited, G.; Bott, R. Structure of a Novel
Enzyme That Catalyzes Acyl Transfer to Alcohols in Aqueous Conditions. Biochemistry 2007, 46, 8969—-8979. [CrossRef]
Dovbnya, D.V,; Bragin, E.Y.; Ivashina, T.V.; Donova, M.V. Draft Genome Sequence of Mycolicibacterium smegmatis VKM Ac-1171
Contains Full Set of Sterol Catabolic Genes. Microbiol. Resour. Announc. 2022, 11, e0077222. [CrossRef] [PubMed]

Bakshy, K.; Gummadi, S.N.; Manoj, N. Biochemical Characterization of Alr1529, a Novel SGNH Hydrolase Variant from Anabaena
sp. PCC 7120. Biochim. Biophys. Acta (BBA)-Proteins Proteomics 2009, 1794, 324-334. [CrossRef] [PubMed]

164



Int. J. Mol. Sci. 2024, 25, 595

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Labortaroy Manual; Cold Spring Harbor Laboratory Press: New York,
NY, USA, 1989; Volume 68, ISBN 0879695773.

Pigac, J.; Schrempf, H. A Simple and Rapid Method of Transformation of Streptomyces rimosus R6 and Other Streptomycetes by
Electroporation. Appl. Environ. Microbiol. 1995, 61, 352-356. [CrossRef] [PubMed]

Bielen, A.; Cetkovi¢, H.; Long, P.E; Schwab, H.; Abrami¢, M.; Vujaklija, D. The SGNH-Hydrolase of Streptomyces coelicolor Has
(Aryl)Esterase and a True Lipase Activity. Biochimie 2009, 91, 390-400. [CrossRef] [PubMed]

Kieser, T.; Bibb, M.].; Buttner, M.].; Chater, K.F.; Hopwood, D.A. Practical Streptomyces Genetics; The John Innes Foundation:
Norwich, England, 2000.

Xiao, Y.-H.; Yin, M.-H.; Hou, L.; Luo, M.; Pei, Y. Asymmetric Overlap Extension PCR Method Bypassing Intermediate Purification
and the Amplification of Wild-Type Template in Site-Directed Mutagenesis. Biotechnol. Lett. 2007, 29, 925-930. [CrossRef]
[PubMed]

DeSanti, C.L.; Strohl, W.R. Characterization of the Streptomyces sp. Strain C5 Snp Locus and Development of Snp-Derived
Expression Vectors. Appl. Environ. Microbiol. 2003, 69, 1647-1654. [CrossRef] [PubMed]

Tian, C.; Kasavajhala, K.; Belfon, K.A.A.; Raguette, L.; Huang, H.; Migues, A.N.; Bickel, J.; Wang, Y.; Pincay, J.; Wu, Q.; et al.
Ff19SB: Amino-Acid-Specific Protein Backbone Parameters Trained against Quantum Mechanics Energy Surfaces in Solution.
J. Chem. Theory Comput. 2020, 16, 528-552. [CrossRef] [PubMed]

He, X;; Man, VH.; Yang, W.; Lee, T.S.; Wang, J. A Fast and High-Quality Charge Model for the next Generation General AMBER
Force Field. . Chem. Phys. 2020, 153, 114502. [CrossRef]

Jakalian, A.; Jack, D.B.; Bayly, C.I. Fast, Efficient Generation of High-Quality Atomic Charges. AM1-BCC Model: II. Parameteriza-
tion and Validation. J. Comput. Chem. 2002, 23, 1623-1641. [CrossRef]

Izadi, S.; Anandakrishnan, R.; Onufriev, A.V. Building Water Models: A Different Approach. |. Phys. Chem. Lett. 2014, 5,
3863-3871. [CrossRef]

Case, D.A.; Belfon, K.; Ben-Shalom, 1.Y.; Brozell, S.R.; Cerutti, D.S.; Cheatham, T.E., III; Cruzeiro, V.W.D.; Darden, T.A.; Duke, R.E.;
Giambasu, G.; et al. AMBER 2020; University of California: San Francisco, CA, USA, 2020.

Salomon-Ferrer, R.; Case, D.A.; Walker, R.C. An Overview of the Amber Biomolecular Simulation Package. Wiley Interdiscip. Rev.
Comput. Mol. Sci. 2013, 3, 198-210. [CrossRef]

Berendsen, H.J.C.; Postma, ].P.M.; Van Gunsteren, W.F,; Dinola, A.; Haak, ].R. Molecular Dynamics with Coupling to an External
Bath. J. Chem. Phys. 1984, 81, 3684-3690. [CrossRef]

Loncharich, R.J.; Brooks, B.R.; Pastor, R.W. Langevin Dynamics of Peptides: The Frictional Dependence of Isomerization Rates of
N-acetylalanyl-N’-methylamide. Biopolymers 1992, 32, 523-535. [CrossRef] [PubMed]

Ozer, G.; Valecv, EF; Quirt, S.; Hernandez, R. Adaptive Steered Molecular Dynamics of the Long-Distance Unfolding of
Neuropeptide Y. J. Chem. Theory Comput. 2010, 6, 3026-3038. [CrossRef] [PubMed]

Ozer, G.; Keyes, T.; Quirk, S.; Hernandez, R. Multiple Branched Adaptive Steered Molecular Dynamics. J. Chem. Phys. 2014, 141,
064101. [CrossRef]

Jarzynski, C. Nonequilibrium Equality for Free Energy Differences. Phys. Rev. Lett. 1997, 78, 2690-2693. [CrossRef]

Connolly, M.L. Analytical Molecular Surface Calculation. |. Appl. Crystallogr. 1983, 16, 548-558. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

165



International Journal of

7
Molecular Sciences ﬂ“\D\Py

Article
Discovery and Visualization of the Hidden Relationships among
N-Glycosylation, Disulfide Bonds, and Membrane Topology

Manthan Desai "2, Amritpal Singh 2, David Pham 2, Syed Rafid Chowdhury 2 and Bingyun Sun /3-*

Department of Molecular Biology and Biochemistry, Simon Fraser University, Burnaby, BC V5A 156, Canada;
manthan_desai@sfu.ca

Department of Computing Science, Simon Fraser University, Burnaby, BC V5A 156, Canada;
aamritpa@sfu.ca (A.S.); ddkpham@gmail.com (D.P.); rafid_haider@sfu.ca (S.R.C.)

Department of Chemistry, Simon Fraser University, Burnaby, BC V5A 156, Canada

Correspondence: bingyun_sun@sfu.ca

Abstract: Membrane proteins (MPs) are functionally important but structurally complex. In particular,
MPs often carry three structural features, i.e., transmembrane domains (TMs), disulfide bonds (SSs),
and N-glycosylation (N-GLYCO). All three features have been intensively studied; however, how
the three features potentially correlate has been less addressed in the literature. With the growing
accuracy from computational prediction, we used publicly available information on SSs and N-
GLYCO and analyzed the potential relationships among post-translational modifications (PTMs)
and the predicted membrane topology in the human proteome. Our results suggested a very close
relationship between SSs and N-GLYCO that behaved similarly, whereas a complementary relation
between the TMs and the two PTMs was also revealed, in which the high SS and/or N-GLYCO
presence is often accompanied by a low TM occurrence in a protein. Furthermore, the occurrence
of SSs and N-GLYCO in a protein heavily relies on the protein length; however, TMs seem not to
possess such length dependence. Finally, SSs exhibits larger potential dynamics than N-GLYCO,
which is confined by the presence of sequons. The special classes of proteins possessing extreme or
unique patterns of the three structural features are comprehensively identified, and their structural
features and potential dynamics help to identify their susceptibility to different physiological and
pathophysiological insults, which could help drug development and protein engineering.

Keywords: post-translational modifications; transmembrane domains; N-glycosylation; disulfide
bonds; membrane protein topology; endoplasmic reticulum; protein structure and function

1. Introduction

Membrane proteins (MPs) are a vital component of the cellular proteome. This class
of proteins constitutes close to 30% of the proteome and functions in many critical cellular
processes, such as solute and ion transport, cell-cell interactions, adhesion, and signal
transduction [1]. Therefore, MPs account for more than 60% of drug targets [2] and are
frequently used as diagnostic markers for various diseases.

The topology and folding of MPs are key to their functions due to a strong correlation
between them [3]. The arrangement of structural elements such as alpha helices, beta
strands, and loops across the lipid bilayer heavily influences protein functions such as ion
transport and signal transduction. Protein topology and folding can dictate the location
of the protein active sites, thereby modulating its accessibility to ligands, ions, and other
proteins [4]. Topology can also influence conformational changes that typically occur in MP
functional cycles [5]. Most MPs perform their functions ranging from small movements
within the transmembrane (TM) regions to large interdomain movements involving multi-
ple other proteins. Therefore, understanding the link between topology and conformations
can be key to interpreting protein functions.
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The unique properties of membrane topology, folding, expression, and cellular local-
ization render MPs technically challenging to study. The low solubility, low expression, and
high PTMs have prevented highly informative X-ray and NMR structural analyses [6,7]
of these proteins. The dynamic nature and complex topogenic signals, such as protein—
substrate and protein-lipid interactions as well as cell signaling-regulated PTMs, introduce
ample variability in topology formation. In addition, translocon dynamics further compli-
cate topology development, because many accessory factors of translocon only transiently
or sub-stoichiometrically associate with the core machinery [8]. As a result, polypep-
tides with identical sequences can span the membrane differently in a concept known as
topological heterogeneity [9].

To overcome the challenges in the experimental determination of MP topology and
structure, computational algorithms such as machine learning (ML) have been developed
to predict these features. Formally, ML is defined as the automated obtaining of patterns
and correlations from data using complex but efficient algorithms [10]. In the scope of
transmembrane topology, the latest ML models excel in predicting transmembrane protein
segments by analyzing sequence, hydrophobicity patterns, and structural features. A major
benefit of ML models in this field is their throughput, which allows for the structural
interpretation of the entire MP class.

ML models have experienced several generations of evolution, from the early ones
developed by Jack Kyte and Rusell Doolittle in 1981 [11] to the dense alignment surface
(DAS) method that appeared in 1997 [12] and the support vector machine (SVM) model in
the 2000s [13]. The previously best-performing prediction used the hidden Markov model
(HMM) developed by Anders Krogh et al., in 2001 [14]. Neural networks were applied to
MP structural prediction in the 1990s [15]. With recent developments in both hardware and
computing software, neural networks have been revived and have advanced numerous
data-driven research fields. Krogh et al., recently applied deep learning in a neural network
to optimize TMHMM and resolved Deep TMHMM, which achieved the highest accuracy
in the prediction of TM protein topology so far [16] and recognizes signal peptides and
beta-barrels in MPs. It is foreseeable that the future structural challenges in MPs will lie in
the discovery of their dynamics (i.e., conformational changes) when interacting with their
binding partners and/or upon environmental insults.

In addition to TMs, growing evidence has pinpointed that PTMs are critical in main-
taining membrane protein topology and structure. For example, via proteolytic cleavage or
the addition of structural- or charge-modifying groups to one or more residues, the topol-
ogy of MPs can be altered [17]. The most common PTMs in MPs are disulfide bridges (SSs)
and N-linked glycosylation (N-GLYCO) bonds. The former forms between thiol groups in
two cysteine residues intramolecularly or intermolecularly, and the latter typically forms
on sequons [17] even though atypical N-GLYCO is frequently observed [18]. Both PTMs
have compartment specificity. Their location can be used to determine the topology of
MPs [19].

With the large amount of structural information available at the human proteome level,
we performed a series of statistical analyses with a particular focus on SSs and N-GLYCO
acquired from the UniProt database in conjunction with membrane topology predicted by
Deep TMHMM. The reason to choose these three structural features for analysis is because
all of them are chiefly formed in the ER. Membrane insertion of TMs mainly depends on
the lateral exit through translocon in the ER membrane [8], which also complexes with
the N-GLYCO machinery—oligosaccharyl transferase (OST) [20]. An important paralog
to the catalytic enzyme STT3A in OST is STT3B, which has oxidoreductase activity that
can form mixed disulfide bonds with target proteins through its components MAGT1 or
TUSC3 [20,21]. In addition, a number of ER-resident glycoenzymes and glycochaperons
also form complexes with thiol-disulfide oxidoreductases or carry oxidoreductive activity
themselves [22,23]. We therefore hypothesize that a close relationship may exist among
these structural features.
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The analyses allowed us to discover several hidden relationships among SSs, N-
glycans, and TMs, including the correlation between their occurrence with protein length
and their relative location in a protein. Functional enrichment analyses further revealed
important protein classes that possess these structural features, such as the GPCRs, ion
channels, adhesion molecules, enzymes, and receptors functioning in signaling and im-
mune responses. In addition, using the compartmental specificity in SSs and N-GLYCO,
we identified a set of proteins with conflicting topology from topology prediction. These
conflicts allowed us to discover the potential dynamics of PTMs. To allow other researchers
to visualize these hidden correlations, we developed a display portal for the proteins
showing extreme TMs, PTMs, and conflicts. We further provided supplemental lists on the
proteins possessing special TMs and PTMs. The obtained information helps to elucidate
how the complex topology and structures form and evolve from the primary sequence of
proteins. Such global information can support a better functional understanding of MPs
and help a potential prediction of the susceptibility of selective MP classes to particular
environmental and physiological insults. The implications for structural flexibility and
constraints in MPs can also facilitate drug design and protein engineering [24-26].

2. Results and Discussion
2.1. Length and Count Distribution

The examination of the length distribution in various features shows some interesting
properties. The length distribution of the human proteome segregated by the TMs predicted
by Deep TMHMM is shown in Figure 1A,B. Clearly, the proteins with TMs possess different
length distributions than those without TMs. The non-TM proteins peak at a shorter length
of 102-202 amino acids than that of TM proteins, whose length peaks at 228-328 amino
acids. Otherwise, the average protein lengths in the non-TM proteome and TM proteome
are very similar, with TM proteins having 558.42 (N = 4947) and non-TM proteins having
557.83 (N = 15,464) amino acids.
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Figure 1. The length distribution of proteins in non-TM (A), TM (B), N-GLYCO (C), and SS (D) proteomes.

The length distribution in the N-GLYCO and SS proteomes was also analyzed and
is shown in Figure 1C,D, respectively. Differences were also observed between these two
PTMs, with N-GLYCO preferring longer proteins over SS. The respective peak lengths for
the N-GLYCO proteome and SS proteome are 308—408 (N = 4214) and 251-351 (N = 3588)
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amino acids. The overall mean length of the two proteomes is also similar, with the N-
GLYCO proteome of 611.93 amino acids and the SS proteome of 559.69 amino acids. The
mean lengths in the two PTM proteomes are close to those of TM and non-TM proteomes;
however, the peak distributions among these four proteomes are different. Therefore, the
length distribution is a more sensitive analysis in disclosing the hidden differences among
these large proteomes.

After length analysis, we examined the frequency of TMs, SSs, and N-glycans in each
protein of their corresponding proteomes. Figure 2A summarizes the results. Among
all three structural features, the single occurrence had the dominant population in all
proteomes. In contrast, some proteins possess an extremely high occurrence of a sin-
gle feature. The highest number of TMs in a single protein is 38, carried by Piezo-type
mechanosensitive ion channel component 1 (or membrane protein induced by beta-amyloid
treatment). The highest SS bond in a protein is 159, carried by Prolow-density lipoprotein
receptor-related protein 1 (LRP-1); for N-GLYCO, it is 102, carried by Mucin-16 (or ovarian
cancer-related tumor marker CA125, ovarian carcinoma antigen CA125). Some of these
extreme cases, such as Mucin-16, would skew our later analyses and have been left out as
to be mentioned below.
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Figure 2. Distribution of protein counts, average protein length, and occupancy rates as a function of
feature occurrence in one protein. (A) Protein counts vs. numbers of SSs, N-glycans, or TMs/protein;
(B) Average protein length vs. numbers of SS, N-glycans, or TMs/protein; (C) Occupancy rates of
cysteines and sequons as a function of the numbers of SS and N-glycans/protein; (D) A zoom-in
view of the boxed area in (B).

Overall, the occurrence of SSs and N-glycans showed a clear decrease in protein counts
when the multiplication of these features increased in a protein but not in TMs. For TMs,
the protein populations carrying 1 and 7 TMs show large spikes; otherwise, the distribution
of other TM counts in proteins seems random. The large population of MPs carrying seven
TMs clearly indicates the specialty of this particular class of MPs. A further functional
enrichment analysis indicated that the majority of the proteins are G protein-coupled
receptors (GPCRs), specifically olfactory receptors, which have the largest population of
GPCRs and are poorly studied due to their extremely low abundance. GPCRs are known to
mediate most cellular responses to hormones and neurotransmitters [27]. The malfunction
of GPCRs can cause serious disorders such as heart failure, stroke, and cancer; hence, they
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are extensively targeted via drugs. As of 2017, 134 GPCRs are targets for an estimated
700 approved drugs in the US or the EU [28].

As discovered above, proteins carrying these features tend to peak at a relatively
longer length than otherwise, and we wanted to evaluate whether the length also correlates
with the frequency of occurrence of these features. Figure 2B shows the average protein
length as a function of feature multiplication/protein in each respective proteome. In the
cases of SSs and N-GLYCO, the protein length shows a positive trend for the modification
frequency up to 30 counts/protein. When above this cutoff, the protein length seems to
stagger except for Mucin-16 (only one incidence in the N-GLYCO proteome contributed
to the 110-100 bin). An investigation of the high-multiplication proteins (counts > 30)
shows that the features are typically packed in dense repeats, such as EGF and CUB
repeats, which have minimized the demand in protein length. Therefore, the proteins with
high multiplication features can be cataloged into special classes that also possess unique
functions to be analyzed later in the Section 3.5.

When zooming in to the low multiplication region with counts fewer than 10, as shown
in Figure 2D, TMs do not follow the length correlation exhibited by SSs and N-glycans. The
shortest mean length was found in those carrying four and five TMs, rather than single-TM
carriers. This unique behavior might originate from the working principle of membrane
insertion chiefly via the translocon that functions co-translationally with primarily linear
amino acid chains that emerge from ribosomes [8]. Therefore, a high number of TMs
can be stacked densely within a small span connected only by short loops [8]. It is also
recognized that helical hairpins can form in closely spaced TMs after ribosomes [29] and
insert into the membrane together instead of sequentially. Both computational simulations
and experimental evaluation show that TM oligomerization in the membrane is sequence-
dependent and energetically favored [30]. Therefore, in many cases no additional enzymes
are necessary in the insertion processes. Furthermore, a novel theory also emerged to view
TM oligomerization from the local concentration perspective [31], in which membrane
tethering by TMs reduced the 3D free localization space and confined the TMs in 2D
to increase local contact for oligomerization. Helix-helix TM interactions are known to
occur in both low-TM and high-TM proteins, such as ion channels. Sodium ion channels
with 24 TMs [32] can form helix bundles in lipids. The hydrophobic side chains in the
bundle face the lipid bilayer, while the hydrophilic residues face towards the center; in
such a hydrophobic lipid bilayer, they are pierced through by a hydrophilic pore formed
by channel proteins to allow charged ions to pass [32]. In contrast, the formation of N-
GLYCO and SSs requires enzymatic catalysis, in which the multiplication of these PTMs in
a protein occurs sequentially, and each reaction requires a specific local conformation for
recognition and release [33,34]. Except for the high-density repeats, most low-occurrence
multiplications for SSs and N-glycans do not possess the synergistic aggregational force
that exists in TMs. The multiplication of SSs and N-glycans behaved more additively, which
could explain the observed length dependence in most low-multiplication proteins. In
summary, we observed a similar behavior of SSs and N-glycans that is distinct from TMs in
their corresponding proteomes.

2.2. Rate of Modification

Because the occurrence of SSs is based on the presence of cysteine residues, and N-
GLYCO mainly takes place in sequons, we further analyzed the utilization rate of cysteines
and sequons in the SS proteome and N-glycoproteome, as shown in Figure 2C. Overall,
the sequon utilization rate is higher than that of cysteines. A stable modification rate
of sequons was observed regardless of N-glycan occurrence in the N-GLYCO proteome.
However, in the low SS proteins (1-2 counts/protein), a drop in the cysteine utilization
rate was observed. In both the N-GLYCO and SS proteomes, a relatively high utilization
rate (>50%) was observed, suggesting that the presence of sequons and cysteines in the
protein sequence is not random. Among all amino acids, cysteine has the least abundance
in proteins [35], and its presence is often conserved and functionally important [36]. SS
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formation is a reversible reaction [37], and free cysteines in proteins increase the risk of SS
scrambling in their folding [38,39] and function during environmental insults such as heat
shock [40] and oxidative stresses [37]. Our observation prompted us to further analyze
how these features relate to each other in individual proteins.

2.3. Hierarchical Clustering

Because SSs and N-glycans are common structural features on MPs, we wanted to
further explore whether hidden relationships exist between the two PTMs and TMs in indi-
vidual proteins at the proteome level. In the past, we observed a complementary relation-
ship between TMs and N-glycans from our experimentally obtained N-glycoproteome [41],
and we also discovered a complex relationship between SSs and N-glycans [22] in the
literature. Here, we wanted to see whether SSs would behave similarly to the N-glycans
in the complementary relation to TMs. To study this, we focused on the SS/N-GLYCO
proteome (N = 2722).

To evaluate the overall properties in the SS/N-GLYCO proteome, we first performed
hierarchical clustering. The results showed three main clusters. The distinct characteristics
in Cluster 1 (Figure 3A) from the remaining two clusters are the high TM, low SS, and low N-
glycan counts. The remaining two clusters are close to each other, with Cluster 2 (Figure 3B)
having relatively high sequon and N-glycan counts and Cluster 3 (Figure 3C) having
high cysteine and SS counts. Both Clusters 2 and 3 are low on TMs. Complementarity
in TM to the two PTMs on proteins becomes obvious to us, in which TMs are not only
complementary to N-GLYCO but also to SSs.
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Figure 3. The heatmap of the three clusters of the SS/N-GLYCO proteome based on the counts of SSs,
N-glycans, TMs, cysteines, and sequons, as well as the length quantile of the corresponding protein.
Length quantile refers to dividing the length of each protein into four equal parts from N-terminus to
C-terminus, and their corresponding value is 1-4. (A) Heatmap of Cluster 1; (B) Heatmap of Cluster
2; (C) Heatmap of Cluster 3. Each row represents one protein in the respective proteome, and the
color encodes the count values of each protein for a specific property described by each column. The
correspondence between different colors and the values is provided as the sidebar on the left.

To further confirm this relationship, we used the SS count as the X-axis and examined
the average numbers of N-glycans and TMs in the proteins within each SS count bin. The
results are shown in Figure 4A. When the SS occurrence per protein is less than 70, consistent
with the analysis so far, the N-glycan occurrence exhibits a tight positive linear correlation
with SS frequency, whereas the TMs show a negative exponential correlation with the counts
of SSs in proteins. The less obvious trends in high multiplications of SSs can be caused by
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fewer proteins and less statistical power. When using the number of N-glycans as the X-axis
and repeating the same analysis, the results shown in Figure 4B are similar to those of
Figure 4A. These results suggest that SSs and N-glycans behave similarly. This observation
agrees with our previous findings on experimentally examined individual proteins with
both SSs and N-GLYCO [22], in which a close but complex relationship was discovered and
was supported by the intertwined biogenesis and processing pathways of both PTMs in the
ER [23]. We have reviewed in detail how the potential interacting molecular regulations on
SSs and N-glycans in the ER result in complex (can be promoting or inhibiting) relationships
of both PTMs in individual membranes and secreted proteins [22]. Here, we observed
similar behavior of SSs and N-GLYCO at the proteome level.
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Figure 4. Scatter plot of the numbers of N-glycans, TMs, and SSs in a protein. (A) The average
numbers of N-glycans and TMs as a function of SS counts in a protein; (B) The average numbers of
SSs and TMs as a function of N-glycan counts in a protein.

The negative correlation of TMs with either SSs or N-GLYCO in low-SS or low-N-
glycan occurrence proteins agrees with the observation of non-length dependence of TMs
in MPs, as shown in Figure 2 and the cluster results in Figure 3. This also agreed with
our previous discovery based on the experimentally detected N-GLYCO on membrane
proteins [41] using our glyco-peptide capture technique [42]. Such complementarity be-
tween TMs and PTMs can be understood from their structural functions. Both SSs and
N-glycans help form and stabilize desired conformations of proteins, which can be critical
in structurally disordered large loops. When TMs are rich, large, and unstructured, external
loops are less frequent than when TMs are poor.

This triggered us to further investigate the single-feature carrying proteins that would
defy such complementarity. Figure 5A shows the Venn diagram of such comparisons. The
smallest section is observed in proteins carrying all features, i.e., 52 entries (2.59% of the
total unique entries). The marginal overlap suggests that the complementarity we observed
is quite robust with only limited exceptions. To verify whether the remaining entries,
particularly those unique to each structural feature proteome, are proteins carrying a large
number of complementary structural features, we enlarged the comparison by including
the feature occurrence from one to three, as shown in Figure 5B. The size of the section
shared by the three features is expanded to 301 entries, which represents an over four-fold
increase from 52 entries in Figure 5A. However, the percentage is still marginal, accounting
for only 12.1% of the total unique entries. This result suggests that most proteins possess
more than three of the other structural feature elements, which explains why MP proteins
are challenging to study structurally.

We then shifted the comparison to the higher end of the feature occurrence entries
(>10 features/protein), which could also defy the complementarity we observed. The
results shown in Figure 5C resemble those of the single-feature comparison shown in
Figure 5A. There are only two proteins in the same family shared by all three categories,
i.e.,, NPC intracellular cholesterol transporter 1 (Niemann-Pick C1 protein) and NPC1-like
intracellular cholesterol transporter 1 (Niemann-Pick C1-like protein 1), with a cellular lo-
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calization in endosomes and lysosomes. Both proteins function in transporting low-density
lipoproteins and egress cholesterol from endosomes and lysosomes. The two proteins both
carry 15 SSs, 19 N-glycans, and 13 TMs. Malfunction of these proteins can cause the over
accumulation of cholesterol and glycosphingolipids in the late endosomal/lysosomal com-
partments. Otherwise, there are only four entries carrying both >10 TMs and >10 N-glycans
and 78 entries carrying both >10 N-glycans and >10 SS. No entries carry exclusively both
>10 TM and >10 SS. The Venn diagram shown in Figure 5 agrees with the correlation results
shown in Figure 4. The small percentage of proteins sharing a high occurrence of the three
features (Figure 5C) suggests a certain level of exclusiveness or crowdedness, potentially
due to space constraints or avoiding unnecessary redundancy. Accordingly, the large
percentage of unique proteins in high-feature-count categories in Figure 5C (TMs at 10.4%,
N-GLYCO at 38.2%, and SSs at 52.1%) suggests that MPs of extremely high (>10 counts)
structural features are typically high in only one feature. All the proteins in each Venn
diagram in Figure 5 are provided in Supplementary Tables S1-S3.

N-GLYCO
A B

™

N-GLYCO

N-GLYCO

SS

SS

Figure 5. Venn diagrams of proteins carrying various numbers of TMs, N-glycans, and SSs in the
SS/N-GLYCO proteome. (A) Venn diagram of proteins carrying a single count of either TM, N-glycan,
or SS; (B) Venn diagram of proteins carrying up to three counts of either TMs, N-glycans, and SSs;
(C) Venn diagram of proteins carrying more than ten counts of either TMs, N-glycans, and SSs.

2.4. Functional Analysis

The complementary relationship between N-GLYCO, SSs, and TMs revealed in our
results inspired us to further disclose the functions carried by these unique classes of
proteins in Figure 5. Functional enrichment analysis on the 111 entries having one TM
and one N-glycan in Figure 5A revealed proteins in MHC class II, while the 128 entries in
Figure 5A having one TM and one SS were enriched by proteins functioning in heparin
and heparan sulfate proteoglycan biosynthesis and in the regulation of T cell proliferation.
The enrichment analysis was also carried out on the results from the three-feature carrier
protein comparisons shown in Figure 5B. The entries shared by one to three TMs and
one to three N-glycans are 140 in Figure 5B and enriched by proteins functioning in O-
glycosylation, and the entries shared by one to three TMs and one to three SSs exclusively
are 219 and are enriched by cell adhesion and cytokine-mediated signal transduction. The
commonality between all three categories with features of one to three have 301 entries in
Figure 5B and are enriched in immune response proteins. For the largest sharing category,
i.e., between one to three N-glycans and one to three SS, there are 1007 entries, which
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are dominated again by GPCRs. Similarly, in Figure 5A, the section shared by one N-
glycan and one SS has 455 entries, the largest overlap section, and is also dominated by
GPCRs. The top 10 enriched GO terms from the major sections in Figure 5 are provided in
Supplementary Table S4.

The presence of TM domains confined the location of the target protein, and the
high number of TMs in low occurrence N-glycan and SS proteins, as we suggested in
our previous study, provides stability to the overall protein structure and docking to a
special/stable membrane location. Because the membrane is commonly considered a two-
dimensional fluidic environment, MPs form close interactions with nearby lipid molecules
such that a heterogeneous distribution of lipid molecules in the membrane is observed.
Conversely, the phase separation that occurs in the mixed lipid system also encourages
the segregation of MPs into different membrane domains to form lipid rafts [43]. The
number of TMs is one of the biggest factors in determining the interaction strength of
lipids and MPs [30], and the high TMs in low SS and N-GLYCO proteins suggest their
special membrane location. Using GPCRs as an example, which have seven TMs and
important signaling proteins, they are known to interact closely with lipid components and
preferentially localize in lipid rafts and caveolae [44]. Our proteomic level analysis suggests
its uniqueness in the entire MPs that is likely contributed to by its seven TMs. A recent
discovery suggested that hydrophobic proteins drove phase separation in lipids [45], and
GPCRs have been proposed to be one class of these drivers [44]. In addition, the sequon
and cysteine presence in high TM proteins, such as GPCRs, is also low, as the utilization
ratio is more or less constant across protein populations, as shown in Figure 2C. This
result suggests that the high frequency of these PTMs may hinder TM stacking possibly
by forming rigid and stable structures in the loop. Through evolution, the potential for
these PTMs to occur can be minimized by eliminating their carrier amino acids from the
sequence through random mutation and natural selection [46].

2.5. Length Quantile Distribution of Features

To further examine the relative locations of these features in individual proteins, we
analyzed the quantile distribution of these features with respect to individual protein
length, as shown in Figure 6. Among the four quantiles, the first quantile describes the
N-termini, the last quantile describes the C-termini, and the rest describe the middle section
of a protein. Figure 6A shows that both SSs and N-glycans follow a similar trend, in which
the N-terminus is more utilized than the C-terminus for the two PTMs. Among the two
middle quantiles, the second quantile is used more than the third quantile. Because both
PTMs are preferentially compartmentalized in the lumen or the ectodomain of the MPs, the
dominance in the N-terminus of MPs suggests a dominant N-terminal orientation, which
describes type I MPs; vice versa, the C-terminal SS and N-glycan modification suggests
the property of type II MPs. The formation of type Il MPs mostly requires co-translational
inversion [47] and is not as frequent as that of type I MPs. Similar to previous observations,
the trend of TM distribution is opposite to those of N-glycans and SSs. TMs exhibit an
increase with increasing quantile, which is from the N-terminus to the C-terminus. Conse-
quently, the complementarity between TMs and PTMs in MPs is reflected in the protein
length-quantile distribution as well. We also analyzed the cysteine and sequon quantile
distribution and their rate of utilization, as shown in Figure 6B. For both cysteines and se-
quons, the quantile distribution resembled the SS and N-glycan distributions, respectively,
suggesting that the utilization rate is not affected by the protein length.
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Figure 6. Analysis of feature counts and rate of utilization in length quantile distribution of individual
proteins. Length quantile refers to dividing the length of each protein into four equal parts from
N-terminus to C-terminus, and named first to fourth quantile. (A) Counts of SSs, N-glycans, or TMs
as a function of the protein length quantile; (B) The rate of utilization of cysteine thiol in SSs and the
sequons in N-GLYCO as a function of protein length quantile.

2.6. Conflicts

Conflict analysis was carried out to identify the ectodomain localization of SSs and
N-glycans with respect to the MP topology predicted by Deep TMHMM. Compared to
an older version of TMHMM 2.0 (364 entries with conflicts), the latest Deep TMHMM
prediction (83 entries with conflicts, Supplementary Table S5) has corrected a large number
of previous conflicts using the neural network deep learning algorithms, a result suggesting
the high accuracy of the current Deep TMHMM prediction. Using the Deep TMHMM
results, we found only 1.7% of the total predicted MPs with conflicts, which is within the
estimated error rate of Deep TMHMM. This high accuracy rate encouraged us to use the
predicted topology to examine the potential location conflicts of sequons and cysteines
as well.

Figure 7 summarizes all the results. The protein counts carrying the conflicts are
plotted as a function of the conflict occurrence in one protein. The plot includes both the
cysteine and sequon conflicts to the Deep TMHMM topology as well as the conflicts of
the observed SSs and N-glycans. The SS and N-glycan conflicts are marginal, and most
of them only have a single conflict, which are summarized in Supplementary Table S5.
What surprised us from the results was the conflict distribution of cysteines and sequons.
Sequon conflicts quickly dropped with increasing occurrence, but cysteine conflicts did
not, which remained the same. The trend in sequons suggests a nonrandom appearance in
the protein sequence because of the agreement with the topology distribution, with single
conflict occurring the most. This observation is also congruent with the high utilization rate
for N-GLYCO (~85%), as shown in Figure 2B. Experiments using molecular engineering
to introduce novel sequons into proteins [46] and clinical analysis of the emergence of
novel sequons from genetic mutations [48] have both observed a gain of N-GLYCO that
has largely disrupted the normal structure and functions of the target proteins. Collectively,
the sequons in proteins do not appear to be random, and most of these sequons have
the potential to be N-glycosylated, as Apweiler et al. pointed out 20 years ago when
they analyzed the sequons in UniProt [49]. Therefore, we believe that the sequon location
defines the dynamic range of this PTM, which could likely trigger local conformational
rearrangement due to mostly the observed single conflict. Then, the prevalent cysteine
conflicts irrespective of the MP topology suggest that SSs potentially possess larger dy-
namics than N-GLYCO. Although not all cysteines participate in the SSs, the presence of
cysteines does provide the molecular foundation to potentially form SSs. The observed free
cysteines can be constrained by local folding [50,51], which could be subject to dynamic
perturbations such as oxidative stress and genetic mutations. It is reasonable to speculate
that under environmental, developmental, and genetic insults, free cysteines in a protein
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can increase the possible dynamics of SSs. Collectively, compared to the prevalence of
cysteine residues, our results suggest that N-GLYCO (macroheterogeneity) possesses fewer
dynamics as SS modifications.
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Figure 7. The protein counts as a function of number of conflicts in a single protein. Colors code
different types of conflicts. Conflicts were defined as the positions of SSs, N-glycans, or their related
cysteines and sequons contradicting the predicted membrane topology of the protein.

2.7. Visualization

Due to the observed complex relationships, we wanted to visualize these structural
features in individual proteins. The existing web applications do not include all the
information we study. For example, Protter [52], developed by Dr. Wollscheid’s lab,
does not include SS linkages, and the PTM features displayed on the UniProt website do
not have TM information. To meet our needs, we developed a graphical user interface
(GUI) using Javascript (https://sfu-sun-lab.github.io/protein-visualizer/, accessed on
1 November 2023) and displayed eight properties for every protein. Unique to our visual-
ization, it includes cysteine and sequon positions. Figure 8 shows examples of our GUI
website. Figure 8A shows the main and the top display once a protein is selected. In
Figure 8A, a clickable manual sign on the top left corner toggles the display legend panel.
In this panel, numerical values of SSs, N-glycans, unoccupied cysteines, and unoccupied
sequons are included. A selection window in the top middle of the display enables the
selection of the proteins included in our portal. Currently, it can visualize some extreme
cases of PTMs as well as all MPs with conflicts. The middle and main parts of the display
show the schematic of the selected protein, in which the polypeptide chain is represented
by a bar, and the color of the bar encodes the topology, including the beginning and ending
of each TM, and the segment orientation. The positions of N-glycans (the bar) and SSs
(colored dots) are specified with unique icons. The linkage of SSs is represented using a
bracket, and the same pair has matching color in their dots. Such a display allows users to
visualize some complex spatial arrangements of SSs, such as disulfide knots, as shown in
Figure 8B. The position of unoccupied sequons is denoted using black dots linked to the
letter “N” for the asparagine in the sequon, while the unoccupied cysteines are denoted
using white open dots.

We designed two zoom features to accommodate MPs with complex structures. First,
an expansion ion “. . . ” on the top right of the display is clickable, which brings out a
scaling bar that allows users to customize the scaling. The entire displayed protein will
expand accordingly. This often makes the protein too long to be viewed in the window. To
compensate for such inconvenience, a particular section of the protein can be selected using
the “Protein Window” by specifying the “start” and “end” positions. An expanded view
of the disulfide nots in LRP1 is shown in Figure 8B, which is located below the top main
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window. Rolling the side bar on the right down allows access to this window. The top of
this window has two cells that allow the input of a particular region of the selected protein
for display. Using the protein visualizer, we displayed the conflicts (also provided in
Supplementary Table S5) between the known compartmentalization of SSs and N-GLYCO
to the topology depicted by Deep TMHMM and the extreme cases mentioned in the Results
and Discussion.
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Figure 8. The example displays of the Protein Visualizer. (A) The main display of LRP1; (B) The
zoom display of LRP1 from 800-972 amino acids; (C) The zoom display of an N-GLYCO conflict
region (N803) in SCN5A between the known compartmentalization of N-glycans to the predicted
topology, and the positions of unoccupied sequons and cysteines.

3. Materials and Methods

We accessed the Uniprot human reviewed proteome for protein species, annotation,
length, SS, and N-GLYCO information. Proteins with either SSs or N-GLYCO or both
features were selected for further analysis and were named the SS proteome, N-GLYCO
proteome, and SS/N-GLYCO proteome. The FASTA file of the human reviewed proteome
was also used for membrane topology prediction using TMHMM 2.0 and Deep TMHMM.
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3.1. Analysis of General Distribution

We first analyzed the distribution of protein length, counts of SSs, N-glycan, and TMs
in the entire human proteome. Second, we obtained the position of cysteine residues and
sequons in the SS and N-GLYCO proteomes and evaluated their distribution. We then
examined the quantile distribution of SSs, N-glycan, TM, cysteine, and sequons in the
SS/N-GLYCO proteome. Specifically, we divided the length of each protein into four equal
parts (four quantiles, Q1-Q4) from N-terminus to C-terminus, such that the N-terminus
falls in Q1 while C-termini falls in Q4. Finally, we assessed the similarity and uniqueness
among the obtained distributions.

3.2. Rate of Modification

The rates of sequon occupancy and cysteine utilization were also evaluated in the
respective proteomes. These rates were further subjected to correlation analysis for protein
length and total number of PTMs per protein as mentioned in the above section.

3.3. Hierarchical Clustering

Nonsupervised hierarchical clustering was carried out in Multiple Experiment Viewer
(MeV) run on the local machine to the SS/N-GLYCO proteome for the counts of SSs, N-
glycans, TMs, cysteine residues, sequons, and the protein length quantile values. A Pearson
correlation with the average linkage clustering method was used to generate hierarchical
trees of the proteins. Three main clusters were obtained that accounted for all except
one protein.

3.4. Identification and Analysis of Conflicts

We mapped the predicted topology to each SS, N-glycan, cysteine residue, and sequon
in every protein. Using the criteria that SSs and N-glycans are located in the extracellular
compartment or in the lumen of the secretory pathway, we identified the conflicts. The
proteins on the conflict list were further analyzed for their distribution patterns using the
method discussed above for similarities and differences.

3.5. Functional Analysis

Special classes of proteins from the abovementioned analyses were assessed for their
enriched Gene Ontology terms using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) [53]. Specifically, the enrichment in biological processes
of Gene Ontology was used to assess their biological functions. The enrichment was
determined using the following cutoff parameters: the maximum EASE score (a modified
Fisher’s exact p-value) of 0.05 and the minimum protein count of 5.

3.6. Visualization Tool

We built an interactive web application named “Protein Visualizer” (https:/ /sfu-
sun-lab.github.io/protein-visualizer/, accessed on 1 November 2023) using JavaScript
(version 1.5) through React.JS framework to display the special relationship between the
reported SSs and N-GLYCO to TMs predicted by Deep TMHMM. A total of 8 features are
displayed, including protein length, N-GLYCO sites, SS sites, sites of free sequons and
cysteines, TMs, and internal and external loops with respect to the plasma membrane, in
which the extracellular domain of the protein is depicted in blue, the intracellular domain
is represented in pink, and the TM domain is in white. Users can toggle the visibility of
all these features. The application also has two built-in scaling features that allow the
expansion of the entire protein or a specific section. Currently, the web portal displays
83 conflicting human PMs and a few representative MPs resolved from the above analyses.

4. Conclusions

Using the existing PTM information in UniProt on the human proteome and the
predicted topology of MPs, we analyzed the hidden relations among TMs, SSs, and N-
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GLYCO. All three features affect the structure and conformation of MPs and therefore
critically influence their functions. All these features have been intensively studied in
their own corresponding fields; however, less effort has been focused on their potential
relationships. In the past, a serendipitous opportunity led us to discover a complementarity
between N-GLYCO and TMs from our experimentally obtained N-glycoproteome [41].
Recently, we further uncovered a complex but closely related interaction between N-
GLYCO and SSs in individual proteins by reviewing the published literature [42]. Here,
at the human proteome level with the ever-growing accuracy from the computational
predictions, we were able to integrate all three structural features together to discover an
overall complementarity between TMs and PTMs of SSs and N-GLYCO, in which the TMs
do not depend on protein length. On the other hand, the SSs follow an almost identical
trend as N-GLYCO in terms of dependence on total protein length, distribution in protein
length quantile, and their relationships to TMs, suggesting a similarity between the two
PTMs in regulating protein structure and function. With the intriguingly close relationship
of enzymes regulating these two PTMs in the ER and the complex relationship of these two
PTMs from experimental observations in individual proteins, our analysis at the proteome
level suggests that their close relationship not only occurs occasionally in some special
proteins but is also more ubiquitously present. Our results encourage more researchers to
integrate multiple PTMs and to systematically study proteins carrying them. Furthermore,
the tight correlation between sequons and N-GLYCO and consistently less conflict with
membrane topology suggest the importance of the sequon position in a protein sequence,
which could largely determine the macroheterogeneity of N-GLYCO dynamics. In addition,
the wider spread of available cysteine residues and a more constrained presence of sequons
from our analysis further hint at a higher dynamic of SSs as opposed to N-GLYCO. Finally,
to facilitate future investigation of the hidden relationship between the TM and the two
PTMs examined here, we developed a JavaScript-supported “Protein Visualizer” that
allows users to visualize these features in detail in individual proteins.

Protein PTMs are an actively studied area. For glycosylation alone, in addition to
N-glycosylation, O-glycosylation, in which saccharides are added to the side chains of Ser
and Thr, is another common PTM for MPs [54]. However, O-glycosylation is less strict
in cellular compartmentalization than N-glycosylation, because O-GlcNAc modification,
a special type of O-glycosylation, has been frequently observed in cytosolic and nuclear
proteins [55,56]. Interestingly, phosphorylation can compete with O-GlcNAcylation to
modify the same side chains of Ser and Thr in certain proteins for cell signaling [57]. How
these PTMs contribute to the structure and stability of proteins is another interesting topic
that can be further explored in the future. We hope that our efforts will stimulate more
studies regarding the correlation between numerous known structural features, and more
hidden relationships can be discovered to help better understand functions of MPs and to
facilitate future protein engineering and drug design in MPs.
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Abstract: Zinc transporters take up/release zinc ions (Zn?*) across biological membranes and main-
tain intracellular and intra-organellar Zn®>* homeostasis. Since this process requires a series of
conformational changes in the transporters, detailed information about the structures of different
reaction intermediates is required for a comprehensive understanding of their Zn?* transport mecha-
nisms. Recently, various Zn?* transport systems have been identified in bacteria, yeasts, plants, and
humans. Based on structural analyses of human ZnT7, human ZnT8, and bacterial YiiP, we propose
updated models explaining their mechanisms of action to ensure efficient Zn?* transport. We place
particular focus on the mechanistic roles of the histidine-rich loop shared by several zinc transporters,
which facilitates Zn?* recruitment to the transmembrane Zn?*-binding site. This review provides an
extensive overview of the structures, mechanisms, and physiological functions of zinc transporters in
different biological kingdoms.

Keywords: zinc transporter; ZnT; YiiP; histidine-rich loop; cryo-EM

1. Introduction

Zinc ions (Zn2*), an essential trace element in bacteria, fungi, plants, and animals,
including humans [1], serve as a key component in many signal transduction processes
and act as an essential cofactor for many proteins and enzymes [2,3]. Zinc deficiency
causes several human diseases [4-13]; indeed, zinc supplements have beneficial effects on
human health [8,14-19]. However, excessive adsorption of Zn?* leads to disruption of the
gastrointestinal flora balance, deficiency of other essential heavy metals, including iron,
copper, and manganese, and reduction in immune function [20-23]. Zn?* also plays an
important role in the physiology of organisms such as plants and bacteria [24,25]. In plants,
zinc deficiency is linked to growth defects and inhibition of flowering [26,27]. Additionally,
Zn?* is responsible for the virulence of some bacteria [28]. Since Zn** is involved in
numerous biological events, humans, plants, yeasts, and bacteria have evolved elaborate
Zn2* transport systems that respond to Zn?* perturbation.

Failure of the Zn?* transport systems plays a role in diseases such as cancer [29,30],
Alzheimer’s [31,32], and Parkinson’s [33,34], as well as temporary zinc deficiency in new-
borns [35], perinatal fatal cardiomyopathy [36], risk of febrile seizures [37], Lowe’s syn-
drome [38], disorders of muscle tone with polycythemia [39,40], and chronic liver dis-
ease [40]. Therefore, human zinc transporters (ZnTs) are potential targets of drugs and
preclinical diagnostic tests. Owing to the important physiological roles, and pharma-
cological and preclinical diagnostic significance of Zn?* transport systems, a variety of
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biochemical, structural, physiological, and genetic experiments have been carried out over
the past several decades to better understand their functions and mechanisms. The most
comprehensively studied bacterial zinc transporter is YiiP, which works in Escherichia coli
and Shewanella oneidensis (EcYiiP and SoYiiD, respectively) [41-49]. These transporters are a
convenient model to study the general mechanisms underlying Zn?* transport. The most
intensively studied mammalian ZnTs are SLC30A7/ZnT7 [50] and SLC30A8/ZnT8 [51,52].
Our interests in ZnT family members stem mainly from their roles in maintaining Zn?*
homeostasis in cellular organelles throughout the body and the fact that their dysfunction
causes serious diseases.

As is the case for other membrane transporters, ZnTs undergo conformational conver-
sion to transport Zn?* across biological membranes. To fully understand the mechanism
underlying Zn?* transport, high-resolution structures of the transporters have been cap-
tured in different states. The first X-ray crystal structure of a zinc transporter (Table 1) was
reported for EcYiiP [41,42], followed by the EM structure of SoYiiP [43-46]. More recently,
cryo-EM structures of vertebrate ZnTs have been reported (Table 1); these include Hormo
sapiens ZnT7 (HsZnT7) [50], Homo sapiens ZnT8 (HsZnT8) [51], and Xenopus tropicalis ZnT8
(XtZnT8) [52]. These structures allow us to propose an updated model of ZnTs-mediated
Zn%t transport. Of note, our recent structural and biochemical studies on HsZnT7 revealed
the role of its cytosolic histidine-rich loop (His-loop) in efficient Zn?* uptake [50]. Thus,
we have built on the structural and mechanistic foundations of ZnTs in the biological
kingdom, while making significant progress regarding research into other members with
Zn2* transport functions.

Table 1. X-ray and cryo-EM structure of zinc transporters (ZnTs).

Proteins Full\'l/lcig)lns Organisms States C?;é%“gigg;‘ s Ligands Methods References
o . Outward-facing 2 X-ray
Transport 72" Escherichia coli Homodimer (2QFI, 3H90) Zn diffraction [41,42]
out of the Shewanella Inward-facing
YiiP cytoplasm and densi Homodimer (3]1Z, 5VRF, Zn?* [44-46]
into the oneldensts 7KZZ ) Electron
i microsco
periplasm Homodimer Inward-facing Zn** " [43]
occluded (7KZX)
. Outward-facing
Homodimer 8J7T) Apo
. Outward-facing 2
Homodimer 8]7U) Zn
Inward-facing
. and
Transport Zn>* Heterodimer outward-facing Apo
out of the 8|7V @
ZnT7 cytoplasm and Homo sapiens il ) Electron [50]
into the Golgi Inward-facing MICroscopy
1 . with Zn?* and 5
umen Heterodimer Zn**, Apo

outward-facing
(8180 @)

Inward-facing
with Zn?* and
Heterodimer outward-facing Zn%
with Zn2* (8]7W)
4)
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Table 1. Cont.

. Main . Conformations .
Proteins Functions Organisms States (PDB Code) Ligands Methods References
Homodimer Outv{;;?,g‘;lcmg Zn%*
Transport Zn%* H. sapiens Outward-facing [51]
out of the Heterodimer and Apo
7nT8 cytoplasm and inward-facing p Electron
n into the insulin (6XPF) microscopy
secretory .
granule Homodimer Outw;;géacmg Zn2*
Xenopus ( ) 52]
tropicalis Homodimer Outward-facing Apo
(7Y5H ©)) b

(@ This structure was observed in the presence of 0.5 mM EDTA. @ This structure was observed in the absence of
Zn?*. ® This structure was observed in the presence of 10 M Zn?*. @) This structure was observed with addition
of 200 and 300 uM Zn2*. ® This structure was observed at low pH.

2. Zn?* Transport Systems in Prokaryotes and Eukaryotes

Prokaryotes and eukaryotes have developed a variety of Zn?* transport systems to
promote the uptake or efflux of Zn?* across biological membranes. ZnTs can be divided into
three major groups depending on the mode of transport: Uniporters that transport Zn?*
alone; symporters that transport Zn?* in the same direction as other ions, such as protons;
and antiporters that transport Zn?* and another ion in opposite directions, such that the
binding of one is concomitant with the release of the other. In general, uniporters require no
external energy input and transport specific molecules along their concentration gradients;
they are therefore passive transporters. However, it can also act as an active transporter if
the transport process is against the concentration gradient. By contrast, symporters and
antiporters use the energy stored in the concentration gradient of another ion, in many
cases, a proton, to transport specific molecules against their concentration gradients. In
this regard, symporters and antiporters can be regarded as active transporters. In addition,
some P-ATPases and ABC transporters transport Zn?* using ATP as an external energy
source to overcome the Zn?* concentration gradient.

Zinc transporters (ZnTs) and ZRT- and IRT-related proteins (ZIPs) are the two major
Zn?* transport families found universally in bacteria, yeasts, plants, and animals, including
humans. ZnTs and ZIPs selectively transport Zn?*, but in opposite directions: ZnTs export
Zn?* from the cytoplasm, whereas ZIPs import Zn?* into the cytoplasm. Thus, ZnTs and
ZIPs play important roles in maintaining homeostasis of intracellular and intra-organelle
Zn?* levels.

While ZntB from Escherichia coli (EcZntB) acts as a Zn?* /H* symporter [53], many
ZnTs function as proton-driven antiporters, exchanging H* in the extracellular space or
organelle lumens for Zn* in the cytoplasm [41-55]. By contrast, there is no clear evidence
that ZIPs use proton energy flux to transport Zn?* across the membranes. However,
recent biochemical studies suggest that, like ZnTs, Bordetella bronchiseptica ZIP (BbZIP) may
function as a Zn%* /H* antiporter [56].

3. ZnTs

ZnTs belong to the cation diffusion facilitator (CDF) family, which can be classified
into three groups: Zn-CDFs, Zn/Fe-CDFs, and Mn-CDFs [57,58]. Zn-CDFs consist of Zn2*
and Co?* transporters, including ZitB-like, ZnT1-like, and Zrc1-like proteins. The ZitB-like
clusters are from E. coli. The ZnT1-like clusters include only metazoans. The Zrcl-like
cluster includes only fungal CDFs originating from Ascomycetes, Basidiomycetes, and
Zygomycetes. Zn/Fe-CDFs are cation-efflux pumps that transport Fe?* or Zn?*, and also
Co?*, Cd?*, and Ni?*. Min-CDFs include metal tolerance proteins (MTPs) from plants.
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3.1. Mammalian ZnTs

Ten ZnTs (ZnTs 1-10) have been identified in mammals, including humans [59,60]. All
ZnTs are Zn-CDF members, although ZnT10 is more likely a manganese transporter [59-61].
Based on their amino acid sequence similarities, ZnTs are divided into four subgroups:
Group 1 includes ZnT5 and ZnT7; group 2 includes ZnT2-ZnT4 and ZnT8; group 3 includes
ZnT1 and ZnT10; and group 4 includes ZnT6 and ZnT9 [60]. Most ZnTs form a homodimer
composed of the same protomers [50-52], whereas ZnT5 and ZnT6 form a heterodimer
including two different protomers [62], and all are located on the plasma or organelle mem-
branes, where they control intracellular and extracellular Zn?* balance [59,63]. Specifically,
ZnT7 transports Zn?* into the lumen of the pre-cis- and cis-Golgi, whereas ZnT5/6 and
ZnT4 transport Zn%* into the lumen of the medial- and trans-Golgi [64]. ZnT7 and ZnT5/6
are responsible for the Golgi-to-ER retrograde transport of the ER chaperone ERp44 [64].
This system is involved in the maturation and activation of some secretory proteins during
transport through the early secretory pathway [65].

3.2. Plant ZnTs

Metal tolerance proteins (MTPs) are bivalent cationic transporters in plants that
play crucial roles in metal tolerance and homeostasis in metal non-hyperaccumulators
(e.g., Arabidopsis thaliana) and hyperaccumulators (e.g., Arabidopsis halleri and Noccaea
caerulescens) [66]. MTPs are classified into seven groups based on their amino acid sequence
similarities [67]. Thus, plant MTPs are very diverse so as to satisfy the need to absorb or
detoxify specific metals. A. thalaina has 12 MTPs, while P. trichocarpa MTP has up to 22 MTP
genes [68]. In A. thaliana, AtMTP1 and AtMTP3 ZnTs localized on the vacuole membrane
maintain Zn?* homeostasis [69-71]. AtMTP1 and AtMTP3 are involved in the sequestra-
tion of excess cytoplasmic Zn?* into vacuoles [71]. Whereas AtMTP1 is more ubiquitously
expressed, expression of AtMTP3 is restricted to the root epidermis and cortex [69,72].
Like mammalian ZnT5 and ZnT6, AtMTP5 and AtMTP12 form a heterodimer at the Golgi
membrane and transport Zn?* into the Golgi lumen [73].

3.3. Yeast ZnTs

Our understanding of ZnTs in yeast derives primarily from Saccharomyces cerevisiae.
In S. cerevisiae, vacuolar ZnTs ZRC1 and COT1 act as Zn?*t /H* antiporters and regulate
Zn2* homeostasis by transporting and storing Zn?* in the vacuole [74,75]. SCZRC1 senses
Zn?* availability in the cytosol, possibly through the histidine-repeat motifs, and transports
Zn?* from the cytosol to the vacuole when cytosolic Zn?* is abundant, thereby conferring
resistance to Zn%* toxicity [76,77].

S. cerevisiae also possesses Msc2 and Zrg17, which transport Zn?* from the nucleus and
ER to the cytoplasm [78]. ScMsc2 and ScZrgl7 interact physically to form a heterodimer
and likely serve to maintain the Zn?* levels in the ER of Zn?*-adequate cells [79-81].
Schizosaccharomyces pombe also has a zinc transporter, called ZHF1, which maintains Zn?*
homeostasis in the ER and nucleus and sequesters Cd?* into the ER [82]. The structures
of yeast ZnTs have not yet been reported. While ScZRC1, ScCOT1, and ScZrgl7 are
predicted to have six transmembrane (TM) helices, ScMsc2 is presumed to contain up to
16 TM helices.

3.4. Bacterial ZnTs

Bacterial ZnTs YiiP, ZitB, and CzcD have been functionally characterized. Insight into
the structural features and Zn?* transport mechanisms of bacterial ZnTs comes primarily
from YiiP. YiiP was first identified in Escherichia coli [83]. In vitro, YiiP also binds Hg2+,
Co?*, Ni%*, Min2*, Ca?*, and Mg2+ but is unlikely to transport them efficiently [84]. Like
mammalian ZnTs, YiiP functions as a Zn?* /H* antiporter [43,48].

Other ZnTs have been identified recently in bacteria. ZitB conducts Zn?* efflux across
the cytoplasmic membrane, thereby reducing Zn?* accumulation in the cytoplasm and
rendering bacteria more resistant to Zn%* [85]. By contrast, ZntA, a Zn2+—transporting
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P-ATPase, is required for growth at more toxic concentrations [85]. CzcD is a Cd?*, Co?",
and Zn?* /H*-K* antiporter involved in maintaining intracellular divalent cation and
potassium homeostasis through active efflux of Zn?*, Cd?*, and Co?" in exchange for K*
and protons [86].

4. Structural Basis of ZnTs

In general, ZnTs adopt inward-facing (IF) or outward-facing (OF) forms and undergo
conversion between these two forms during Zn?* transport (Figure 1A). The IF form creates
an open cavity for Zn?* recruitment from the cytoplasm to the TM metal-binding site.
Conversely, in the OF form, an open cavity is formed on the extracellular or organelle
luminal side to release Zn>* (Figure 1A). Unlike ZnTs, ZIPs are supposed to operate by a
mechanism named elevator-type transport. Membrane transporters using this mechanism
commonly consist of moving and fixed domains. Switching between the outward- and
inward-facing forms involves the sliding of the entire moving domain through the bilayer
as a rigid body. The substrate-binding site translocates some distance across the bilayer
during transport, along with the moving domain [87].

A Zn?*-unbound Zn?*-unbound
outward-fadng (OF) Inward-fadng (IF)
D ™2 ™S
--B-=-B--  ==B---B--
HsZnT1 sFiMLSBVL  FLEVLGBAL
HsZnT2 ARHLLTBFA  FIHVIGEFM
HsZnT3 AAHLLABVG  FVHVLGELL
HsZnT4 ALEMLTBLS  FVHALGBLV
Hs2ZnT5 GFHMLFBCS  FLHVLABTL
HsSZnT6 TYLTIFBLF  NPEVLIBLA
HsZnT7 SFHMFFBST  FLEILABTL
HsZnT8 AAHLLIPLT  FVHALGBLF
HsZnT9 AIHSLSBTC  NVILLEBTA
Hs2ZnT10 SFRMLSBLI  LLHVMGBAL
EcYiiP LVBSLVBIG  MLEYQSBM
SOYiiP LTPSFABTL  SLEYKSPLF
EcZitB AGHMLTETA  ALHVLGELL
Zn?*-bound Zn?*-bound AGHMLSBSI  YLEVISBML
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Zn-binding site AhMTP1-D  AAHLLSBVA
(Site A) AtMTP1 AAHLLSBVA
- AtMTP3 AAHLLSBVA
HVMTP1 AAHLLSBVA
Cytoplasm MtMTP1 AAHLLSBVA
- CTD NeMTPL AAHLLSBVA
NgoesMTP1 AAHLLSBVA
- NglauMTPl AAHLLSBVA
NtMTP1-A  AAHLLSBVA
C NtMTP1-B  AAHLLSBVA
OsMTP1 AAHLLSBVA
PtdMTP1 AAHLLSBVA
PDB code: SaMTP1 AAHLLSBVA
3H90 7KZZ 8J7TW 8J7U SnMTP1 AAHLLSBVA G
H70 TaMTP1 AAHLLSBVA v
D156 ?47 . 57 d"”%/ q TmMTP1 AA:LLS:‘JA YL:JL“;'%I
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\\/& n Z 2- 0244 Zn> ShMTP8 TUgsLiBiM  HEBVVTRVV
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H155 H153 H240 H240
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Figure 1. Molecular architecture of zinc transporters (ZnTs). (A) Two conformations of ZnTs, inward-
facing (IF) and outward-facing (OF), with the metal-binding site open to the cytoplasmic side (In)
and extracellular or organelle luminal side (Out), respectively. ZnTs convert between these two forms
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during the Zn?* transport cycle. (B) Typical topology model of a ZnT homodimer in which two
transmembrane domains (TMDs) and two C-terminal domains (CTDs) tightly contact each other.
The Zn2+-binding sites are labeled as site A in the TMD, site B at the interface of the TMD and
CTD, and site C in the CTD. Red and blue arrows indicate the directions of Zn>* and H* transports,
respectively. For clarity, the arrows are shown only in a right protomer. (C) Zn?* coordination
structures of bacterial YiiP (PDB code: 3H90 for SoYiiP in the IF form and 7KZZ for EcYiiP in the
OF form) and human ZnT7 (PDB code: 8]7W for the IF form and 8]J7U for OF form). Red spheres
indicate bound Zn?*. “A” in the red sphere indicates Zn?* bound to site A. (D) Sequence alignment
of Zn?* coordinating residues at site A. Light green and light pink highlight conserved His and Asp
residues, respectively. Yellow highlights loss of the conserved His and Asp residues. Cyan highlights
conserved Asn residues required for Mn?* transport.

The first X-ray crystal structure of ZnTs was solved for EcYiiP in a Zn?*-bound OF
state [41,42]. Subsequently, cryo-EM single-particle analysis identified the structure of a
Zn**-bound TF state for SoYiiP [44,46] (Table 1). More recently, the cryo-EM structures of
vertebrate ZnTs human ZnT7 (HsZnT7) [50], human ZnT8 (HsZnT8) [51], and Xenopus
ZnT8 (XtZnT8) [52] were reported (Table 1), revealing that these ZnTs can adopt both
OF-OF homodimeric and IF-OF heterodimeric conformations [50-52]. The presence of the
homodimeric and heterodimeric conformations may suggest that the two protomers work
independently during Zn?* transport [50-52], although more detailed studies are required
to draw a firm conclusion.

All Zn-CDFs share common structural folds. The structural core consists of six TM he-
lices (TM1-TM6) in the TM domain (TMD), and a cytosolic domain (CTD) with a ferredoxin-
like fold having an «B B« secondary structure topology (Figure 1B). The Zn?*-binding
site is formed by an HXXXD motif located on TM2 and TM5, individually, near the center
of the TMD (Figure 1C). In some Zn-CDFs, the His (H) and Asp (D) residues on the motifs
are replaced by Asp (D) and Asn (N), respectively (Figure 1D). Some eukaryotic Zn-CDFs
possess a histidine-rich loop (His-loop) flanked by TM4 and TM5. The length of the His
loop, and the number and distribution of His residues in the loop, vary among the Zn-CDFs

(Figure 2).

A
TM4 TM5

EcYiiP IILVSFORWVVRRTQSQAVRAD 0
ScYiiP LALVLLOKRALAATNSTVVEAD 0
SpMntE FVVYLYNTRLSKKSNSKALKAA 0
HsZnT6 FTMLSIRNKPFAYVSEAASTSWLOEHVADLSRSLCGIIPGLSSIFLE 1
HsZnTS GATLLVAVNELRRNARAKGMSFYKYVMESRDE 0
HsZnT10 VGLLIFQDCAAWFACCLRGRSRRLOOROQLAEGCVPGAFGGPOGAEDPRRAADPTAPGSDSAVTLRGTSVERKREKGATVFANVAGDSFNTONEPEDMMKKEKKSEALNIR 0
AtMTPES GVWFFRNYARVNIAYRKAEDMNYHSV 0
ATMTP6 KRAGEKQGSGLMMANA 0
AtMTF11 MLSVTLVKLLLVLYCRSFTNEIVKAYAQCDH 0
B
HsZnTl LGLCLFHHHSGFSQDSGHGHSHGGHGHGHGLPKGPRVKSTRPGSSDINVAPGEQGPDQEETNTLVANTSNSNGLKLDPADPENPRSGDTVEVQVNGNLVREPDEMELEEDRAGQLNMR 10
HsZnT2 IMGLTLHOSGHGHSHGTTNQOEENPSVR 4
HsZnT3 LMAFVLHQAGPPHSHGSRGAEYAFPLEEGPEEPLPLGNTSVR 3
HsZnT4 IMGFLLNQSGHRHSHSHSLPSNSPTRGSGCERNHGQDSLAVR 5
HsZnT8 VLTVVLHORCLGHNHKEVQANASVR 3
C
HsZnTS IGICAFSHAHSHAHGASQGSCHSSDHSHSHHMHGHS DHGHGHSHGSAGGGMNANMR 15
HsZnT7 IGIFVFKHGGHGHSHGSGHGHSHSLFNGALDQAHGHVDHCHSHEVEKHGAAHSHDHAHGHGHFHSHDGPSLKETTGPSRQILO 21
AtMTPL IMAVLLGHDHGHSHGHCHCGHGHDHHNHSHGVTVT THHHEHDHEACHSHGHGEDKHHAHGDVTEQLLDKSKTQVAAKEKRKRNINLQGA 25
OsMTP1 IMAVLLGHDHGHGHGHGHGHGHSHDHDHGGS DHDHEHHE DOEHGHVHEHHE DGHGN ST TVNLERHPGTGHEHHDAEE PLLKSDAGCDSTQSGAKDAKKARRNINVHSA 29
SpZHF1 FVGIFLFHDHGHDHPHTHTAQNYDFPEEDDIESVLPSTIVHRCNTSQQEVSHTHTOVADSATESSPLLSYTGNHNGAGTSKPVNNHGSTIEQDAPKOTKKRNLNMHGYV 11
ScZRC1 GLFLFHDHGSDSLHSHSHGSVESGNNDLDIESNATHSHSHASLPNDNLAIDEDAISSPGPSGQIGEVLPQSVVNRLSNESQPLLNHDDHDHSHESKKPGHRSLNMHGY 13
ScCOT1 GLFLFHDNDQEHGHGHGHSHGGIFADHEMAMPSSHTHTHAHVDGIENTTPMDSTDNISEIMPNAIVDSFMNENTRLLTPENASKTPSYSTSSHTIASGCGNYTEENKRKRSLNMEGV 14
HvMTP1 IMAVLLGHDHGHGGHGHSHGHGHGHSHDHDHGNSEDDHSHAEGDHEQGHVHEHERHSHGTSITVT TNNESHSSTGOHQDVEQPLIKHDGDCESAQPGAKPAKKPRRNINY 26
NgMTP1 VMAVMLGHDHGHSHGHGHDHGNHSHDVTVT THDHDHDHDHDDGHGHSHGEDKHDEAHGDVTEQLLEKPKQEKEKKKRNINVO 19
OsMTP1 IMAVLLGHDHGHGHGHGHGHGHSHDHDHGGS DHDHEHHE DOEHGHVEHHE DGHGNS I TVNLERHPGTGHERADAEEPLLKSDAGCDSTQSGAKDAKKARRNINVHSA 29

Figure 2. Amino acid sequence of the histidine-rich loop (His-loop) of ZnTs. Some ZnTs have no
His-loop (A), while others have a short (B) or exceptionally long His-loops (C). Histidine residues are
highlighted in light green. The C-terminal part of TM4 and the N-terminal part of TM5 are shown in
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orange. Bold numbers on the right denote the number of histidine residues contained in the His-loop.
Accession numbers are as follows: Escherichia coli YiiP (EcYiiP, UniProt code: P69380), Shewanella
oneidensis YiiP (SoYiiP, UniProt code: Q8E919), Streptococcus pneumoniae MntE (SpMntE, UniProt
code: Q8DP19S), Homo sapiens ZnT6 (HsZnT6, UniProt code: Q6NXT4), Homo sapiens ZnT9 (HsZnT9,
UniProt code: Q6PMLY), Homo sapiens ZnT10 (HsZnT10, UniProt code: Q6XR72), Arabidopsis thaliana
MTP5 (AtMTP5, UniProt code: Q6ICY4), Arabidopsis thaliana MTP6 (AtMTP6, UniProt code: Q8L725),
Arabidopsis thaliana MTP11 (AtMTP11, UniProt code: O80632), Homo sapiens ZnT1 (HsZnT1, UniProt
code: Q9Y6MS5), Homo sapiens ZnT2 (HsZnT2, UniProt code: Q9BRI3), Homo sapiens ZnT3 (HsZnT3,
UniProt code: Q99726), Homo sapiens ZnT4 (HsZnT4, UniProt code: O14863), Homo sapiens ZnT8
(HsZnT8, UniProt code: Q8IWU4), Homo sapiens ZnT5 (HsZnT5, UniProt code: Q8TAD4), Homo
sapiens ZnT7 (HsZnT7, UniProt code: QSNEWO), Arabidopsis thaliana MTP1 (AtMTP1, UniProt code:
Q97T63), Oryza sativa MTP1 (OsMTP1, UniProt code: Q688R1), Schizosaccharomyces pombe ZHF1
(SpZHF1, UniProt code: O13918), Saccharomyces cerevisize ZRC1 (ScZRC1, UniProt code: P20107),
Saccharomyces cerevisiae COT1 (S5cCOT1, UniProt code: P32798), Hordeum vulgare MTP1 (HvMTP1,
UniProt code: AQJJL9), and Noccaea goesingensis MTP1 (NgMTP1, UniProt code: Q6Q4F7).

As aforementioned, all ZnTs belong to the SLCA30 family, allowing us to compare
the conformational details between them. ZnTs show different TM helix arrangements
in both the IF and OF forms. In the IF form of bacterial YiiP and HsZnT8, TM4 and TM5
largely swing to the outside on the cytosolic side (relative to their positions in the OF form),
using their luminal ends as pivot points (Figure 3A,B). By contrast, TM2 moves slightly
toward the center [51]. Notably, in the IF form of HsZnT7, TM5 kinks at the middle, and
its cytosolic half is largely bent toward the outside, resulting in the very open cytosolic
cavity (Figure 3C) [50]. In this form, part of the His loop is integrated into the cytosolic
cavity, and His164 in this loop is directly coordinated to Zn?* along with His70, Asp74, and
Asp244 (Figure 3D) [50]. The detailed mechanistic and functional roles of the His-loop are
discussed later.

™2
bacterial YiiP human ZnT8 human ZnT7
OF (3H90) / IF (TKZZ) OF (6XPD)/ IF (6XPF) OF (8J7T)/IF (8J7V)
E F G Cytosolic view

ECYilP (3H90) / HsZnT8 (6XPD) / SoYiiP (7TKZX) / HsZnT7 (8J7V)
HsZnT7 (8J7T) HsZnT7 (8J7T)

Figure 3. Rearrangement of the transmembrane helix of ZnTs during transition between the OF and
IF forms. (A-C) Superimpositions of the OF (blue) and IF (magenta) forms of bacterial YiiP (PDB codes:
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3H90 and 7KZZ, respectively), human ZnT8 (PDB codes: 6XPD and 6XPF, respectively), and human
ZnT7 (PDB codes: 8]7T and 8]7V, respectively), viewed from the cytosolic side. (D) Integration of the
His-loop of HsZnT7 into the widely open cytosolic cavity, viewed from the side. (E) Superimposition
of the OF forms of EcYiiP (blue, PDB code: 3H90) and HsZnT7 (violet, PDB code: 8]7T), viewed
from the luminal side. (F) Superimposition of the OF forms of HsZnT8 (green, PDB code: 6XPD)
and HsZnT7 (violet, PDB code: 8J7T), viewed from the luminal side. (G) Superimposition of the
Zn%*-unbound IF states of HsZnT?7 (violet, PDB code: 8]7V) and SoYiiP (green, PDB code: 7KZX),
viewed from the cytosolic side. The cytosolic domains and TM helix loops are omitted for clarity.
Orange arrows indicate the movement of TM helices during the conversion from the OF to the IF
state. TM, transmembrane.

There are also significant differences in the OF forms of ZnTs with a known structure.
The OF form of HsZnT7 has a wider cavity at the luminal side than that of HsZnT8 and
EcYiiP due to the more “outside” positions of TM1 and TM2 (Figure 3E,F). An additional
conformation has been identified for Zn?*-unbound HsZnT?7, in which TM5 packs tightly
with TM2, TM3, and TM6 on both the cytoplasmic and luminal sides (Figure 3G) [50]. The
TM helix arrangement in this state is highly superimposable to that of a previously reported
occluded state of Zn?*-unbound SoYiiP (Figure 3G) [44]. Although the physiological
relevance of the Zn?*-unbound occluded state remains unclear, this state may be formed
after the release of Zn?* to the luminal or periplasmic side and before complete conversion
to the IF state with a widely open cytosolic cavity. Hereafter, we refer to this state as the “IF
resting state” in this review article.

5. Zn?*-Binding Sites on ZnTs
Zn’*-Binding Sites and Metal Ion Selectivity

Metal specificity is an important functional feature of all metal transporters. X-ray
crystallographic and cryo-EM analyses revealed one to three Zn?*-binding sites (site A,
site B, and site C) in ZnTs. All ZnTs commonly possess a Zn2+—binding site in the TMD
(site A). Zn?* binds transiently to site A before effluxing to the other side, indicating that
site A is located on the Zn?*-translocation pathway. Site A contains highly conserved
Zn%*-binding motifs formed by the BXXXB motif on TM2 and TM5, in which B is His (H),
Asp (D), Asn (N), or Glu (E), and X can be any residues (Figure 1C,D). There are, however,
some differences in the sequence of site A (Figure 1D). While human, plant, and yeast
ZnTs conserve the (HXXXD)™2-(HXXXD)™?> motif, different amino acid sequences are
seen in the motifs of bacterial ZnTs; for instance, (DXXXD)™2_(HXXXD)™5 in EcYiiP
and SoYiiP, and (HXXXD)™2-(HXXXD)™? in EcZitB and CzcD (Figure 1D). Notably,
mammalian ZnT6 loses the BXXXB motif in the TMD, and does not therefore have Zn%*
transport activity [62]. Mammalian ZnT10 harboring (NXXXD)™2-(HXXXD)™S transports
Mn?* rather than Zn?* (Figure 1D) [88-90]. AtMTP11 and ShMTP8 harbor (DXXXD)T™2-
(DXXXN)™S and transport both Mn?* and Cu®* (Figure 1D) [66]. Thus, not all ZnTs
transport Zn?* exclusively.

Site B is less conserved at the TMD-CTD interface (Figures 1B and 4A). In bacterial YiiP,
this site is located in the TM2-TM3 loop, which contains a DHH motif (Figure 4B) [42—44].
In HsZnTS, this site is constituted by His residues from the TM2-TM3 loop in the TMD
and from the a2-B3 loop in the CTD, and it has low affinity for Zn?* [51]. While the
functional role of site B is unclear in HsZnT8, bacterial YiiP participates directly in Zn?*
transport [43,44]. Since site B is positioned near the cytosolic Zn?* entry gate, mutation of
two His residues at site B reduces the Zn?* transport activity of bacterial YiiP [43]; thus,
site B is thought to trap Zn?* in the cytosol, thereby facilitating Zn?* transport [43,51].
Although the structure of AtMTP1 has not been solved, homology modeling based on the
crystal structure of EcYiiP suggests that it lacks site B (Figure 4B). However, mutations
of some residues in the TM2-TM3 loop impair the Zn?* transport activity of AtMTP1,
indicating that the TM2-TM3 loop itself is essential for AtMTP1 function [91].
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Figure 4. Zn2+—binding sites in the C-terminal domain of ZnTs. (A) The C-terminal domain (CTD) of
dimeric HsZnT7 (left), EcYiiP (middle), and HsZnT8 (right). Red spheres indicate Zn** jons. “B”
and “C” in the red spheres indicate Zn?* bound to site B and site C, respectively. Note that HsZnT7
contains no Zn?* binding sites in the CTD. (B) Sequence alignment of representative ZnT-family
members from human, bacteria, and plants around site B, located at the TMD-CTD interface. Zn%*-
coordinating residues confirmed by structure analysis are highlighted in light green and marked by
black down-pointing triangles. Light violet highlights His and Asp residues that are predicted to be
coordinated with Zn*. (C) Sequence alignment of representative ZnT-family members around site C
in the CTD. Zn?*-coordinating residues identified by structure analyses are highlighted in light green
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and marked by black down-pointing triangles. Light violet highlights residues to be involved in
Zn%* coordination. Note that HsZnT7 lacks site B and site C. TM, transmembrane. (D) Closed-
up views of Zn?*-binding sites around the CTD (site C) in EcYiiP (upper) and HsZnT8 (lower).
Bound Zn2* ions are represented by red spheres. Black circle indicates the HHD motif located
at site C of EcYiiP. “C” in the red spheres indicate Zn>* bound to site C. Accession numbers are
as follows: Homo sapiens ZnT1 (HsZnT1, UniProt code: Q9Y6MS5), Homo sapiens ZnT2 (HsZnT2,
UniProt code: Q9BRI3), Homo sapiens ZnT3 (HsZnT3, UniProt code: Q99726), Homo sapiens ZnT4
(HsZnT4, UniProt code: O14863), Homo sapiens ZnT7 (HsZnT7, UniProt code: QSNEWO), Homo
sapiens ZnT8 (HsZnT8, UniProt code: Q8IWU4), Escherichia coli YiiP (EcYiiP, UniProt code: P69380),
Shewanella oneidensis YiiP (SoYiiP, UniProt code: Q8E919), Escherichia coli ZitB (EcZitB, UniProt code:
P75757), Cupriavidus metallidurans CzcD (CmCzcD, UniProt code: P13512), Streptococcus pneumoniae
CzcD (SpCzcD, UniProt code: AOAOB7LW62), Schizosaccharomyces pombe ZHF1 (SpZHF1, UniProt
code: 013918), Streptococcus pneumoniae MntE (SpMntE, UniProt code: Q8DP19S), Saccharomyces
cerevisiae ZRC1 (ScZRC1, UniProt code: P20107), Saccharomyces cerevisine COT1 (ScCOT1, UniProt
code: P32798), Arabidopsis thaliana MTP1 (AtMTP1, UniProt code: Q9ZT63), Arabidopsis thaliana MTP3
(AtMTP3, UniProt code: Q9LXS1), Hordeum vulgare MTP1 (HvMTP1, UniProt code: AOJJL9), Oryza
sativa MTP1 (OsMTP1, UniProt code: Q688R1), Thermus thermophilus CzrB (TtCzrB, UniProt code:
Q8VLX?), Thermotoga maritima CzcD (TmCzcD, UniProt code: QIWZX9), and Pseudomonas aeruginosa
CzcD (PaCzcD, UniProt code: Q9I6A3).

Site C is located at the dimer interface between two CTDs (Figures 1B and 4A). In
bacterial YiiP, site C forms a binuclear Zn?* complex composed of the (HHD), motif and
stabilizes its dimeric conformation (Figure 4C,D) [42,43]. In HsZnTS$, the exact location
of site C differs from that in bacterial YiiP. In HsZnT8, two Zn?* ions are coordinated by
an HCH motif from the N-terminal loop, and a Cys-Cys pair from the C-terminal tail,
thereby forming a tetrahedral complex (Figure 4D) [51]. The HCH muotifs seal off site
C and bury the Zn?* ions inside the protein (Figure 4D). This motif is highly conserved
among the ZnT8 orthologues but not among bacterial ZnTs [51]. The N-terminal truncation
that accompanies the loss of the HCH motif reduces the Zn?* uptake activity of HsZnT8
significantly [51]. AtMTP1 also possesses site C within the CTD (Figure 4C), and the lack of
this domain results in loss of function [91]. Thus, Zn?*-mediated dimerization via the CTD
seems likely to be essential for Zn?* transport by HsZnT8, bacterial YiiP, and plant MTP1.

By contrast, no 7Zn2* jons have been identified at either site B or site C of HsZnT?7,
although its cryo-EM structures were determined in the presence of high Zn?* concen-
trations (10, 200, or 300 uM) of Zn?* (Figure 4). Consistent with this, residues required
for Zn?* binding are not conserved at site B or site C of HsZnT?7 (Figure 4C). Presumably,
other elements contribute to the dimerization of the CTD and the Zn?* transport activity of
HsZnT7. Indeed, dimerization of the CTD is mediated by residues within four 3-strands
and TM2-TM3 loops located at the dimer interface (Figure 4A) [50].

6. Mechanism of Zn?* Transport by Human ZnT7 and Bacterial YiiP
6.1. Zn** Transport by HsZnT7

HsZnT7 transports Zn?* from the cytoplasm to the TM Zn?*-binding site (site A), and
then to the Golgi lumen. The cryo-EM structures of HsZnT7 in multiple states have helped
to paint a full picture of Zn?" transport mediated by this transporter (Figure 5) [50]. In
the absence of Zn%*, TM5 packs against TM2, TM3, and TM6 at both the cytosolic and
luminal sides, forming an “IF resting” state (Figures 3G and 5A). In this state, Zn>* uptake
to site A seems to be blocked due to the closed Zn?* entry gate (Figure 5A—C(i)). In the
presence of Zn?*, however, the cytosolic cavity opens by bending the N-terminal half
of TM5, and the His-loop is integrated into the cavity to coordinate with Zn?* at site A
(Figure 5A-C(ii)). In the next step, TM5 returns to a straight conformation concomitant with
pulling His164 out of site A. Consequently, His240 on TM5 coordinates with Zn?* instead
of His164 (Figure 5A—C(iii)). Upon conversion to the OF state, the His70 side chain moves
away from Zn%* slightly, while Asp74, His240, and Asp244 remain coordinated with Zn%*
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(Figure 5B(iv)). Simultaneously (or shortly thereafter), protons presumably enter the Zn?*
transport channel from the weakly acidic Golgi lumen to protonate His70 and His240. As a
result, His70 flips out of site A, and Zn?* is released to the Golgi lumen (Figure 5A-C(v)). In
this context, it is notable that while a His residue is highly conserved among human ZnTs,
it is substituted by an Asp residue in bacterial YiiP (Figure 1C,D). Although it is not fully
elucidated how many protons are involved in the release of Zn?*, the above mechanistic
model suggests that HsZnT7 exchanges one Zn?* for two protons per cycle.
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Figure 5. Zn2+ transport mechanism used by human ZnT7. (A) TM helix rearrangement during the
transition from the IF state (i-iii) to the OF state (iv,v), viewed from the cytosolic side (i-iii) and
from the luminal side (iv,v). (B) Zn?*-coordination structure at site A. Note that His240 (TM5) and
His70 (TM2) undergo striking positional shifts during the Zn?* transport cycle. His164 (His-loop) is
coordinated directly with Zn?* in the “IF widely open” state and is subsequently replaced by His240
(TMS5). His70 moves away from site A to facilitate Zn?* release to the luminal side. (C) Simplified
cartoon showing the Zn?* transport cycle of human ZnT?7. States i-v indicate intermediates generated
during the transition from the IF state (i-iii) to OF states (iv,v).

6.2. Zn** Transport by Bacterial YiiP

Recent biochemical, structural, and computational studies provide deep insight into
the mechanism of Zn?* transport mediated by bacterial YiiP [43,44]. Initially, Zn?* is
recruited to site B, formed by the TM2-TM3 loop, and then transferred to site A of another
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protomer (Figure 6) [43,44]. In the Zn?*-free IF state, the TM2-TM3 loop is disordered
to allow Zn?* to approach site B. After binding Zn?* site B, the TM2-M3 loop forms an
ordered conformation [43]. Importantly, the higher affinity of Zn?* for site A than site B
explains sequential Zn?* transfer from site A to site B [43]. At this step, the negatively
charged cytoplasmic cavity seems advantageous for directing Zn?* to site A [43,92]. In
the OF state, the TM2-TM3 loop in a Zn?*-free state interacts with the CTD, forming an
extended conformation [43]. Zn?* is released to the periplasm and is facilitated by the
protonation of two residues in site A, or potentially three residues at a lower pH [43].

Inward-facing (IF)
,i | T™MD
TMS j D49 (Site A)
e~
H153 | (4)
L D150
(3)( ]
WA M3
E79
(2
TM2'-TM3' loop
(Site B')

Zn2*

Figure 6. Mechanism of Zn?* recruitment and transfer to site A by bacterial YiiP. Initially, Zn>* is
recruited to site B (step (1)) located at the TMD-CTD interface, and then transferred to site A via steps
(2-4), sequentially.

MD simulations using EcYiiP and SoYiiP as a model metal transporter demonstrate
that Zn?* binds transiently to Asp150 (Asp152 in SoYiiP) on TM5, and to Glu79 (Glu81 in
SoYiiP) on TM3, before reaching site A (Figure 6) [92]. In the next step, His153 (His155
in SoYiiP), located at site A, plays a key role in guiding Zn?* to site A. In support of this,
His153 can adopt two conformations to receive Zn?* from Asp150, after which it forms a
tetrahedral Zn?* complex with Asp45, Asp49, and Asp157 (Figure 6) [49]. Release of Zn?*
can be triggered by protonation of site A residues [43,44]. His153 is likely deprotonated
again when it faces the neutral-pH cytoplasm to receive Zn?* from site B via Asp150 [49,51,
54,92,93].

6.3. Role of the Proton Gradient in ZnT-Mediated Zn>* Transport

Lactose permease (LacY) utilizes a proton motive force for the efficient transport
of lactose [94]. Presumably, ZnTs also uses the proton motive force to transport Zn?*
from the cytoplasm to the extracellular space or the organelle lumen [55]. Given that the
concentration of labile Zn?* in the Golgi is much higher than in the cytosol [64,95,96], and
that the Golgi is a weakly acidic organelle [97], it makes sense that Golgi-resident ZnTs
utilize the energy provided by the Golgi-to-cytosol proton flow to transport Zn?* to the
luminal side. As mentioned above, protonation of His70 and His240 is critical for the

194



Int. J. Mol. Sci. 2024, 25, 3045

[F-to-OF conversion and subsequent release of Zn?*. While HsZnT7 exchanges one Zn?*
for (possibly) two H* per cycle, EcZitB [47] and EcYiiP [48] exchange one Zn?* for one
H*. SoYiiP conducts the exchange at a ratio of 1:2-3, depending on the external pH [43].
Human ZnT2 is thought to operate at a ratio of 1:2 [54].

7. Structural and Functional Roles of the Histidine-Rich Loop (His-Loop)

The His-loop is a unique sequence located at the cytoplasmic side between TM4 and
TMS5 (Figures 1B and 2). The length of this loop, as well as the number and arrangement
of His residues, can differ (Figure 2). Most bacterial ZnTs (e.g., YiiP and MntE), several
mammalian ZnTs (e.g., ZnTs 6, 9, and 10), and plant MTPs (e.g., AtMTPs 5, 6, and 11)
possess a short TM4-TMS5 loop without any His residues. Mammalian ZnTs such as ZnTs 2-4
and ZnT8§ are also characterized by a short His-loop. Of note, several mammalian ZnTs (e.g.,
ZnTs 1,5, and 7), plant MTP1s (e.g., AtMTP1, NgMTP1, OsMTP1, and HvMTP1), and yeast
ZnTs (e.g., SpZHF1, ScZRC1, and ScCOT1) have an exceptionally long His-loop (Figure 2).
Despite having a relatively long TM4-TM5 loop, ZnT10 has no His residues in the loop
(Figure 2). Such variations in the His-loop may underlie the diverse functions and different
mechanisms of Zn?* transport mediated by ZnTs. Indeed, the His-loop also functions as
a Zn2+—buffering pocket [98], a Zn** selectivity filter [99], a Zn%* sensor [98,100,101], or a
Zn**-fishing loop [50].

As described above, cryo-EM analysis of HsZnT7 revealed that a short segment of
the His-loop inserts into the cytoplasmic cavity, where His164 contained in the His-loop
coordinates directly with Zn?* at site A, while His240 on TMS5 is kicked out from site A
due to bending of the N-terminal half of TM5 (Figure 5A,B(ii)) [50]. Thus, the His-loop
appears to contribute to efficient Zn?* uptake to site A, but its task seems transient. In other
words, HsZnT7 may use the His-loop as a “Zn?* fishing loop”, and His residues in the
loop function as a “fishing hook” that captures Zn?* and transfers it to site A. Consistent
with this, the deletion of the His-loop, or the mutations of all His residues in the loop to
Ser, abolishes the Zn?* transport activity of HsZnT7 [50]. Similarly, deletion of the entire
His-loop segment in Noccaea caerulescens MTP1 and AtMTP1 results in substantial loss of
Zn?* transport activity [98,102] although deletion of the first half of the His-loop increases
the activity of AtMTP1 significantly [98].

The 63-residue His-loop of HsZnT7 contains 21 His residues and can be divided into
two halves: The first half contains seven His residues close to the C-terminus of TM4, and
the second half contains 14 His residues close to the N-terminus of TM5 (Figure 2) [50]. The
His-loop of HsZnT7 binds Zn?* with a K4 value of 12 uM; although each half can bind one
Zn?*, the first and second halves appear to bind Zn?** co-operatively [50]. AtMTP1 also
contains an exceptionally long His-loop containing 25 His residues and can also be divided
into two halves: The first half contains 18 His residues close to the C-terminus of TM4, while
the second half contains seven His residues close to the N-terminus of TM5 (Figure 2) [98].
The His-loop of AtMTP1 can bind four Zn?* ions, with a Ky value of 25 uM [101]. The
lack of either half leads to impairment of Zn?*-binding by AtMTP1, suggesting that the
two halves of the His-loop work co-operatively to form multiple Zn?*-binding sites [101].
However, stable Zn?* binding may lead to slower Zn** release from AtMTP1, which likely
explains the less efficient Zn?* transport by AtMTP1 WT than by the mutant lacking the first
half [98,101]. Consistent with this, the His-loop of AtMTP1 adopts a 3-strand conformation
to suppress its Zn®* transport activity at high concentrations of Zn?*, implying a role in
sensing excessive Zn2* levels in the cytosol [101].

8. Zn?* Transport by Other Zn?* Transport Systems
8.1. ZIPs

ZIPs play a crucial role in mediating metal import across the plasma membrane as
well as export across organelle membranes. ZIPs are classified into four subfamilies based
on phylogenetic relationships [102]. In humans, 14 ZIPs have been identified. Despite their
relevance to human diseases, the structural and mechanistic details of mammalian ZIPs
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remain poorly understood. Recent studies on Bordetella bronchiseptica ZIP (BbZIP) have shed
light on some structural and mechanistic features [56,103,104]. Crystal structures of BbZIP
revealed an IF monomer, with binuclear metal-binding sites potentially occupied by Zn?* or
Cd?* [104], while cryo-EM studies revealed an IF homodimer [56]. BbZIP is an elevator-type
transporter in which a four-TM helix bundle with bound metal ions slides as a rigid body
against the dimeric domain composed of the other static TM helices to exert an alternating
access mechanism, and its Zn?* uptake is pH-dependent [56,105-107]. However, it is
unclear whether ZIPs transfer Zn?* through a symport or antiport mechanism [56,105]. The
presence of a His-rich loop in many mammalian ZIPs, including BbZIP, adds complexity to
the mechanisms underlying their regulated Zn?* transport [108,109]. Plants possess more
ZIPs [110], but detailed structural and mechanistic characterization has not been reported
for any of them.

8.2. ZntB

ZntB belongs to the prokaryotic CorA family [111,112]. E. coli and P. aeruginosa
ZntB transport multiple metal ions, including Zn?*, Co%*, Ni%*, and Cd?* [53,113]. ZntB
forms homogeneous pentagonal structures that span the biological membrane, similar
to other members of the CorA family. Each protomer consists of two TM helices and
a large cytoplasmic domain [53,113]. ZnTB-mediated Zn?* transport is stimulated by a
pH gradient across the biological membrane. ZntB transports protons and Zn?* together
in the same direction, thereby working as a symporter [53]. In contrast to bacterial YiiP
and human ZnTs, ZntB does not seem to use an alternating access mechanism mediated
by conformational transitions between IF and OF forms [53]. The cryo-EM structure
of PaZntB is similar to that of EcZntB and T. maritima CorA, but with different helical
arrangements [53,113,114]. PaZntB is capable of transporting Zn%*, Mg2+, Cd?*, Ni?*, and
Co?*. In contrast to other ZntBs, PaZntB is unlikely to use the proton motive force [53,113].
Thus, different mechanisms may operate among ZntBs from various bacterial species [53,
111,113,115].

8.3. P-Type ATPases with Zn>* Transport Activity

Zn**-transporting P-type ATPases, which belong to class IB (Pjp.2-ATPases), are ac-
tive zinc transporters. While no P-type ATPases with Zn?* transport activity have been
identified in mammals, several have been identified in bacteria and plants. In plants, the
Pigp-ATPases, also known as the heavy metal ATPases (HMAs), are thought to play an
important role in the transport of transition metals. In A. thaliana, AAHMA?2 and AtHMA4
are zinc transporters that increase ZnZ* levels in roots, stems, and leaves [66,116]. AtHMA1
functions to detoxify Zn?* in the chloroplast, while AtHMA3 is thought to supply Zn*
to the ER and vacuole. Little is known about the structural features and Zn?* transport
mechanisms of HMAs [66]. In bacteria, ZntA is an active zinc transporter that is crucial
for cellular detoxification and sub-cellular redistribution of Zn?* [117]. ZntA couples ATP
hydrolysis with Zn?* transport via the “Post-Albers” cycle, during which at least four
primary intermediate states (E1, E1P, E2P, and E2) accumulate [118-121]. Structurally,
P1gp-ATPases possess four domains: A TMD, a nucleotide-binding domain (N domain),
an actuator/dephosphorylation domain (A domain), and a phosphorylation domain (P
domain) [118,120,122]. In addition, Pjg.,-ATPases contain metal-binding domains (MDBs)
in the N-terminal region to promote metal recruitment to the TM metal-binding site (114,
116, 118). To date, only the crystal structure of Shigella sonnei ZntA has been reported [117],
and the cryo-EM structures of other Pigo-ATPases are currently unknown.

8.4. Zn?* Transport by ATP-Binding Cassette Transporters

ATP-binding cassette (ABC) transporters are a ubiquitous superfamily of integrated
membrane proteins that transport various substrates across biological membranes by utiliz-
ing ATP as an external energy source [123]. In bacteria, ZnuABC is a specialist zinc trans-
porter. It comprises three protein subunits: A periplasmic Zn?*-binding protein (ZnuA),
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an integrated membrane protein that transports Zn?* across the cytoplasmic membrane
(ZnuB), and an ATPase protein in charge of coupling Zn?* transport to ATP hydrolysis
(ZnuC) [124,125]. In most Gram-negative bacteria, ZnuABC expression is regulated by a
Zur (zinc uptake regulatory) protein induced by Zn?* acquisition [126]. The structure of
ZnuABC and its mechanism of Zn?* transport coupled to ATP hydrolysis are only poorly
understood, although crystal structures have been solved for EcZnuA [124,127,128], and
Salmonella enterica ZnuA [129].

9. Conclusions

As described above, while some members of the Zn-CDF family share structural and
mechanistic features, there are considerable variations among them. It is widely accepted
that ZnTs commonly operate as dimers; however, detailed structural analyses conducted
so far show that whereas bacterial YiiPs adopt OF-OF and IF-IF homodimers, human ZnTs
exist as either OF-OF homodimers or IF-OF heterodimers. No IF-IF homodimers have
been observed for mammalian ZnTs, likely due to their conformational instability. Indeed,
modes of the TM helix rearrangement between the IF and OF states among ZnTs seem to
differ significantly. Of particular note, HsZnT7 undergoes marked bending of TM5 to allow
efficient Zn?* uptake. Concomitantly, a part of the long cytoplasmic His-loop is integrated
into the negatively charged cytosolic cavity to facilitate acqusition and efficient transfer
of Zn?* to the TM Zn?*-binding site. In this state, His164 in the His-loop is coordinated
directly with Zn?* in the TMD. Subsequently, His240 (TM5) repaces His164, followed by
the conversion from the IF to the OF state. In this context, the essential role of His164
needs to be further explored by conducting additional mutational and structural studies.
It will also be interesting to see if another His residue in the His-loop can replace His164
for efficient Zn?* recruitment when His164 is deleted. Recently, a de novo heterozygous
variant of SLC30A7, His164Ser, was found in Joubert syndrome patients [130]. Although no
SLC30A7 variants have yet been shown to cause human phenotypes or diseases, SLC30A7
is a candidate gene associated with Joubert syndrome [130].

Undoubtedly, multiple ZnTs work co-operatively to maintain Zn?>* homeostasis
in cells. Indeed, disruption of Zn?" homeostasis leads to disruption of protein home-
ostasis [64,131] and dysfunction of essential enzymes, transcription factors, and other
biomolecules [132-135], eventually causing many fatal diseases [29-40]. In this regard, the
mechanisms of Zn?>* homeostasis mediated by various kinds of ZnTs need to be understood
more comprehensively. Zinc biology is an important field of research that encompasses
biochemical, structural, computational, physiological, and medical approaches.
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