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Abstract

Psychrophilic organisms are able to grow at temperatures down to −15 ◦C, while hy-
perthermophiles can multiply at temperatures up to 122 ◦C. What structural changes
in extremophile proteins are needed to maintain stable and biochemically active struc-
tures under such conditions? Understanding how such extremophiles accomplish this
is relevant for human health, biotechnology, and our search for life elsewhere in the
universe. The purpose of the current study is to report and compare the structures of
four rubredoxins (Rds), the first ever two experimental psychrophile bacteria structures
(from Gram-positive Clostridium psychrophilum and Gram-negative Polaromonas glacialis)
and two hyperthermophiles from the Gram-negative Thermotoga maritima bacterium and
the archaeon Pyrococcus yayanosii, also a piezophile, as part of a program to understand
structural variations that support both stability and function under extreme conditions.
These structures were obtained using synchrotron radiation X-ray diffraction at 100 K.
All four structures had the expected overall rubredoxin fold. Rubredoxin from the only
aerobic psychrophilic bacterium Polaromonas glacialis had larger variations in sequence and
structure, whereas the other psychrophilic bacterium showed properties closely related to
hyperthermophile rubredoxins. Multi-subunit structures showed similar RMSD variability
independent from their thermal adaptation status. We propose including functional infor-
mation in the analysis since temperature optimization may not be the only determinant for
a specific protein adaptation.

Keywords: rubredoxin; extremophile; hyperthermophile; psychrophile; X-ray diffraction

1. Introduction

For life to thrive under extreme conditions [1,2], its constituent proteins need to
maintain stable and biochemically active structures [3–6]. Understanding the structure
of extremophile proteins under such conditions is interesting in its own right, and it is
also relevant for human health, biotechnology [7], and our search for life elsewhere in
the universe [8]. The same is even true for proteins from ‘non-extremophiles’: how does
structure change as a function of temperature and other conditions?

Biomolecules 2026, 16, 623 https://doi.org/10.3390/biom16050623
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One approach to explaining extremophile protein stability is the ‘corresponding states’
proposal, which posits that proteins have evolved to achieve comparable flexibility at
the optimal growth temperature for their respective organisms [9,10]. In support of this
idea, neutron scattering experiments found comparable flexibility for psychrophiles and
thermophiles at their respective adaptation temperatures (from 4 to 85 ◦C) [11]. However,
some experiments conflict with its predictions. For example, using NMR-monitored amide
hydrogen exchange experiments, hyperthermophilic Pyrococcus furiosus rubredoxin (Pf Rd)
was found to have greater flexibility compared to the mesophile Clostridium pasteurianum
(Cpa Rd) protein [12,13]. In a similar vein, from neutron scattering, NMR, and other
measurements, hyperthermophilic P450 CYP119 was found to be more flexible than its
mesophilic counterpart CYP101A at all temperatures above 200 K [14].

In a previous study using 57Fe measurements, we found comparable flexibility for
hyperthermophilic Pf Rd compared to psychrophilic Polaromonas glacialis (Pg) Rd [15].
An additional surprise from our Pf Rd studies was the observation of a conformational
change at around 343 K that produced modifications in hydrogen bonding [16]. However, it
remains to be seen if Pf Rd represents a unique case, or if high temperature conformational
changes are a general feature of extremophile proteins. As a starting point for addressing
this issue, here we determined four new Rd structures from psychrophilic Clostridium
psychrophilum (Cpsy) and Pg, as well as hyperthermophilic Thermotoga maritima (Tm) and
hyperthermophilic and piezophilic Pyrococcus yayanosii (Py). Along with similar protein
sequences (Table 1), we found comparable 100 K structures. These formed the basis for
future studies at room temperature and ~373 K when possible.

Table 1. Sequences for rubredoxins with structures solved in this paper or previously aligned by
CLUSTAL Omega [17]. 1 Pseudomonas oleovorans 2Fe Rd C-terminal starting at residue 119 [18,19],
2 Mycobacterium tuberculosis Rd 2 [20], 3 Pseudomonas aeruginosa Rd [21], 4 Clostridium pasteurianum
Rd [22,23], 5 Pyrococcus abyssi Rd [24], and 6 Pyrococcus furiosus Rd. Growth temperatures are taken
from the BacDive database [25]. Conserved cysteines—C, prolines—P, other prolines—P, and core
aromatics—W, Y, and F. The rooted phylogenetic tree of the alignment is included in Supplemental
Figure S1.

 
Organism Sequence Growth Temp °C PDB ID 
Cpsy MNKYVCLVCGYEYDPEIGDLEGGIKPGTKFEDLPEDWLCPLCGVTKFDFEKI 4 9ZDO 
Pg –MTWMCLICGWIYDEALGSPEHGIAAGTPWSQVPMNWTCPECGARKEDFEMVQM 10 9ZDP 

Po ct 1 YLKWICITCGHIYDEALGDEAEGFTPGTRFEDIPDDWCCPDCGATKEDYVLYEEK 30 1A24 
Mt 2 2 YKLFRCIQCGFEYDEALGWPEDGIAAGTRWDDIPDDWSCPDCGAAKSDFEMVEVARS 37 7A9A 
Pa 3 MKKWQCVVCGLIYDEAKGWPEEGIEAGTRWEDVPEDWLCPDCGVGKLDFEMIEIG 37 2V3B 
Cpa 4 MKKYTCTVCGYIYNPEDGDPDNGVNPGTDFKDIPDDWVCPLCGVGKDQFEEVEE 37 1FHH 
Tm MKKYRCKLCGYIYDPEQGDPDSGIEPGTPFEDLPDDWVCPLCGASKEDFEPVE 80 9ZDI 

Pab 5 MAKWRCKICGYIYDEDEGDPDNGISPGTKFEDLPDDWVCPLCGAPKSEFERIE 95 1YK5 
Py MAKWRCTVCGYIYDEEEGDPDNGVLPGTKFEELPDDWVCPLCGAPKDMFEKVD 98 9ZDH 
Pf 6 MAKWVCKICGYIYDEDAGDPDNGISPGTKFEELPDDWVCPICGAPKSEFEKLED 100 5NW3 
# 000000000111111111122222222223333333333444444444455555   
# 123456789012345678901234567890123456789012345678901234   

Yellow boxes highlight non-conserved Prolines, while cyan boxes highlight partially conserved Asp-19 and Leu-41.

https://doi.org/10.3390/biom16050623
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2. Materials and Methods

2.1. Protein Preparation

The extremophile Rds were expressed in Escherichia coli. Recombinant vectors contain-
ing the genes that code for these rubredoxins were synthesized with codon optimization [26]
for expression in E. coli in plasmid pET24d by GenScript (Piscataway, NJ, USA). We used
Cpsy Rd (Genbank accession number WP_216289245.1), Tm Rd (Genbank accession number
AKE30317.1), and Py Rd (Genbank accession number AEH24664.1). Production of Pg Rd
(Genbank accession number WP_198026828.1) has been previously described [15].

The plasmids were electroporated into E. coli T7Express (New England Biolabs, Ip-
swich, MA, USA) and maintained in LB medium with 50 ug/mL kanamycin. The recom-
binant Rds were expressed and purified essentially as previously described [16] with a
few modifications. Py Rd was purified the same way except that all three N-terminal
forms (N-fMet, N-Met, and N-Ala (the native form)) were separated on hydroxyapatite
chromatography. The Tm and Cpsy Rds were judged pure after gel filtration chromatogra-
phy. Zinc forms of the recombinant proteins were prepared as described [16]. All protein
solutions were concentrated to 40 mg/mL, 50 mM Tris pH 8.0, and 300 mM NaCl.

2.2. Protein Crystallization

All crystals were obtained with the hanging drop technique in Linbro plates with
various NaCl concentrated solutions in the well. The specific conditions were: (a) Zn Cpsy
Rd: Each drop contained 2 μL of protein solution, mixed with 2 μL 2.0 M NaKHPO4 and
1 μL Cpsy protein crystal derived seeds. The well contained 0.5 mL of 75% NaCl. (b) Fe Pg
Rd: Each drop contained 2 μL of protein solution diluted to 14 mg/mL in 0.22 mM NAD,
50 mM Tris pH 8.0, 300 mM NaCl, and 2 μL of 2 M (NH4)2SO4 solution over 0.5 mL of a
70% saturated NaCl well solution. (c) Fe Py Rd: The coverslip contained a drop produced
from 2 μL distilled water added to 2 μL protein solution, and 4 μL of 3.2 M NaKHPO4 and
100 mM Tris pH 7.0. Drops were equilibrated vs. a completely empty well. (d) Zn Tm Rd:
Each drop contained 2 μL of protein solution, mixed with 2 μL 4.0 M (NH4)2SO4 and 1 μL
Tm protein crystal derived seeds. The coverslip was equilibrated versus 0.5 mL of 80%
saturated NaCl well solution.

2.3. Crystal Mounting

Protein crystals were harvested at the beamlines under ParatoneN oil, and the surface
water layer was removed using a Hampton nylon loop (Hampton Research, Aliso Viejo,
CA, USA). Finally, before mounting on the goniometer, the excess oil was dabbed away.

2.4. Diffraction Data Collection

All diffraction data were collected at SSRL. Data for a needle Zn Cpsy Rd crystal
(1.2 × 0.15 × 0.10 mm) were collected using the helical data collection mode across the
long side of the needle at BL12-2 at 0.7293 Å, allowing for a final data resolution of 0.84 Å
in space group P212121 (sg19) with a single Rd molecule per asymmetric unit. Despite
the wavelength being far from the Zn edge (1.2836 Å), it was possible to phase de novo
the structure with HKL2MAP [27]. A dataset at 1.7711 Å on the same crystal was used to
confirm the presence of 3 K ions based on their anomalous signal.

An Fe Pg Rd crystal (150 × 100 × 50 μ) was used for data collection at 0.9795 Å
at BL12-2 with 5% transmission, a 40 × 40 μ beam, and a calculated absorbed dose of
4.5 MGy. The strong anomalous signal from the Fe atoms allowed for de novo phasing with
HKL2MAP [27] in space group P43212 (sg96), resulting in 7 unique Rd molecules in the
asymmetric unit.

https://doi.org/10.3390/biom16050623
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A single Fe Py Rd crystal (10 × 100 × 50 μ) dataset was collected at 0.9795 Å at BL12-2.
Molecular replacement with an Fe Pf Rd model (1BRF) was used to locate the 3 subunits in
the asymmetric unit of space group P212121 (sg19). A weak anomalous signal from the Fe
ions confirmed the metal center positions but was insufficient for de novo phasing.

A Zn Tm Rd crystal (150 × 150 × 100 μ) dataset was collected at 0.7749 Å at BL12-2 at
a 1.02 Å data resolution in space group P21 (sg4). In addition, a second dataset from the
same crystal at 1.2826 Å, corresponding to the Zinc peak wavelength from the MAD scan,
was used for de novo phasing, resulting in 2 Rd molecules in the asymmetric unit.

2.5. Diffraction Data Processing

Diffraction data recorded on an Eiger 16M PAD detector (DECTRIS AG, Baden-
Daettwil, Switzerland) [28] was processed with the XDS (19 January 2025) [29], Pointless
(1.13.4) [29,30], Aimless (0.8.2) [31], CCP4 (9.0.008) [32], and STARANISO (2.4.16) programs,
as implemented in the autoPROC software (1.0.5) [33].

2.6. Protein Sequence and Structure Analysis for Temperature Adaptation

Protein temperature adaptation, as well as all other properties, is encoded in the
amino acid sequence. A pairwise sequence identities table was produced by BLASTp
(2.17.0) [34], indicating the various degrees of difference for the novel and already known
Rds in Table S1. Multisequence alignment was performed and a rooted phylogenetic tree
was created using CLUSTAL Omega (1.2.4) [17] for Table 1 and Figure S1. Protein amino
acid content was analyzed using ProtParam (EXpasy) [35,36]

Structural analysis was based on the output from the BANDIT web server for normal-
izing the B-factors per dataset [37]. Rigidity analysis was performed using the ProPHet
rigidity web server [38]. Protein void volume and density calculations were produced using
the ProteinVolume web server [39]. Surface charges were calculated in Pymol (3.1.4.1) [40].
New structures were analyzed using the ProteinTools server [41] and Amino Acid Interac-
tions (INTAA) web server v2.0 [42].

3. Results

3.1. Overall Structures

The overall folds for these four new Rd structures were quite similar to the previous
structure for Pf Rd [16], as illustrated in Figure 1. The structures all contain the essential
features of the ‘consensus’ Rd, including the knuckles, β-sheets, aromatic cores, and loops
A and B.

The Zn Cpsy Rd single monomer 0.84 Å structure was determined in space group
P212121 with R/Rfree = 14.0%/15.8% and contained 71 waters and 3 K atoms. The Fe Pg Rd
structure was determined in space group P43212 with seven independent Rd monomers to
1.83 Å, R/Rfree = 17.2%/20.1%, and 227 identified waters and one Na ion. The Fe Py Rd
structure with three independent Rd monomers was determined in space group P212121

to 1.36 Å with R/Rfree = 17.4%/21.2% and with 209 waters and a Na ion. The Zn Tm Rd
structure with two independent Rd monomers was determined in space group P21 with
R/Rfree = 15.3%/18.1% and with 114 identified waters. The 100 K crystal structures for
these four Rds have been submitted to the Protein Data Bank with the following PDB IDs:
(a) Zn Cpsy Rd, 9ZDO; (b) Fe Pg Rd, 9ZDP; (c) Fe Py Rd, 9ZDH; and (d) Zn Tm Rd, 9ZDI.
Experimental statistics for the crystallography experiments are listed in Table 2.

https://doi.org/10.3390/biom16050623
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Fe Pf Rd sg19 Zn Cpsy Rd sg19 

  
Zn Tm Rd sg4 Fe Py Rd sg19 

 

 

Fe Pg Rd sg96  

Figure 1. Rainbow cartoon representation for the structures for: (A) Fe Pf Rd, (B) Zn Cpsy Rd, (C) Zn
Tm Rd, (D) Fe Py Rd, and (E) Fe Pg Rd. The figure was created with Pymol [40]. The label sg refers to
the space group number.

https://doi.org/10.3390/biom16050623
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Table 2. Data collection, processing, and refinement statistics for the four new Rd crystal structures at
100 K.

Protein Zn Cpsy Rd Fe Pg Rd Fe Py Rd Zn Tm Rd

PDB ID 9ZDO 9ZDP 9ZDH 9ZDI

Temperature (K) 100 100 100 100

SSRL beamline BL12-2 BL12-2 BL12-2 BL12-2

Crystal size (mm) 1.20, 0.15, 0.10 0.15, 0.10, 0.05 0.01, 0.10, 0.05 0.15, 0.15, 0.10

Wavelength (Å) 0.72929 0.97946 0.97946 0.77488

Resolution range (Å) 27.39–0.84 (0.95–0.84) 69.29–1.83 (2.04–1.83) 33.25–1.36 (1.50–1.36) 25.26–1.02 (1.08–1.02)

Space group P212121 P43212 P212121 P21

Unit cell: a, b, c (Å)
α β γ

27.48, 37.02, 40.72
90 90 90

73.90, 73.90, 199.35
90 90 90

26.91, 63.51, 78.06
90 90 90

27.02, 50.03, 33.93,
90 110.8 90

Total reflections 231,110 (9614) 1,951,770 (86,408) 175,948 (8462) 209,291 (10427)

Unique reflections 25,522 (1276) 36,053 (1803) 17,219 (861) 34,060 (1703)

Multiplicity 9.1 (7.5) 54.1 (47.9) 10.2 (9.8) 6.1 (6.1)

Completeness
(spherical) (%) 66.5 (10.9) 73.0 (13.5) 57.8 (11.4) 79.1 (25.6)

Completeness
(ellipsoidal) (%) 91.0 (50.6) 95.3 (69.9) 89.7 (57.5) 88.0 (50.5)

Mean I/sigma(I) 9.3 (1.9) 14.1 (1.6) 6.4 (1.5) 6.2 (1.8)

Wilson B-factor (Å2) 11.941 20.709 20.306 14.477

R-merge 0.115 (1.56) 0.277 (6.053) 0.433 (3.708) 0.205 (3.317)

R-pim 0.040 (0.838) 0.038 (0.862) 0.138 (1.216) 0.089 (1.427)

CC1/2 0.997 (0.515) 0.998 (0.608) 0.979 (0.837) 0.985 (0.340)

ISa 17.97 14.82 14.0 9.99

Mosaicity 0.51 0.11 0.14 0.16

Refinement

Refinement range 27.39–0.84 (0.95–0.84) 69.29–1.83 (1.88–1.83) 33.25–1.36 (1.39–1.36) 25.26–1.02 (1.04–1.02)

Rwork (%) 14.0 (31.6) 17.2 (29.8) 17.4 (27.6) 15.3 (26.6)

Rfree (%) 15.8 (0.00) 20.1 (51.3) 21.2 (29.7) 18.1 (31.8)

No. of non-H atoms

Total 537 3153 1480 970

Macromolecules 466 2918 1257 854

Ligands (Zn/Fe, Na/K) 1 Zn, 3 K 7 Fe, 1 Na 3 Fe, 1 Na 2 Zn

Water 71 227 209 114

R.m.s. deviations

Bond lengths (Å) 0.012 0.007 0.008 0.011

Angles (◦) 2.240 1.704 1.589 1.953

Average B-factor (Å2) 17.134 47.743 17.478 13.718

Macromolecules 15.841 47.778 15.915 12.652

Ligands (Zn/Fe, Na/K) 4.21 Zn, 18.78 K (3) 39.8 Fe(7), 34.0 Na 9.33 Fe(3), 26.3 Na (1) 8.1 Zn (2)

Water 26.104 47.293 26.931 21.276

https://doi.org/10.3390/biom16050623
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Table 2. Cont.

Protein Zn Cpsy Rd Fe Pg Rd Fe Py Rd Zn Tm Rd

Clashscore 3.19 1.79 1.64 0.6

MolProbity score 1.72 0.94 0.91 0.7

Ramachandran Plot

Favored (%) 94 100 100 100

Allowed (%) 6 0 0 0

Outliers (%) 0 0 0 0

3.2. Metal Coordination

The metal coordination distances and angles confirmed the expected pseudo tetra-
hedral coordination by four cysteine residues with slightly longer bond lengths for the
Zn-substituted proteins. Table S2 lists all the metal–ligand distances in the Rd molecules.
Ligands shielded by aromatic residues Cys6 (by Phe49) and Cys39 (by Tyr11) have longer
bonds to the metal center, but in some of the structures this general rule was not obeyed. It
would be instructive to investigate with other spectroscopy methods if this is a real effect
of part of ensemble sampling on crystal contacts within the multi-subunit crystals, or if it is
due to lower crystal resolution.

3.3. Rd Fold Determinants on Molecular Level

The Rd fold is commonly described as a combination of the two knuckles around the
iron and three antiparallel β strands. The structure is also held by additional specific bonds,
which are also the most mechanically rigid parts of the molecules and the most resistant to
H/D exchange. These include the already mentioned C6, C9, C39, and C42 coordinating
the metal, the Y13 side chain with a T28 backbone, and the tight β turn backbone bond
between K46 and F49 (Pf Rd numbering).

3.4. Asp-19 H-Bonding

In our previous study of hyperthermophile Pf Rd [16], at 100 K we observed H-
bonding from Asp19 to Trp37, with a connection to Tyr11 through two water molecules
(Figure 2A). At 260 K there was only a single water bridge to Tyr11 (Figure 2B), and at
393 K Asp19 rotated to make a direct H-bond to Tyr11 (Figure 2C) [16]. For comparison,
the mesophile Cpa Rd structure 1FHH at 100 K is analogous to the observed 260 K Zn Pf
Rd structure with a single bridging water to Tyr11 (Figure 2D) [23].

The H-bonding pattern for Asp19 varies considerably in our new set of low-
temperature Rd structures. In the psychrophilic Cpsy structure, the Asp19 H-bond network
looks quite like 100 K Pf Rd, with a direct H-bond from Asp19 to Trp37 and a linkage to
Tyr11 through two water molecules. It only lacks the stabilizing additional hydrogen bond
from Asn22 in Pf Rd, since Cpsy Rd has Gly22 instead (Figure 2F). Both hyperthermophile
structures have an Asp19 network conserved on a sequence level. The Tm structure also
shows direct Asp19 to Trp37 H-bonding, but the connection to Tyr11 is more tenuous, with
some water molecules at ~3.3 Å (Figure 2G). An interesting variability pattern is observed
in Py Rd, where in subunit A the Asp19 keeps a similar hydrogen bond pattern to Trp37
(Figure 2H), while in subunit B it utilizes a bridging water molecule to simultaneously
reach the Trp37 ring as well as the Tyr11 ring (Figure 2I). Surprisingly, the Asp19 is ~4.6 Å
and ~3.9 Å away from both Trp37 and Tyr11 in subunit C without a well-ordered density
in any bridging positions (Figure 2J). Note that corresponding amino acids in the Pf and Py
sequences occupy three different spatial positions depending on the subunit in the unit cell
(Figure 2A,H–J). Finally, in Pg Rd, there is an Ser18 (−1 shift for all residues compared to

https://doi.org/10.3390/biom16050623
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the rest of the sequences) in the place of Asp19, and a Trp10 in the place of Tyr11, which
lacks the hydrogen bond network (Table 1) (Figure 2E).

  

Figure 2. H-bonding patterns around Asp19: (A) Pf Rd at 100 K. (B) Pf Rd at 260 K. (C) Pf Rd at
393 K. (D) Cpa Rd at 100 K. (E) Pg Rd at 100 K. (F) Cpsy Rd at 100 K. (G) Tm Rd at 100 K. (H) Py
Rd—subunit A at 100 K. (I) Py Rd—subunit B at 100 K. (J) Py Rd—subunit C at 100 K.

https://doi.org/10.3390/biom16050623
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3.5. Glu15 H-Bonding

Extensive H-bonding around Glu15 has often been invoked as a source of stability for
the hyperthermophile Pf Rd [43–45]. In all of the Pf Rd structures, Glu15 interacts with
the indole ring of Trp4 through a long hydrogen bond and the amide O of Phe30 and the
N-terminal Ala2 (Figure 3A). In Py Rd (Figure 3B) the Glu15 hydrogen bonding pattern
is conserved. In contrast, in psychrophile Cpsy Rd (C) and hyperthermophile Tm Rd (D),
as well as in the mesophile Cpa Rd, there is a Pro at position 15, disrupting the hydrogen
bonding network. Finally, in Pg Rd, the analogous residues are Glu14, and Trp3 and Met1
(Arg5 H-bonds in ZnTmRd—Figure 3E), but the H-bonds to the N-terminal residue are too
long or in an unfavorable geometry in four (subunits B, E, F, and G) of the seven subunits,
making the H-bonding network requirement very flexible/complex depending on the
structural content inside the crystal.

  

  

 

 

Figure 3. H-bonding patterns around Glu15 at 100 K. (A) Pf Rd (100 K). (B) Py Rd. (C) Cpsy Rd.
(D) Tm Rd. (E) Pg Rd.
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3.6. Arg5 -Glu50 Salt Bridge in ZnTmRd

Tm Rd lost the favorable and energy stabilizing Glu15 hydrogen bond network but
remained a hyperthermophile. How could that be possible? Careful examination of the
amino acids’ interaction energies using the INVAA server showed that a new favorable salt
bridge was formed between Arg5 and Glu50. It was present in both subunits of the Zn Tm
Rd structure as illustrated in Figure 4.

 

Figure 4. H-bonding patterns around Arg5 at 100 K in Zn Tm Rd structure. (A) Subunit A. (B) Sub-
unit B.

3.7. Water Molecules

The number of water molecules observed per protein molecule is included in Table S3.
We found this mostly reflects the resolution for each structure, rather than the differential
hydration of the proteins.

3.8. Sequence and Structure Analysis of Temperature Adaptation

A general theory of cold adaptation is that increased molecular flexibility and de-
creased stability result in higher enzymatic activity [9,46]. Analyzing electron transfer
psychrophilic enzymes could be very complex and challenging. This complex, multifac-
torial adaptation process involves fitting different functional partners to accommodate
aerobic or anaerobic species and varying pressure requirements, whereas the electron
transfer process itself does not rely on major structural changes. [15].

Sequences of the novel bacterial and archaeal rubredoxins were compared with previ-
ously determined rubredoxin structures (Table 1). A phylogenetic tree of that comparison
(Figure S1) indicates Polaromonas glacialis rubredoxin belongs to the aerobic branch, suggest-
ing a different functional role in aerobic metabolism. Based on multiple protein families
with psychrophilic, mesophilic and thermophilic X-ray structure representatives, Feller
summarized the psychrophilic protein adaptations as: (a) an increase in glycine residues
favoring higher flexibility, (b) a decrease in proline in loop regions, which usually are
rigidifying protein structures, (c) a decrease in arginine residues which also rigidify struc-
tures by salt bridges and/or hydrogen bonds, and (d) a reduction in the size of the amino
acids in the hydrophobic core, therefore weakening the stabilizing hydrophobic forces [47].
Additionally, the role of increased negative surface charge in enabling flexibility at low tem-
peratures was suggested [47]. Data based on these criteria is listed in Table 3. Psychrophilic
Cpsy and Pg rubredoxins have unexpectedly small negative surface charges.

https://doi.org/10.3390/biom16050623
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Table 3. Amino acid content (K, R, D, E, G, and P) and properties for the novel and previously
characterized rubredoxins. Unusually small surface charges for the psychrophiles are marked
as bold.

Protein #aa #atoms Hydrophobic Acidic Basic Neutral #K/R #D+E Surface(−) #G #P

Cpsy 52 817 38.46 21.15 9.62 30.77 5/0 11 −4.99 6 4
Pg 53 806 47.17 13.21 5.66 33.96 1/1 7 −5.04 5 4
Po 55 848 32.73 25.45 9.09 32.73 3/1 14 −8.99 5 3
Mt2b 60 905 40.00 23.33 8.33 28.33 2/3 14 −8.99 5 3
Pa 55 857 41.82 23.64 9.09 25.45 4/1 13 −6.99 7 3
Cpa 54 808 31.48 24.07 7.41 37.04 4/1 13 −7.99 5 7
Tm 53 808 35.85 24.53 9.43 30.19 4/1 13 −7.99 5 7
Pab 53 816 35.85 24.53 11.32 28.30 4/2 13 −6.99 5 5
Py 53 812 39.62 24.53 9.43 26.42 4/1 13 −7.99 5 5
Pf 54 817 38.89 24.07 9.26 27.78 5/0 13 −7.99 5 5

“Determination of molecular flexibility is complex as it requires the definition of the
types and amplitudes of atomic motions as well as a timescale for these motions.” [47].
Preliminary circular dichroism spectra for the psychrophile Pg Rd indicate melting tem-
peratures (>50 ◦C) at the β-sheet wavelengths in the thermophilic temperature range
(manuscript in preparation). On a structural level, the very wide RMSD subunit distri-
bution (Table S4), the high average B-factor (~47, Table 2), and the B-factor distribution
(Figures S3–S5) for the Pg subunits indicate intrinsic flexibility. Secondary structure assign-
ment by the STRIDE algorithm [48] also showed variations in the overall very conserved
fold (Table S5). Even in thermophilic rubredoxins (Figures S2–S4) with multiple subunits,
variations were observed in flexible loop B, suggesting that some of the structural infor-
mation may be content-dependent on crystal contacts, solvent content differences, and/or
precipitant concentration and nature (inorganic salt or PEG).

Local structural rigidity could be identified computationally with the ProPHet rigidity
server. While the thermophilic proteins tend to have higher absolute peaks (>120 for Y13),
one of the psychrophiles, Cpsy Rd, with a low solvent content also has a similar peak height,
suggestive of content-dependent modulation of the properties (Figure S5).

Another way to destabilize the proteins is having larger cavities and voids in the
psychrophile proteins. Cpsy Rd and some of the Pg Rd subunits have lower protein
densities, but some of the Pg subunits have densities higher than mesophile or thermophile
proteins in the table (Table S6). Therefore, using that criterion to identify temperature
adaptation is not advisable. Pab Rd data illustrates that protein density is lower at room
temperature than at 100 K. The Pf Rd crystal (PDB 5NW3) exhibits the highest protein
density, owing to its lower solvent content and higher resolution.

The amino acid interactions server (INTAA) derives interaction energies between
amino acids. Its concept was verified by an ab initio study of rubredoxin [49]. The current
version of the server incorporates both detailed interaction energy calculations and amino
acid conservation within an interaction energy matrix (IEM). A convenient way to evaluate
the overall state of the protein is a Scatter Plot of the interaction energy versus information
content (IC) as a measure of amino acid conservation within multisequence alignments. It
brought to our attention the strong stabilizing effect of Arg5 in Tm Rd, an amino acid not
conserved universally in rubredoxins. Total IE-IC plots are included in Figure S6.
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4. Discussion

In this work we presented a set of four new Rd crystal structures—two from hyper-
thermophiles and, for the first time, two from psychrophiles. All four structures follow
the conserved Rd fold and metal center coordination, and they all include a six-aromatic-
residue core. However, there are some interesting differences.

On a sequence level, the Rd from the psychrophilic Pg bacterium (the only aerobe in
the set) differs significantly from the other three with the lack of D19 (here S18) H-bond
networks, as well as substitutions within the core aromatics (W10 instead of Y11 and W29
instead of F30) (Table S1). Its second amino acid in the Fe binding motif CXXC is E40,
compared to the most common L41 (Cpa, Cpsy, Py, and Tm) or I41 (Pf ). We speculate that
the charged carboxylate residue from the glutamate could lead to a different redox potential
for Pg, compared to the anaerobic organisms. Supporting this idea, other Rds from aerobes
have a D at position 41, and the charged carboxylate from the aspartate should have a
similar effect. When compared to known Rd sequences (Table 1), Pg Rd fits into the RubB
(Rd type 2) family which includes Mt Rd [20] and Pa Rd [21], both of which are involved in
dioxygen chemistry with Cytochrome P450 or Alkane monooxygenase (AlkB). Although
the redox partners of Pg Rd have not been assigned, both P450 and AlkB are present and
seem likely candidates.

The other psychrophilic protein, Cpsy Rd, contains a rare seventh aromatic amino acid.
Phe47 is located on a solvent-exposed loop, where it hinders stabilizing hydration of the
protein. Although aromatic residues strongly enhance stability, Phe47’s contribution is the
smallest of all Cpsy aromatic residues. Its B-factors are roughly three times higher than the
B-factors of the buried aromatic residues. The closest aromatic residue is symmetry-related
Tyr11 at ~4.9 Å. Cpsy Rd has Pro15 instead of the stabilizing hydrogen-bonded Glu15 found
in Pf rubredoxin. This is reflected in the observation of multiple conformations for the
aromatic residue at position 30 (Phe30), which is usually very ordered in other rubredoxins
(e.g., Trp29 in Pg Rd).

Organisms utilize multiple molecular mechanisms to adapt to cold environments [50],
increasing metabolic activity despite reaction rates that are unfavorable according to the
Arrhenius Law. It is proposed that the general mechanism involves increasing flexibility
by disrupting stabilizing interactions. Such molecular changes lead to decreased pro-
tein stability [51]. There is not a universal molecular mechanism for cold adaptation.
Adaptations vary between different protein groups. Because rubredoxin is a very small
electron transfer protein, its molecular adaptation signals are subtle, making it difficult to
differentiate between psychrophiles and thermophiles. From our analysis we found that
only decreased negative surface charge correlates with expected lower thermal stability
in rubredoxins (Table 3). Rubredoxins exhibit a melting temperature significantly higher
than the optimal growth temperature of the organism, presenting an unexpectedly large
discrepancy. Surprisingly, both psychrophilic and thermophilic proteins showed significant
structural variations across multiple crystal subunits. Instead of acting as solid, uniform
units, thermophilic proteins displayed varied B-factor profiles.

5. Conclusions

We reported X-ray diffraction rubredoxin structures from the anaerobic hyperther-
mophile bacterium Thermotoga maritima and piezophile archaeon Pyrococcus yayanosii.
We also reported for the first time the experimental structures of two psychrophilic
rubredoxins—from anaerobe Clostridium psychrophilum and aerobe Polaromonas glacialis
bacteria. Their overall structures were remarkably preserved within the rubredoxin fold
with three antiparallel β-strands and four cysteine–iron binding sites. We applied multiple
protein sequence analyses and structure-based tests to identify the likely origin of tempera-
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ture adaptation. Aside from an unexpected reduction in calculated surface charge in both
psychrophiles, no clear molecular clues explained the adaptation from psychrophiles to
mesophiles and hyperthermophiles.

While analyzing crystals with multiple subunits, we stumbled across the significant
role that crystal contacts, solvent content, data collection temperature, and resolution
play upon structural malleability. This affected not only the supposedly more flexible
psychrophiles but also the supposedly more rigid thermophiles. Performing future ex-
periments at physiological temperature and pressure conditions would allow for a better
capture of molecular signatures related to temperature adaptation.
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//www.mdpi.com/article/10.3390/biom16050623/s1, Table S1: Pairwise sequence identity; Table S2:
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chain atoms of different subunits; Table S5: Automated secondary structure assignment by STRIDE;
Table S6: Protein Volume Server results; Figure S1: Rooted phylogenetic tree of Table 1 rubredoxin
sequences; Figure S2: B-factor distribution; Figure S3: Normalized B-factor distribution for main chain
atoms; Figure S4: Normalized B-factor distribution for all atoms; Figure S5: ProPHet rigidity web
server results; Figure S6: Total interaction energy (IE) versus information content (IC) scatter plots.
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Cpa Clostridium pasteurianum
Po Pseudomonas oleovorans
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Pa Pseudomonas aeruginosa
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Abstract

Nme1Cas9 is an encouraging genome-editing tool with high fidelity and compactness, but
its applications are limited by poor catalytic efficiency compared with SpyCas9. Under-
standing the dynamic activation mechanism of the HNH nuclease domain is the key to
breaking the kinetic bottleneck. Here, we integrated Steered Molecular Dynamics (SMD)
with the Traveling-Salesman-based automated Path Searching (TAPS) algorithm to re-
construct the atomic-level activation landscape of the L1-HNH module. The simulations
suggest a complex “Lifting-Rearrangement-Sliding” pathway, revealing the critical role
of a “Backbone Sliding” conformation; in this step, the HNH domain rotates across the
R-loop surface. A thermodynamic analysis using free energy decomposition by MM/PBSA
indicates that the intrinsic instability of the wild-type HNH/R-loop interface constitutes the
predominant energetic barrier. Hyperactive variants (S593Q/W596K and S593Q/W596R)
can overcome this barrier by substantially increasing binding affinity to the R-loop through
a “Geometry–Electrostatics Synergism”: S593Q improves interfacial proximity, whereas
W596K/R acts as an “Electrostatic Anchor.” The results of unbiased MD simulations
demonstrate that strengthened interfacial interactions effectively promote spontaneous
conformational drift toward the activated state. This computational study proposes a
novel in silico model for “Dynamic Interface Engineering” in which reinforcing transient
interfacial contacts during conformational sliding can be an effective strategy in developing
high-efficiency CRISPR-Cas effectors.

Keywords: Nme1Cas9; molecular dynamics; HNH activation

1. Introduction

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated (Cas) systems are advanced prokaryotic adaptive immune systems that are
now repurposed as a powerful genome-engineering platform [1–7]. These systems were
categorized into two broad classes based on their organization of the effector module: Class
1 systems, which depend on multi-subunit effector complexes, and Class 2 systems, which
employ a single, multi-domain effector protein [8,9]. Due to their simplified architecture
and programmable operation, Class 2 effectors have provided a new research template for
applications ranging from basic biological studies to the clinical therapeutic correction of
genetic disorders.

Within this increasingly large Class 2 toolbox, Neisseria meningitidis Cas9 (Nme1Cas9)
emerges as a promising in vivo candidate. As a compact Type II-C effector consisting of only
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1082 amino acids, Nme1Cas9 possesses a streamlined architecture that allows efficient “all-
in-one” packaging into single adeno-associated virus (AAV) vectors, thereby circumventing
a major delivery bottleneck in mammalian tissues [10–14]. In addition, Nme1Cas9 possesses
extraordinary intrinsic fidelity, with minimal off-target cleavage, and can be finely regulated
by natural anti-CRISPR proteins (Acrs), such as AcrIIC3, which serves as a potent off-switch
by tethering Cas9 complexes from activating in a particular conformation [15–18]. With
these essential therapeutic benefits in mind, Nme1Cas9’s general utility is currently limited
by its kinetically unfavorable profile, namely its suboptimal intrinsic catalytic activity and
cleavage efficiency compared to other widely used orthologs [16,19,20].

The induction mechanism of Nme1Cas9 is a complex process: upon complete R-loop
(the tDNA-gRNA heteroduplex) formation, the RuvC and REC2 domains and the L1 linker
are subject to large-scale conformational transitions, which induce the HNH domain to
escape from its inactive interface with RuvC, make a substantial rotation towards the RNA-
DNA heteroduplex, and finally dock near the cleavage site on the target strand [20–22].
Recent comprehensive reviews and computational studies emphasize that such precise
conformational checkpoints and allosteric communications are universal master regulators
directing the nuclease activity across diverse CRISPR-Cas systems [23,24]. Given the large
scale of this conformational excursion of the L1-HNH domain and its underlying structural
instability, it is impossible to observe this dynamic process directly using a static structural
technique; thus, detailed mechanistic information about the domain rearrangement remains
elusive. More importantly, in such a complex enzymatic system, it is commonly observed
that the rate-limiting step is governed by the large-scale conformational changes rather
than the chemical reaction itself [25]. Thus, a straightforward elucidation of these dynamic
processes is a prerequisite for achieving systematic regulation of Cas cleavage efficiency.
Indeed, recent advanced molecular dynamics simulations have successfully captured the
dynamic interactions and conformational barriers restricting the final activation of the
HNH nuclease domain in other Cas9 orthologs, highlighting the power of integrated
computational approaches [26]. In particular, pioneering computational studies by Giulia
Palermo and co-workers have profoundly reshaped our understanding of Cas9 dynamics.
Their extensive molecular dynamics simulations have revealed the striking structural
plasticity of the HNH domain and elucidated the long-range allosteric communication
networks that govern its activation in SpyCas9 Palermo’s work [27,28] demonstrated that
HNH activation is not merely an isolated rigid-body swing, but rather a highly correlated
process intricately coupled with the motions of the REC lobe and the non-target DNA
strand [29]. These milestone studies underscore the necessity of treating Cas9 as a dynamic
ensemble and inspire the application of enhanced sampling techniques to capture elusive
conformational intermediates.

Earlier experiments by Sun et al. [20] have suggested that stabilizing the HNH domain
in its activated state by strengthening HNH-R-loop interactions is a reasonable strategy
to enhance the activation efficiency of Nme1Cas9. Following this logic, mutants bearing
S593Q/W596K and S593Q/W596R mutations were previously created and rigorously
validated through in vitro DNA cleavage assays by Sun et al., resulting in significantly
improved catalytic performance that rivals SpyCas9. Here, however, we show that the
functional role of residues S593 and W596 extends beyond stabilizing the final active
conformation. Using Steered Molecular Dynamics (ABMD from plumed and enforced
rotation from Gromacs) [30–32] Molecular Dynamics (MD)-based Traveling Salesman-
Based Automated Path Searching (TAPS) [33–36], we reconstructed the dynamic trajectory
of the L1-HNH module after complete R-loop pairing. We characterized the sequence of
rising, rearrangement, and sliding motions leading to the activated conformation. In the
initial lifting process, the HNH domain exits from its inhibitory interface with the RuvC
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domain. Following L1-HNH reconfiguration, the HNH domain re-approaches the R-loop
and, steered by electrostatic guidance residues, rotationally slides along the R-loop surface
to finally dock into the catalytic conformation. Importantly, we find that residues S593 and
W596 interact with the phosphate backbone of the R-loop as early as this rotation-sliding
step. Confirming this observation through extensive unbiased MD experiments and MM-
PBSA [37] free energy calculations, we show that these mutations substantially increase
the binding affinity to the R-loop during this dynamical transition, facilitating the sliding
mechanism of the L1-HNH module and thermodynamically increasing the likelihood of
the enzyme to navigate the energy landscape to the active state.

In this paper, we present an all-atomistic simulation of the L1-HNH activation process
after complete R-loop pairing and clarify the exact mechanistic functions of residues S593
and W596 and their variants S593Q/W596K and S593Q/W596R in the process of the
key rotational sliding conformational transition, by identifying that a stronger binding
affinity at the L1-HNH/R-loop interface during sliding favors the transition of the global
structure into the activated state, we find a direct causal relation between the stabilization
of the intermediate state and the enhancement of the activation efficiency. Our work
also demonstrates that the rational design of complex nucleases controlled by large-scale
conformational dynamics need not be restricted to static structural templates, but can be
efficiently guided by mechanistic understanding derived from dynamical molecular paths.

2. Materials and Methods

2.1. System Construction and Force Field Parameters

The initial models for Nme1Cas9 were constructed based on high-resolution crystal
structures. The seed-paired ternary complex (PDB ID: 6KC7) served as the initial state, and
the catalytically poised complex (PDB ID: 6JDV) was employed as the final state. Missing
residues and disordered loops were modeled using MODELLER (Version 10.5, University of
California San Francisco, San Francisco, CA 94143, USA) [38] to ensure structural continuity.
Mutant systems (S593Q/W596R and S593Q/W596K) were generated via the PyMOL (Version
3.1.6.1, Schrödinger, LLC, New York, NY, USA) [39] mutagenesis wizard.

Each protein-nucleic acid complex was solvated in a cubic box of TIP3P [40] water
molecules with a 10 Å buffer. The systems were neutralized and further ionized with KCl
and MgCl2 to achieve final concentrations of 100 mM KCl and 10 mM MgCl2.

2.2. Molecular Dynamics (MD) Simulations

All MD simulations were performed using GROMACS 2019.4 (University of Gronin-
gen, Groningen, The Netherlands) with the Amber14SB-OL15 [41,42] force field to describe
molecular interactions. Energy minimization was conducted 10,000 steps of steepest
descent followed by the conjugate gradient algorithm to remove steric clashes. After mini-
mization, the system was equilibrated in two stages: NVT ensemble at 300 K for 1 ns to
equilibrate the solvent and NPT ensemble for 1 ns at 1 atm, controlled using the Berendsen
barostat algorithm.

MD simulations used a 1 fs time step with periodic boundary conditions (PBC). Long-
range electrostatic interactions were treated using the Particle Mesh Ewald (PME) method,
while short-range electrostatics and van der Waals interactions were handled with a 10 Å
cutoff. The LINCS algorithm was applied to constrain all bonds.

2.3. Initial Path Generation

To ensure structural stability and accuracy, the initial transition path was generated
using a reverse pulling strategy. The starting and ending conformations for this procedure
were derived from 50 ns conventional MD simulations initiated from the catalytically
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poised state (PDB ID: 6JDV) and the seed-paired complex (PDB ID: 6KC7), respectively.
Given that the HNH domain and L1 linker are fully resolved in the 6JDV structure while
other regions in 6KC7 are partially incomplete, the activation trajectory was sampled by
driving the system from the 6JDV activated state back toward the 6KC7 configuration.

The enhanced sampling combined Enforced Rotation in GROMACS and ABMD in
PLUMED (version 2.5.3, SISSA, Trieste, Italy). The Enforced Rotation module was utilized
to drive the HNH-L1 domain away from the catalytic site with an isotropic rotation rate
of 0.045 deg/ps and a force constant of 500.0 kJ/(mol·nm2) over a 2 ns simulation. The
rotation vector was set to (−0.608, −1.858, −0.883) with a pivot point at (3.3494, 6.8489,
4.2994). To further refine the trajectory, a 2ns ABMD simulation was implemented with a
high force constant (KAPPA) of 100,000 kJ/(mol·nm2). The RMSD of all heavy atoms in the
L1 linker and HNH domain served as the collective variable, with alignment performed on
the Ca atoms of helical regions in the RuvC, REC1, REC2, and WED domains.

The preliminary trajectory for subsequent path optimization was assembled by con-
catenating the 2 ns ABMD and 2 ns enforced rotation segments. This integrated path
effectively captures the conformational transition between the two functional states and
serves as the baseline input for the TAPS path optimization protocol.

2.4. Path Optimization

The TAPS (Traveling-Salesman-Based Automated Path Searching) method was utilized
to refine the initial transition path into the low free energy path (LFEP). The theoretical
background and methodological details of TAPS have been previously documented in our
published work. Path optimization was performed using a custom Python (version 3.5,
Python Software Foundation, Wilmington, DE, USA) script (https://github.com/liusong2
99/TAPS, accessed on 12 December 2025). The convergence of the optimized pathway was
validated through PCV-

√〈z〉 analysis, as illustrated in Figure S6.

2.5. Binding Free Energy Calculation

Binding free energies between the HNH domain and the fully paired R-loop (com-
prising the gRNA and target DNA) were calculated along the optimized MFEP using the
MM-PBSA (Molecular Mechanics Poisson-Boltzmann Surface Area) protocol. The calcu-
lations were performed for every frame (interval = 1) using the MMPBSA.py module in
AmberTools [43]. The Amber14SB force field and OL15 parameters were employed for the
protein and nucleic acids, respectively. To account for the highly charged nature of the
DNA-containing system, the GB-Neck2 (igb = 8) implicit solvent model was utilized with a
salt concentration of 0.15 M. Crucially, the internal dielectric constant (intdiel) was set to 10,
a value recommended for protein-nucleic acid complexes to better capture the screening
effects of the polarizable environment.

3. Results

3.1. Dynamic Landscape of L1-HNH Activation

We approximated the full-fledged atomic-level dynamic path of Nme1Cas9 going from
its inactive R-loop-pairedits its state to active state using the path optimization algorithm
TAPS. To ensure that the optimized pathway was not biased by the relatively large force
constant used in the initial Steered MD (SMD) guess, we evaluated the convergence of the
trajectories across the iterative TAPS optimization process. As depicted in the Multidimen-
sional Scaling (MDS) projection (Figure S7), the initial aggressive pulling pathway (iter000)
systematically relaxed and migrated across the conformational landscape. Ultimately,
the pathways from the final iterations (e.g., iter130–137) converged into highly identical
trajectories. This convergence quantitatively confirms that the non-equilibrium artifacts
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from the initial SMD were completely eliminated, yielding a thermodynamically robust,
intrinsic low free-energy path (LFEP) for subsequent mechanistic analyses. Activation of
HNH domain is a highly non-trivial process. By analyzing the changes in the smallest
distance between the important mutation sites (S593/W596) and the R-loop backbone in
combination with the spatial displacement and rotation properties of the HNH domain
alone the PCV-S [44], we segmented the HNH allosteric activation process, which is a
complex L1-HNH allosteric activation, into three kinetic phases (Phase A–C) (Figure 1A).

Figure 1. Dynamic activation landscape of the Nme1Cas9 HNH domain revealed by TAPS path
optimization. (A) Key structural snapshots along the optimized activation pathway. The reaction
path was initially generated using Steered Molecular Dynamics (SMD)—specifically combining
PLUMED’s ABMD and GROMACS’s enforced rotation module—and subsequently refined via TAPS
path optimization on path collective S (PCV-S) [44]. The sequence illustrates the transition from the
inactive state (based on PDB ID: 6KC7) to the final activated state (based on PDB ID: 6JDV), involving
domain lifting, L1-HNH rearrangement, and rotation along the R-loop surface. The HNH domain is
colored in cyan, the L1 linker in orange, and the sgRNA in yellow. The target DNA strand is depicted
with an orange backbone and blue bases. The spatial locations of critical residues S593 and W596 are
marked with magenta stars. (B) Minimum distance between the mutation sites (S593/W596) and
the R-loop backbone along the optimized trajectory. (C) Detailed structural close-ups of the local
environment around S593 and W596 corresponding to the states shown in figure. Residues S593 and
W596 are rendered as magenta sticks, and the L2 loop is highlighted in green. The color scheme
for the L1 linker (orange), HNH domain (cyan), and nucleic acids (yellow/orange/blue) remains
consistent with (A).

3.1.1. Phase A: Domain Lifting and Steric Release

In the initial phase of activation, the HNH domain undergoes a “lifting” motion.
During this process, the HNH gradually lifts and slips from its initial contact interface
with RuvC domains in the inactive state. This directional displacement is of significant
importance, as it effectively eliminates the steric hindrance around the HNH domain and
produces the conformational room needed for subsequent large-scale rotational movement
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of L1-HNH. In the meantime, the distance between S593/W596 and the R-loop gradually
expands from 2 Å, which means that the weak interaction between them is very unstable,
making L1-HNH in a state of high freedom (Figure 1A–C).

3.1.2. Phase B: Conformational Rearrangement and L1 Restructuring

As the process proceeds, the L1-HNH module proceeds into the next rearrangement
phase. We found that the L1-HNH domain begins to exhibit small-scale rotational changes
in the process of finding the correct binding orientation. In this process, the minimum dis-
tance between S593/W596 and the R-loop exhibits a non-monotonic “expansion-contraction”
behavior. It is worth highlighting that such process is accompanied by significant changes
in the secondary structure of L1 linker—the L1 takes a special angle of bending and α-Helix
folding/bending changes. Such a rigidification of the L1 alpha-helix structure not only limits
the random vibration of HNH but also functions as a coiled spring that directs the HNH
domain to approach and rotate accurately toward the target R-loop (Figure 1A–C).

3.1.3. Phase C: Electrostatic Sliding and Subsequent Docking (The Decisive “Backbone
Sliding” Stage)

During the final, most decisive stage of activation, the HNH domain reaches the
completion of large-scale rotation. In contrast to the “lifting” and detachment of Phase
A, this stage involves the re-establishment of intimate interfacial contacts between the
L1-HNH module and the R-loop. In this phase, the distance between S593/W596 and the
R-loop is reduced and stabilized, oscillating within a narrow range of 2–5 Å. This suggests
that the L1-HNH domain does not merely “jump” to the active site but instead follows a
sophisticated “sliding-rotation” mechanism. Under the electrostatic guidance of surface
residues (including S593 and W596), the domain slides along the heteroduplex backbone
and gradually optimizes its orientation to overcome the final energetic barrier. This intimate
“Backbone Sliding” process is pivotal for locking the HNH domain into the catalytic
conformation and accurately orienting its active site toward the scissile phosphodiester
bond. As this final phase determines the specificity and cleavage efficiency of the enzyme,
the dynamic processes and energy characteristics within this Phase C represent the primary
focus of the further mutational and thermodynamic studies.

3.2. Energetic Profile and Critical Metastable Intermediate Analysis During Activation of the
HNH Domain

To further explain the thermodynamic driving force for improving the activation
efficiency of HNH domain mediated by S593Q and W596R/K mutations, we estimated
the time-dependent binding free energy (ΔGtotal) between HNH domain and the R-loop
complex along the TAPS-optimized dynamic route by the MM/PBSA method. From the
energy profile (Figure 2A), a key dynamic property of this process can be seen, in the
track of the HNH domain from the inactive state to the active state (activation progress).
In phase A, the binding energy between L1-HNH and the R-loop gradually rises near 0.
In this process, the contact between HNH and the R-loop constantly decreases. In the
subsequent phase B, when L1-assisted rotation of L1-HNH occurs, because HNH is very
flexible at this stage, it is far from contact with the R-loop and surrounding protein domains,
and the binding energy still stays near 0. In phase C, when HNH recontacts the R-loop
and starts the large-angle sliding process of L1-HNH on the R-loop surface, the binding
energy decreases as contact between L1-HNH and the R-loop increases, to roughly −80
kcal/mol. In phase C, there is a local minimum in the binding energy. We have defined
that as the key metastable intermediate “State S”. In the critical State S stage, the binding
energy advantage of the mutants is significantly enhanced, and the binding energy of
S593Q/W596R and S593Q/W596K is roughly 2 kcal/mol lower than WT (Figure 2B). The
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residue energy decomposition of the whole activation process (ΔΔG = ΔGmut − ΔGWT)
also showed that this energy reduction can specifically be ascribed to the contribution of
positions 593 and 596 to the binding energy after mutation (Figures 2C, S1 and S2). To
understand the structural basis of this energy discrepancy, we extracted representative
conformations of State S for interface analysis. In State S, the loop region of the HNH
domain (sites 593/596) is spatially very close to the DNA phosphate backbone of the R-loop,
which is a critical window in establishing intermolecular interactions. However, in the
WT system, the side chain of S593 is too short and, because of the geometric constraints,
it cannot reach the DNA backbone to a form good interaction with it; at the same time,
although W596 had huge side chain volume, the electrostatic attraction between its indole
ring’s N-H groups with the negatively charged phosphate backbone is very weak and
unstable: hence, it is a very poor binding in the WT system in this state (Figure 2D).

Figure 2. Thermodynamic characterization of the HNH activation pathway and stabilization of
the intermediate State S. (A) Binding free energy (ΔGtotal) profiles between the HNH domain and
the R-loop along the TAPS-optimized activation trajectory PCV-S. The Wild-type (WT) is shown
in black, the S593Q/W596K variant in blue, and the S593Q/W596R variant in red. The structural
inset displays the final Activated State, with the HNH domain colored in cyan and the L1 linker in
orange. (B) A zoomed-in view of the critical binding phase (nested within (A)), highlighting the
local energy minimum identified as “State S.” The structural inset illustrates the conformation of the
L1-HNH module at this intermediate state (HNH in cyan, L1 in orange). (C) Per-residue binding free
energy difference (ΔΔG) analysis for the mutation sites and adjacent residues. Values are calculated
as ΔΔG = ΔGmut − ΔGWT where negative values indicate enhanced stabilization relative to the WT.
Blue bars represent S593Q/W596K, and red bars represent S593Q/W596R. (D–F) Detailed structural
comparison of the binding interface at State S for (D) WT, (E) S593Q/W596R, and (F) S593Q/W596K.
Residues 593 and 596 are rendered as magenta sticks. The R-loop complex is depicted with an orange
backbone and green bases for DNA, and yellow for sgRNA. Note the closer proximity and favorable
orientation of the mutant residues toward the DNA backbone compared to the WT.
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After the introduction of the mutation, the interaction pattern at this interface changed
qualitatively. The S593Q mutation appended a longer side chain to glutamine (Gln), effec-
tively bridging the interface and pulling the residue much closer to the DNA backbone,
thereby forming electrostatic or hydrogen-bond networks. In the case of site 596, the
substitutions of W596R/K added a strong positive charge. Compared to the neutral trypto-
phan, the positively charged lysine (Lys) and arginine (Arg) residues produced extreme
electrostatic attractions with the negatively charged DNA backbone, like an “electrostatic
anchor” for the HNH domain anchoring R-loop. In particular, the W596R mutation, with
the complex guanidino backbone from multiple angles, thereby significantly reducing the
energy barrier to the conformational transition and stabilizing the active-state conformation
(Figure 2E,F).

To rigorously verify that this identified State S is a genuine metastable intermediate
rather than a transient artifact of the enhanced sampling process, we subsequently subjected
these structures to long-timescale unbiased MD simulations (500 ns × 2), as detailed in the
following Section 3.3.

3.3. Spontaneous Conformational Variant Drift Towards Activated State

To confirm the dynamic characteristics of the variant state “State S” over a long
period of simulation time and to explore whether the mutation provides the complex
with an intrinsic driving force for the evolutionary transition towards the final activated
state, we deduced representative conformations of State S along the TAPS pathway. We
conducted unbiased molecular dynamics simulations (500 ns × 2 replicas) for both WT
and the two mutant systems. Although State S is still far from the fully activated state
in terms of space conformation (requiring considerable rotation of L1-HNH) compared
with the fully activated state defined by the crystal structure, the RMSD analysis of the
HNH domain against the activated state (Figure S5) demonstrated dramatic differences.
We selected all heavy atoms of L1-HNH to calculate the RMSD. Results showed that the
RMSD of the WT system remained high throughout the simulation; that is, the system
was typically maintained in this intermediate state, whereas, with no external bias in the
forcing terms, the RMSD of both S593Q/W596R and S593Q/W596K systems exhibited
a spontaneous, slow-decreasing trend. This conformational drift trend was intuitively
confirmed in the multidimensional scaling (MDS) projection of the L1-HNH heavy atoms.
The conformational ensemble of the mutants was significantly closer to the reference point
representing the activated state (red asterisk) than that of WT (Figure 3B).

To quantify the spatial proximity effect, we examined the dynamic trend of the change
in the center-of-mass (COM) distance between the center of the L1-HNH domain and the
center of the R-loop. As the simulation time increased, the center distance of the mutant sys-
tems showed a dynamic decrease, gradually moving towards the compact activated state
conformation, reaching 2.6 nm at the end of the trajectory, whereas that of WT fluctuated
around 3.0 nm, demonstrating no obvious directional migration (Figure 3A). Furthermore,
the probability density distribution of the center-of-mass distance (Figure 3A) helps quan-
tify this difference. In addition, the WT shows a single peak (~3.0 nm) in its distribution.
In contrast, the two mutants show a bimodal distribution, with a substantial subpopu-
lation of formations at a shorter distance (~2.7 nm). These suggest that the contribution
via interaction initiated by the mutation effectively reduces the conformational energy
barrier, enabling the HNH domain to explore and lock into a spatial position closer to the
activated state.
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Figure 3. Spontaneous evolution toward the activated state in unbiased MD simulations. (A) Time
evolution (left) and probability distribution (right) of the L1-HNH Center-of-Mass (COM) distance
between State S and final activated State. Mutant variants show a distinct sub-population at a shorter
distance (~2.7 nm). (B) 2D MDS projection of the HNH conformational ensemble. The red star
indicates the reference activated state. (C) Number of hydrogen bonds between residues 593/596
and the R-loop backbone. S593Q/W596R (red) shows the highest occupancy.

The above dynamic tendency and its underlying molecular mechanism are further
illustrated in the hydrogen bond analysis and secondary structure stability of the L1 linker
(Figures 3C, S3 and S4). The number of hydrogen bonds between the 593/596 position and
the R-loop is almost zero in the WT system; thus, the indole ring N-H group of 596 has
difficulty maintaining a stable contact with the DNA backbone in the dynamic environment.
In contrast, the mutant systems form a stable hydrogen-bonded topology. Particularly, the
S593Q/W596R system constructs many more hydrogen bonds than the S593Q/W596K
system. When merged with the above-mentioned MMPBSA energy analysis, this result
further confirms that the guanidinium head of the arginine (Arg) side chain is of superior
geometrical arrangement and has a multi-directional capacity of electrostatic interaction
with lysine (Lys), in a stronger manner, can easily grasp the DNA backbone when sliding
around HNH, driving conformational adjustments. Structurally, this transition is facilitated
by the rigidification of the L1 linker (Figure S3). While WT trajectories exhibit largely disor-
dered coil structures reflecting high intrinsic flexibility, the mutants maintain a continuous
∂-helical conformation. This implies that the variants transform the L1 linker into a stable
mechanical element to facilitate HNH domain activation.
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4. Discussion

Nme1Cas9 as a High-Fidelity Editor: Mechanistic Insights and Rational Design

The unique properties of Nme1Cas9—especially its small size, high fidelity, and reg-
ulatable activity—make this Cas9 variant a promising next-generation gene-editing tool.
However, its broader application has been limited by relatively low catalytic efficiency com-
pared with the mature SpyCas9 system [10–22]. Bridging this gap requires a fundamental
understanding of the dynamic activation mechanisms that regulate HNH domain transi-
tions. Here, we used Steered Molecular Dynamics (SMD) in conjunction with the TAPS
path optimization algorithm to divulge for the first time the complete atomic-level confor-
mational landscape governing the L1-HNH module’s transition between the R-loop-bound
inactive state and the catalytically competent state.

The simulation results depict a sophisticated “Lifting-Rearrangement-Sliding” acti-
vation pathway, in which the HNH domain first gains steric freedom via domain lifting,
then undergoes L1-HNH structural rearrangement, and finally undergoes a critical “Back-
bone sliding” motion along the R-loop surface. To fully contextualize these findings, it is
instructive to compare this activation landscape with the well-characterized mechanism
of Streptococcus pyogenes Cas9 (SpyCas9). In SpyCas9, it is well established that the HNH
domain undergoes a massive allosteric rearrangement. As elegantly mapped by Palermo’s
group through network analysis and MD simulations, the SpyCas9 HNH domain relies on a
global, long-range allosteric communication network spanning the REC lobe and the R-loop
to reach its catalytically competent state [29,45]. Therefore, the fundamental requirement
for large-scale HNH mobility is a conserved feature across Cas9 orthologs. However, the
specific “Lifting-Rearrangement-Sliding” trajectory characterized in our study appears to
be uniquely tuned to the structural idiosyncrasies of Nme1Cas9. Due to its highly compact
architecture and distinct linker compositions compared to SpyCas9, Nme1Cas9 exhibits a
more restricted conformational space. Consequently, it relies heavily on specific, transient
electrostatic interactions—such as the “Geometry–Electrostatics Synergism” mediated by
residues S593 and W596 during the “Backbone Sliding” phase—to precisely navigate its
unique conformational energy landscape.

By integrating MM/PBSA free-energy decomposition, we quantified the energetic
evolution of the HNH-R-loop interface during the process and identified the crucial roles
of residues S593 and W596. We demonstrate that the intrinsic weakness of the interac-
tion between these wild-type residues and the DNA backbone constitutes a substantial
energetic barrier to activation. Moreover, we present a robust mechanistic explanation
for the enhanced cleavage efficiency of the S593Q/W596K and S593Q/W596R variants,
showing how these mutations provide a “Geometry–Electrostatics Synergism”. While
S593Q finely tunes interfacial distance, W596K/R acts as an “Electrostatic Anchor.” The
MD simulation results also indicated that these strengthened interactions do not merely
stabilize the complex but serve as a kinetic driver, driving a spontaneous conformational
drift of the L1-HNH domain towards the activated state. Interestingly, we found that the
Arginine variant (W596R) functioned as a more effective “Molecular Gear,” leveraging
its bidentate hydrogen-bonding ability to promote smooth sliding. At the same time, the
mutation-provided rigidity of the L1 linker afforded the required mechanical support for
this transition.

This study is not only valuable for providing theoretical insights into the activation
mechanisms of CRISPR-Cas systems but also establishes a new computational model for the
rational design of high-efficiency Nme1Cas9 variants. According to these findings, future
engineering efforts should no longer focus solely on static affinity but also on pursuing
a strategy of “Dynamic Interface Engineering”: specifically, strengthening the binding
interactions between L1-HNH and the R-loop during the sliding process. By reinforcing
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this dynamic interface, the entropic penalty of conformational search can be effectively
reduced, guiding the HNH domain more smoothly into its catalytic registry. As with any
in silico mechanistic model, subsequent studies will extend this design approach to other
potential sites and validate the proposed mechanisms through detailed in vitro cleavage
assays and in vivo editing experiments.

It should be noted that the absolute binding free energy values calculated via
MM/PBSA in this study do not include conformational entropy contributions and may
therefore appear exaggerated. However, because our primary focus is on the relative ener-
getic differences (ΔΔG) between structurally similar WT and mutant variants, the entropic
contributions are assumed to be largely comparable, making the relative enthalpy-driven
trends robust and informative.

5. Conclusions

Based on our in silico simulations, we reconstructed the atomic-level “Lifting-
Rearrange-Sliding” activation pathway of Nme1Cas9 using TAPS path optimization, re-
vealing that an essential backbone sliding motion of L1-HNH along the R-loop is manda-
tory for catalytic competence. Thermodynamic analysis showed that the S593Q/W596K
and S594Q/W596R variants strengthen this process via “Geometry–Electrostatics Syner-
gism,” with strengthened interfacial contacts promoting the HNH domain towards its
active conformations.

We explicitly emphasize that the proposed activation pathways and energetic mecha-
nisms constitute a simulation-based interpretive model. While rigorously supported by
thermodynamic calculations, these computational hypotheses warrant further experimental
validation via advanced structural and in vivo techniques.
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Abstract

S-adenosylmethionine decarboxylase (AdoMetDC) is an essential enzyme in the polyamine
biosynthesis pathway and plays a key role in the synthesis of the polyamines spermidine
and spermine, polycationic alkylamines that are present in millimolar levels in mammalian
cells. Polyamines are metabolic molecules that are involved in many fundamental processes,
including regulation of protein and nucleic acid synthesis, stabilization of chromatin, dif-
ferentiation, apoptosis, protection from oxidation, and regulation of ion channels. Multiple
oncogenic pathways lead to dysregulation of polyamines, making polyamines a potential
biomarker for cancer and polyamine biosynthesis a target for therapeutic intervention.
This study uses multi-temperature crystallography to probe the structure and dynamics
of AdoMetDC by collecting diffraction data at 100 K, 273 K, and 293 K. Differential loop
behavior is observed across the collected datasets, with dramatic residue rearrangements.
In the loop containing residues 20–28, the ambient temperature datasets show a large
motion relative to the cryo structure. In a second loop containing residues 164–174, pre-
vious cryo structures do not report ordered positions. This loop is ordered in our 100 K
structure, while assuming different conformations in the 273 K and 293 K data. These
results further illustrate the usefulness of ambient data collection for understanding the
structure and dynamics of proteins, especially in loop regions which are less restrained than
protein cores.

Keywords: S-adenosylmethionine decarboxylase; polyamine; protein dynamics; protein
crystallography

1. Introduction

Polyamines are polycations that are found in life across phyla and are important for
many cellular growth processes [1,2]. All eukaryotes can synthesize their own polyamines
via the polyamine synthesis pathway, and polyamines are essential for cell growth and
proliferation in eukaryotes [3]. Balancing polyamine levels is essential, as deviations
from their narrow ideal range has severe physiological consequences [4,5]. In humans,
the polyamine biosynthetic pathway enzymes consist of ornithine decarboxylase (ODC),
S-adenosylmethionine decarboxylase (AdoMetDC), spermidine synthase (SPDS), and
spermine synthase (SPS) [6,7]. AdoMetDC converts S-adenosylmethionine (AdoMet)
to decarboxylated S-adenosylmethionine (dcAdoMet). dcAdoMet is then used as the
aminopropyl donor for SPDS and SPS for their reactions with putrescine and spermidine,
respectively [8–10] (Figure 1).
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Figure 1. Polyamine biosynthesis pathway with structures of human enzymes. In the co-
first steps, S-adenosylmethionine (AdoMet) and L-ornithine are converted to decarboxylated S-
adenosylmethionine (dcAdoMet) and putrescine by AdoMetDC (magenta PDB ID 1JEN) and ODC
(red/gray PDB ID 1D7K), respectively. Putrescine is then converted to spermidine using dcAdoMet
as the aminopropyl donor by SPDS (blue/gray PDB ID 2O07). Spermidine is then converted to
spermine using a second dcAdoMet as an aminopropyl donor by SPS (orange/gray PDB ID 3C6K).
Gray structures indicate the second chain of homodimer pairs.

Due to the important functions of the polyamine biosynthesis pathway and its associa-
tion with various disease states, the pathway has long been a target for development of
therapeutics. AdoMetDC specifically is rate-limiting for the formation of spermidine and
spermine, making it an attractive therapeutic target for modulating polyamine synthesis
and cellular levels. A number of inhibitors and drug candidates for AdoMetDC have been
proposed and tested in clinical trials [11–14]. The search for new and improved inhibitors
of AdoMetDC and other enzymes in the polyamine biosynthesis pathway is on-going,
including recent efforts to use virtual screening as well as development of irreversible
inhibitors [15–17].

AdoMetDC is a decarboxylase which depends on a pyruvoyl cofactor for its activ-
ity, unlike the more common pyridoxal-5′-phosphate dependent enzymes [18]. Other
examples of the pyruvoyl-dependent decarboxylation enzymes include aspartate decar-
boxylase, histidine decarboxylase, and arginine decarboxylase [19–23]. AdoMetDC is
expressed as a proenzyme and auto-processes into the active form by an internal seri-
nolysis reaction leading to backbone cleavage to α and β subunits and creation of the
pyruvoyl group at the N-terminus of the larger α subunit [24]. This process is activated
in humans in the presence of putrescine. Human AdoMetDC (hAdoMetDC) is a dimer
in solution according to analytical ultracentrifugation with a 3 × 107 M−1 dimerization
constant and has been found to cooperatively bind the activating putrescine [25]. However,
AdoMetDC concentration is tightly controlled in the living cell by multiple mechanisms,
including translational repression, and the cellular half-life of AdoMetDC is as little as one
hour [6,26,27]. Previous structural and mutagenic work of this enzyme has been
vital to understanding the activation, selectivity, and mechanistic behavior of this
enzyme [24,25,28–31].

Even though many structural studies have provided a deep wealth of knowledge
about this enzyme, there are still some gaps in our structural understanding of this enzyme.
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Previously solved crystal structures contain multiple unmodeled flexible loops, particularly
loops containing residues 20–28 (disordered loop 1, DL1), 164–174 (disordered loop 2, DL2),
and 292–302 (disordered loop 3, DL3). DL1 and DL2 form a pocket/cleft across from the
AdoMet binding pocket. Previous data collections have demonstrated that DL1 becomes
more ordered in structures that contain AdoMet mimics (3DZ2, 3DZ3, and 3DZ5) or
inhibitors (1I7C, 1I7B, and 1I7M). DL2 has also been reported to be more ordered in a subset
of structures containing AdoMet mimics and inhibitors (Figure S1). Most interestingly,
a single ambient dataset has been previously collected, containing the methylglyoxal
bis(guanylhydrazone) (MGBG) inhibitor [31]. MGBG was the first discovered inhibitor
of AdoMetDC, and it binds tightly to the entrance to the AdoMetDC active site [11,31].
This dataset, while lower resolution (2.49 Å), is the only structure to fully model DL2. It
also reports more structure in DL1 than many other AdoMetDC depositions, only leaving
residues 24–26 unmodeled. Other inhibitor bound states, such as the structure containing
the AdoMet mimic 5′-[(3-aminopropyl)methylamino]-5′deoxy-8-methyladenosine (PDB ID
3DZ2), leave 23–26 unmodeled [30]. They also typically leave smaller gaps than the apo
structure in DL2, but gaps between residues 166–171 are typical versus the 164–174 gap in
apo [29,30]. The variable amounts of order in the datasets generally correspond to more
order in structures that contain active site ligands which indicates that DL1 and DL2 are
at minimum sensitive to active site perturbation, even though the mechanism of their
ordering remains unclear. If the active site structure can perturb the structure of these
loops, they could also possibly drive active site conformations as well, which may have
implications for inhibitor design by targeting these pockets.

To probe the influence of temperature on the AdoMetDC structure, as the MCBG
structure suggests may be possible, we performed multi-temperature crystallography
experiments on the apo form of AdoMetDC. Structures previously collected above the
glass transition and closer to the physiological temperature in other systems demonstrate
structural transitions associated with data collection temperature [32–46]. Previous reported
results from multi-temperature work in other systems include allosteric loop opening
and closing, as well as alternative ligand binding poses [34,35,38,40,41]. In this study,
crystallographic data was collected at 273 K and 293 K as well as 100 K to probe for
differences in the structures according to data collection temperature. The new structures
of human AdoMetDC reported here have altered loops as a function of data collection
temperature, indicating that this enzyme’s structure is affected by cryo-cooling and/or
cryoprotection. The new structures improve our understanding of the structural ensemble
and conformations that are present at closer to physiological temperatures.

2. Materials and Methods

2.1. Protein Expression and Purification

The human S-adenosylmethionine decarboxylase gene AMD1 was codon-optimized
for E. coli expression and synthesized (Genscript, Piscataway, NJ, USA). It was cloned into
a pET27b vector with an N-terminal 6 × HisTag upstream of a tobacco etch virus protease
cleavage site. This vector was transformed into BL21 cells for hAdoMetDC expression.
For large-scale expression, the cells were introduced to modified terrific broth media
(12 g/L tryptone, 24 g/L yeast extract, 0.4% v/v glycerol, and 0.017 M potassium phosphate
monobasic (all Fisher Scientific, Hampton, NH, USA)), containing 50 μg/mL kanamycin
from overnight starter cultures. Cultures were shaken at 37 ◦C and 225 rpm until optical
density of 0.6 was reached. Then, 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)
(Gold Bio, St. Louis, MO, USA) was added to induce gene expression. Culture continued
at the same settings for 4 h; then, cells were harvested via centrifugation. Cell pellets
were frozen overnight at −80 ◦C. Pelleted cells were resuspended in 40 mL of deionized
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water, 2.5 mM putrescine, and 0.02% Triton X-100 and lysed via sonication. Cell lysate was
clarified by centrifugation, and the supernatant was carried forward for purification via
Ni-NTA chromatography (HisTrap HP, Cytivia, Wilmington, DE, USA). The running buffer
contained 250 mM NaCl, 100 mM HEPES, and 5 mM imidazole at pH 7.5, and the elution
buffer was identical except for increased imidazole concentration to 500 mM. Recombinant
hAdoMetDC was found to elute at 190 mM imidazole. Fractions containing hAdoMetDC
were further purified via dimethylaminoethyl cellulose (DEAE, BioRad, Hercules, CA, USA)
ion exchange chromatography, which was equilibrated with running buffer containing
100 mM HEPES, 1 mM TCEP, 2.5 mM putrescine, and 0.1 mM EDTA, pH 7.5. The elution
buffer was identical except for increased NaCl concentration to 2 M. AdoMetDC eluted at
220 mM NaCl.

2.2. Protein Crystallization

hAdoMetDC was concentrated to 5 mg/mL concentration in a crystallization buffer
(100 mM HEPES pH 7.5, 2.5 mM putrescine, 1 mM TCEP, and 1 mM 5′-Deoxy-5′-
(methylthio)adenosine (MTA)). Sitting drop vapor diffusion trays were prepared with
a Formulatrix NT-8 in 2:1 protein to reservoir solution. Crystal growth occurred with
conditions of 2–7% PEG 8000, 100 mM Tris-HCl, and pH 8.5, matching the previously re-
ported crystal growth conditions [28–30]. For 100 K data collection, 18% glycerol containing
reservoir solution was added to the crystallization drop for cryo-protection to match the
previous structures. Previous reports indicate that this percentage of glycerol is vital for
100 K data collection [28–30]. Crystals were then cooled in the cryo-stream on Stanford
Synchrotron Radiation Lightsource (SSRL) BL12-1 set to 100 K. For 273 K and 293 K data
collection, crystals were not cryoprotected but were covered by RT tubes (MiTeGen, Ithaca,
NY, USA) containing reservoir solution to prevent dehydration, and the cryo-stream was
set to 273 K or 293 K prior to crystal mounting.

2.3. Data Collection and Processing

Diffraction data were collected at SSRL BL12-1 [47]. Diffraction data was collected in
a single sweep from a single crystal for the 100 K and 273 K data collections. The 293 K
data collection required three data collections from two crystals to be merged together
in order to achieve adequate results. The automated data processing pipeline xia2 was
used to run DIALS (version 3.8) and AIMLESS (version 0.7.15) packages for data reduction
and merging, respectively [48,49]. PDB ID 1JEN was used as the starting structure for
refinement for the 100 K refinement process [28]. The new 100 K structure was used as
the search model for molecular replacement in the 273 K and 293 K datasets using Phaser
(Phenix version 1.20) [50]. Phenix.refine (Phenix version 1.20) was used as the automated
refinement pipeline [51]. Coot was used for iterative model building [52]. The 100 K data
was deposited in the Protein Data Bank with PDB ID 9P1H, and the 273 K and 293 K data
were deposited as 9P7Q and 9PBB, respectively. Raw diffraction images were deposited in
the SBGrid databank at data.sbgrid.org. Additional analysis was performed using Ringer
and Flipper for sidechain rotamer detection [53]. RoPE was used for comparison of the
torsional space with other deposited structures [54]. PASSer was used for prediction of the
allosteric sites [55]. Ensemble refinement was performed with the phenix implementation
using starting structures, which contained completed loops for DL1, DL2, and DL3 [56].
Structure images were created in PyMol [57]. SBGrid was used as a package manager for
maintaining crystallographic software packages [58].
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3. Results

3.1. Comparison of PDB ID 9P1H, the New 100 K Apo Structure, and Previously
Reported Structures

As a control experiment, a new 100 K crystal dataset of AdoMetDC was collected.
The indexing result was P 1 21 1 with a unit cell of 73.92, 55.95, 99.17, 90, 110.78, 90,
which is very similar to the original apo structure which was deposited as 1JEN [28]. The
diffraction data was merged to a maximum resolution of 1.81 Å (see Table S1 for full data
processing and refinement statistics of all structures reported in this manuscript). Even
though crystals grew better in the presence of 1mM MTA, MTA was not detected in the
electron density maps, and instead, Tris was present, as has been previously reported in
the apo structure of the processing mutant, and is likely present in 1JEN as well but was
not modeled due to limited resolution [24]. Upon analysis of the 100 K dataset, differences
were observed between it and 1JEN, as well as other structures containing substituted
AdoMet analogues or other potential inhibitors [25,30,31]. The largest deviations from
this structure and previous structures are the strong densities present for disordered loop
2 (DL2), which contains residues 164–174 (Figure 2). The most comparable structure,
1JEN, does not contain coordinates for the residues between Phe164 and Gln172. Only
one other structure, 1I7C, reports positions for these residues, which has methylglyoxal
bis(guanylhydrazone) (MGBG) bound in the AdoMet binding site [31]. However, this
loop is in a different orientation than the loop that we observe in our data (Figure 2). This
indicates that there are multiple stable loop conformations which can refold preferentially
depending on conditions (i.e., ligand, hydration, or temperature). Interestingly, the unique
inhibitor MGBG-bound structure was collected at 291K (18 ◦C), making it different from the
rest of the previous work in multiple ways (data collection temperature and unique ligand
bound), making it challenging to pinpoint the driver of these structural shifts without
additional data.

Figure 2. Comparison of new 100 K apo data DL1 and DL2 to previous datasets. (a) Overview of the
AdoMetDC monomer as observed in 9P1H (indigo). DL1, DL2, and DL3 locations are shown, and
DL1 and DL2 are colored in gray. (b) Comparison of DL1 and DL2 to previously reported structures.
2Fo-Fc maps contoured at 1.2 RMSD for 9P1H left top (DL1) and left bottom (DL2). Comparison to
representative structures 1JEN (apo, 100 K, cyan), 3DZ2 (AdoMet mimic, 100 K, green), and 1I7C
(MGBG, 291 K, yellow) for DL1 (right top) and DL2 (right bottom).

The previous structure with the most modeled residues at 100 K for DL2 is 3EP9, a
structure without putrescine bound. To prepare this crystal, the putrescine was removed
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from the protein using perchloric acid prior to crystallization [25]. Other structures, in-
cluding 1JEN, our structures, and other structures referred to as apo, contain putrescine
(Figure S2). 3EP9 has a chain break from Glu166-Gln172. Interestingly, the new 100 K
structure has full putrescine occupancy in both monomers, indicating that a more ordered
loop does not necessarily correspond to lower putrescine occupancy, as might be surmised
by a comparison of previous model structures. In the new structure, the main chain in DL2
is well defined in the 2Fo-Fc map, but the sidechains remain highly flexible and often lack
interpretable density (Figure 2). Since the new 100 K form is a dimer in the asymmetric
unit, two different monomers may be compared. Density is observed for both; however,
the density for the loop in monomer 1 (Chains A and B) is stronger than in monomer 2
(Chains C and D).

DL1 is very similar between the new structure and previous structures, with the most
glaring difference being the increased flexibility and disorder of the residues in the new
data, relative to other datasets previously reported. We did not assign atomic positions
to residues between Arg20 and Gly28 due to poor electron density, and this is consistent
with the previously deposited apo structure, 1JEN [28]. However, the other structures,
which contain inhibitors and AdoMet analogues, consistently build additional residues
for DL1, often up to Pro23 and Gln27 [30]. This consistent increase in buildable positions
across so many datasets of similar resolution to the new apo structure indicate that binding
AdoMet or a similar molecule on the opposite side of the enzyme confers some structure
to DL1. This indicates that DL1 conformation is perturbed by active site occupancy. In
the absence of the new data, loss of structure in DL1 could have been assumed to be due
to lower quality data in the apo dataset, but now with similar resolution apo data, that
appears to not be the case.

3.2. The 273 K and 293 K AdoMetDC Structures Show Loop Fluctuations

Crystals grown under identical conditions to 9P1H, the new 100 K structure, were
collected at 273 K and 293 K at SSRL BL12-1 in RT tubes. These crystals indexed in the
C 1 2 1 space group that has been reported for many of the inhibitor and AdoMet mimic
structures of AdoMetDC. This indicates that the combination of glycerol soaks and cryo-
cooling are the source of the symmetry breaking in apo AdoMetDC crystals that results
in the P 1 21 1 space group. More interestingly, these crystals exhibit differential behavior
relative to 9P1H, our new 100 K structure, as well as the other structure collected at ambient
temperatures, 1I7C, which contains the inhibitor MGBG. The 273 K and 293 K datasets are
best modeled by very similar structures, indicating that there is not a large deviation in
structure across this narrow temperature band.

DL2, the loop containing residues 164–174 which is disordered in all previous struc-
tures except 1I7C, is again ordered in these datasets. However, DL2 is not in the same
orientation as in 9P1H, the new 100 K dataset, but in the same position as 1I7C, the dataset
collected at 291K (Figure 3). With the new 273 K and 293 K structures, there are now three
total datasets, two apo and one MGBG bound, collected above the glass transition, and
all three datasets contain this loop signature. It therefore appears that DL2 is ordered in
ambient conditions and repacks during cryo-cooling into a more disordered state. These
data imply that DL2’s structure is more dependent on data collection temperature than
on the presence of an active site ligand. DL1, which contains residues 20–28, is different
in both the 273 K and 293 K datasets than previously reported structures. We again do
not have the requisite density to build most of the loop as in the other apo structures,
1JEN or 9P1H. However, the tails of the loop behave surprisingly and do not follow the
same trend as other 100 K structures or 1I7C. In both the 273 K and 293 K apo datasets,
Arg20 is rotated 180 degrees and instead of packing within DL1, it instead forms a 3.1 Å
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hydrogen bond with Ser171 of DL2 (Figure 3). This twist pulls the loop forward into a
more compact structure, and Gln21 can also be modeled confidently. The position of Arg20
would clash with the position of Val169 of DL2 in the new 100 K structure 9P1H, with only
2.1 Å between the Arg20 nitrogen and Val169 carbon. The behavior indicates that during
cryo-cooling in the apo structure, DL1 moves to a new position that is favored at cryogenic
temperatures. Additionally, Arg20’s position in 1I7C being the same as in cryo structures
both with and without ligands indicates that the apo structure of DL1 at 100 K is more like
the inhibitor-bound state than apo ambient states.

Figure 3. Comparison of DL1 and DL2 from 273 K and 293 K data and 1I7C. (a) 2Fo-Fc maps
contoured at 1 RMSD for DL1 (top) and DL2 (bottom) of 273 K data. The density only enables
modeling of Arg20 and Gln21 (peach, top). It enables a main chain trace through DL2, but the
sidechains are poor fits to density in the middle of the loop and thus truncated. (b) 2Fo-Fc maps
contoured at 1 RMSD for DL1 (top) and DL2 (bottom) of 293 K data. Density only enables modeling
of Arg20 (red, top). The density enables a main chain trace through DL2, but the sidechains are poor
fits to the density in the middle of the loop and thus truncated. (c) Comparison of DL1 and DL2 to
previous structures. DL1 loop (273 K, peach) (top panel) is greatly altered compared to previous
structures, both apo 100 K (indigo) and 1I7C, which is 291 K and inhibitor-bound (yellow). DL2’s
main chain forms a structure closely resembling 1I7C (bottom panel). The 293 K data are omitted for
clarity.

3.3. Additional Analysis

To assist with placing the new structure data in context with the previous work, we
used the Representation of Protein Entities (RoPE) program to compare structures in torsion
angle space [54]. Even with a relatively small comparison set, patterns begin to emerge. The
closest dataset to the 273 K and 293 K datasets is the 291K MGBG dataset (1I7C), even closer
than our new apo 100 K structure, which came from the same protein stock and whose
crystals were grown under the same conditions (Figure S3). This was especially true for the
larger α chain, which contains DL2. This result indicates that data collection temperature is
as important for the torsion angle similarity of AdoMetDC as it is for ligand occupancy.
Additionally, in the cluster with the ambient data collections, we also see 3DZ3 and 3DZ5,
which are two structures with covalently bound AdoMetDC mimics [30]. 3DZ3 is a Phe223
to alanine mutant with S-Adenosylmethionine methyl ester covalently bound. 3DZ5 is the
wild-type enzyme with 5′-[(2-aminooxyethyl)methylamino]-5′-deoxy-8-methyladenosine
adducted on the pyruvoyl group. Neither model contains atomic positions for DL1 or DL2,
but it is possible that the overall torsional space is less perturbed during cryo-cooling due
to the covalent linkages with the AdoMet mimics.
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To better visualize the flexible loops and attempt to better understand the possible
structural ensemble of the disordered residues, ensemble refinement was completed in
phenix. The resulting r-free scores were improvements from the single deposited models
for the 100 K and 273 K datasets; however, these are considered illustrative only, as
clashes increase, as well as the R-work/R-free gap (Table S2). In these refinements, the
100 K structure’s DL1 residues are elongated, similarly to previously deposited structures
collected at 100 K and containing ligands. Conversely, the 273 K and 293 K refinements
show a more condensed DL1 loop, which folds forward more closely over the putrescine
binding pocket (Figure 4). DL2 maintains the same general shape as in the deposited single
models but is still quite dynamic, with its position moving towards DL1 in the 100 K model
relative to the ambient temperature data collections. Disordered loop 3 (DL3), which was
not able to be confidently modeled in any of our datasets, is highly mobile in the ensemble
refinements. This loop appears greatly frustrated in the crystal structures, and previous
structures have also struggled to model this loop.

Figure 4. Ensemble refinements of 100 K, 273 K, and 293 K data for dynamic loop visualization.
(a) Aligned ensemble refinements’ structure overview. The 100 K ensemble is shown in blue, the 273 K
ensemble shown in peach, and the 293 K ensemble shown in red. DL1 and DL2 are labelled. (b) Closer
inspection of DL1 and DL2. Top, forward rotation of structure in panel a shows ambient temperature
data DL1 leaning forward in the cleft relative to 100 K, which has a more typical orientation for other
structures in the PDB. DL2 shifts with DL1, as in 100 K, DL2 rises into a position that would clash
with ambient DL1 positions. Bottom, side view of the same structures to better demonstrate how
much further forward in the structure DL1 is in the ambient ensembles than at 100 K.

To further investigate whether the DL1 or DL2 loops or other clefts in AdoMetDC are
allosteric in nature, we submitted the 100 K structure to the Protein Allosteric Sites Server
(PASSer) [55]. PASSer uses three trained machine learning models to predict allosteric sites
in proteins and returns ranked scores and probabilities of pockets to be allosteric in nature.
PASSer returned three possible allosteric pockets, which included the cleft between DL1
and DL2, as well as the putrescine binding site and the active site (Supplemental Figure S4).
These results are also consistent with our observations of different DL1 behavior in the
presence and absence of ligands bound when comparing our ambient apo data to previous
structures which contained AdoMet mimics or other inhibitors.
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Finally, we also used the Ringer/Flipper pipeline to analyze sidechain heterogeneity
between the data collected at different temperatures (Figure S5) [33,41,53]. The sidechain
analysis was inconclusive, as 273 K had increased heterogeneity relative to 100 K, while
293 K showed decreased heterogeneity. This could be due to the 293 K structure being the
least structurally frustrated of the structures; however, it could also be due to differences in
data quality between the crystals/datasets or some other confounding effect.

4. Discussion

These results suggest cryo-cooling and/or cryo-protection affects mobile loops in
AdoMetDC, causing differential folding above and below the glass transition. The new
100 K structure, 9P1H, reveals a new conformation for DL2, which has not been observed
before in other structures. It has moved towards the typical position of DL1 from structures
containing inhibitors which have more of DL1 modeled than our structure. DL1 behaves as
it does in other apo datasets in 9P1H and the placement of Arg20 is in line with the general
trend for other AdoMetDC structures. These loops are therefore clearly flexible and can
inhabit a wide range of conformations. In the new data reported in the present work, the
structure for loop 164–174 at 100 K is a welcome change and an indication that this loop
can form multiple stable orientations. It is unclear why the new 100 K structure has a more
ordered DL2 loop than previous structures. The crystal conditions are very similar, with
only small variations between salt and PEG conditions, as well as the same crystal space
group with very similar unit cell dimensions. The crystal was also cryo-preserved, similar
to previous 100 K structures in the same final concentration of glycerol. It is also probably
not due to differences in crystal cooling rate or crystal age, as crystals were 1–2 weeks
old, as previously reported, and many previous structures were cooled in the cold stream
at the beamline or with the home source, as was the crystal in this study [28,30]. Small
changes in crystal hydration may play a role, and future studies further perturbing the
structural landscape using variable humidity data collection or high pressure cryo-cooling
may further uncover perturbations of AdoMetDC’s structure [59–62].

Additionally, the altered conformations in 273 K and 293 K indicate that DL1 and DL2
are both affected by cryo-protection and cryo-cooling, causing them to move significantly
away from the preferred structures at ambient conditions. Interestingly, the new 273 K and
293 K datasets (9P7Q and 9PBB, respectively) maintain a nearly identical mainchain trace
with 1I7C, the only other ambient structure, even though it contains an inhibitor and they
do not. However, Arg20 of the DL1 loop is greatly altered compared to previous structures,
including 1I7C and 9P1H, the new 100 K structure. These data are highly suggestive of
DL2 being temperature-sensitive, with collection temperature contributing to the altered
position and order of the loop as well as the active site ligand. However, DL1 may have
allosteric behavior that has been previously obscured in 100 K structures, as evidenced
by the differences between ambient and cryogenic data in this work in combination with
the ambient inhibitor structure from 1I7C. The new conformations observed in this work
suggest that prior apo structures’ DL1 and DL2 loops shift during cryo-cooling processes,
with these shifts hiding the true apo behavior of DL1 and obscuring the structure of DL2.
The higher temperature structures are both more compact, with greater interplay between
loops 1 and 2, including hydrogen bond formation, which occludes the interior of the
protein above the putrescine binding site.

These results contribute to a growing body of literature demonstrating the impor-
tance of temperature in the structure and dynamics of proteins. Protein energy land-
scapes are complex and sometimes unintuitive, whereas their structure can become more
ordered at higher temperatures, especially as enzymes reach their temperature of adap-
tation [32,35,46]. This complex behavior may partially explain the challenges involved

39



Biomolecules 2025, 15, 1274

with virtual screening and other drug design paradigms that make heavy use of PDB
structures, of which the vast majority are collected at cryogenic temperatures. Such down-
stream efforts may be improved by protein target structural biology derived from phys-
iological or ambient data collections, making the starting structure for the search more
like the majority species in the living cell. This problem is not fully addressed by short
molecular dynamics simulations used to equilibrate structures prior to docking, as the
timescales of even flash cryo-cooling protein crystals allow for motions significantly slower
(milliseconds) than typical all-atom molecular dynamics simulations (nanoseconds to
microseconds) [63–66].

5. Conclusions

hAdoMetDC, an enzyme required for polyamine biosynthesis and whose activity
is tightly controlled by multiple mechanisms within the cell, has long proved to be an
elusive drug target to attack metabolic dysfunction in diseases including cancer. This
work reports fluctuations in the structure of potentially allosteric loops, including salt
bridge formation leading to a more closed conformation than previously observed. These
results reinforce the usefulness of multi-temperature data collection for understanding
the structure and dynamics of proteins, especially for proteins which contain flexible loop
regions and other regions which may be structurally impacted by cryo-cooling and pen-
etrating cryo-protectants. These structures also serve as alternative starting points for
downstream experiments that use high-resolution structure information, such as molecular
dynamics simulations and virtual screening. Loop fluctuations as detailed here would
take long simulation runs to transition from the cryogenic starting points to the ambi-
ent positions, and there is no guarantee that they would ever converge on this struc-
ture without prior knowledge. Additionally, the behavior of DL1 introduces a second
pocket other than the active site that potentially could be used for structure-based drug
design efforts.
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The following abbreviations are used in this manuscript:

ODC Ornithine decarboxylase
AdoMetDC S-adenosylmethionine decarboxylase
SPDS Spermidine synthase
SPS Spermine synthase
AdoMet S-adenosylmethionine
dcAdoMet Decarboxylated S-adenosylmethionine
hAdoMetDC Human S-adenosylmethionine decarboxylase
DL1 Disordered loop 1
DL2 Disordered loop 2
DL3 Disordered loop 3
AMD1 Human AdoMetDC gene
IPTG Isopropyl β-D-1-thiogalactopyranoside
MTA 5′-Deoxy-5′-(methylthio)adenosine
MGBG Methylglyoxal bis(guanylhydrazone)
RoPE Representation of Protein Entities
PASSer Protein Allosteric Sites Server
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Abstract: Post-translational modifications (PTMs) regulate protein function, stability, and
interactions, playing essential roles in cellular signaling, localization, and disease mecha-
nisms. Computational approaches enable scalable PTM site prediction; however, traditional
models focus only on local sequence features from fragments around potential modification
sites, limiting the scope of their predictions. Recently, pre-trained protein language mod-
els (PLMs) have improved PTM prediction by leveraging biological knowledge derived
from extensive protein databases. However, most PLMs used for PTM site prediction are
pre-trained solely on amino acid sequences, limiting their ability to capture the structural
context necessary for accurate PTM site prediction. Moreover, these methods typically
train separate single-task models for each PTM type, which hinders the sharing of common
features and limits potential knowledge transfer across tasks. To overcome these limita-
tions, we introduce MTPrompt-PTM, a multi-task PTM prediction framework developed by
applying prompt tuning to a structure-aware protein language model (S-PLM). Instead of
training several single-task models, MTPrompt-PTM trains one multi-task model to predict
multiple types of PTM sites using shared feature extraction layers and task-specific classifi-
cation heads. Additionally, we incorporate a knowledge distillation strategy to enhance the
efficiency and generalizability of multi-task training. Experimental results demonstrate
that MTPrompt-PTM outperforms state-of-the-art PTM prediction tools on 13 types of PTM
sites, highlighting the advantages of multi-task learning and structural integration.

Keywords: post-translational modification prediction; multi-task prediction; prompt tuning;
structure-aware protein language model (S-PLM); knowledge distillation

1. Introduction

Post-translational modifications (PTMs) are crucial regulators of protein function,
stability, and interactions. These modifications occur after translation and play essential
roles in cellular signaling, protein localization, and disease mechanisms [1–3]. Although
over 400 distinct PTM types have been identified, most remain poorly characterized re-
garding their target sites and biological context [4]. Experimental techniques such as
mass spectrometry (MS), Western blotting, and radiolabeling are widely used for PTM
identification; however, they are expensive, time-consuming, and constrained by technical
limitations [5–7]. Computational approaches address these challenges by providing fast,
cost-effective, and scalable PTM site prediction [8–10]. A common practice involves train-
ing models on existing PTM datasets to identify potential PTM sites on unseen data. This
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approach can be broadly categorized into supervised training from scratch or fine-tuning
pre-trained protein language models (PLMs).

Training models from scratch typically involves using protein sequence fragments
or local structural information through machine learning or deep learning methods. For
example, NetPhos 3.1 [10] developed an artificial neural network (ANN) model incorpo-
rating sequence-based motifs and structural features to predict phosphorylation sites in
eukaryotic proteins. NetNGlyc 1.0 [11] built prediction models for N-linked, O-linked,
and C-linked glycosylation sites by utilizing artificial neural networks that examined the
sequence context and surface accessibility of potential glycosylation sites. The group-based
prediction system (GPS) algorithm in GSP-MSP [12] integrates sequence features to identify
specific methylation types on lysine and arginine residues in proteins. MethylSight [13] cre-
ated a machine learning model that predicts lysine methylation sites in human proteins by
utilizing alignment-free features that capture structural information around lysine residues.
Ertelt et al. [14] combined machine learning and structure-based protein design to predict
and engineer protein post-translational modifications (PTMs), offering a powerful tool for
synthetic biology and therapeutic development.

In addition to traditional machine learning techniques, deep learning-based methods
have been applied for PTM prediction. For example, MusiteDeep [15] uses convolutional
neural networks (CNNs) to automatically learn sequence representations, overcoming the
limitations of traditional feature engineering and achieving improved accuracy in phos-
phorylation site identification. Meanwhile, CapsNet-PTM [16] employs capsule networks
to predict seven different PTM types by capturing spatial dependencies between PTM
features. Additionally, Wang et al. [17] introduced a web server for the prediction and
visualization of 13 PTM types by combining MusiteDeep/CNN and CapsNet deep learning
networks and leveraging advanced ensemble techniques. Furthermore, GPS-SUMO 2.0 [18]
utilized three advanced machine learning methods—penalized logistic regression (PLR),
deep neural networks (DNNs), and Transformer models—to improve the prediction of
SUMOylation sites by incorporating multiple sequence features. However, these methods
focus only on local sequence features from fragments around potential modification sites,
limiting the scope of their predictions.

Training from pre-trained protein language models (PLMs) has proven highly suc-
cessful in predicting PTM sites. Recently, embeddings from various pre-trained PLMs,
such as ESM2 [19], ProtBERT [20], and ProtT5 [20], have been used as features for the
training of PTM site prediction models. For instance, Lmnglypred [21] utilizes ProtT5
embeddings to predict N-linked glycosylation sites. PTG-PLM [22] uses embeddings from
multiple PLMs, including ProtBERT-BFD, ProtAlbert, ProtXLNet, ESM-1b, and TAPE, to
enhance glycosylation and glycation site prediction using CNNs. LM-OGlcNAc-Site [23]
applies sophisticated ensemble strategies by combining embeddings from Ankh, ESM-2,
and ProtT5 to predict O-linked N-acetylglucosamine (O-GlcNAc) modification sites. In
contrast to the aforementioned methods, which rely solely on PLM embeddings as features,
PTM-GPT2 [24] fine-tunes a decoder-based autoregressive Transformer model, ProtGPT2,
using a custom prompt to guide the model in accurately predicting PTM sites. More
recently, PTM-Mamba [25] introduces a novel protein language model that integrates PTM
information by incorporating PTM-specific tokens through bidirectional Mamba blocks and
fusing them with ESM-2 embeddings using a gating mechanism. The resulting representa-
tions can be directly applied to downstream tasks such as phosphorylation and non-histone
acetylation site prediction. In contrast to training models from scratch, these methods
benefit from embeddings pre-trained on extensive protein sequence databases, allowing
them to capture both local sequence motifs (e.g., short patterns around modification sites)
and the global sequence context (e.g., long-range dependencies in protein sequences). This
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makes them highly effective for PTM site prediction. However, these methods have several
limitations. First, 3D structural information plays a crucial role in PTM prediction, as most
PTMs occur at solvent-exposed residues rather than buried ones, and PTM sites are often
influenced by non-local sequence interactions due to protein folding [26]. However, most
PLMs used for PTM site prediction are trained solely on amino acid sequences, limiting
their ability to capture the structural context necessary for accurate PTM site prediction.
Second, different PTM types often occur close to each other on the protein sequence and
can share sequence motifs and structural dependencies. However, these methods typically
train models for different PTM types separately, preventing the sharing of common features
among them. The advantages and disadvantages of the representative PTM prediction
tools are presented in Table 1.

Table 1. Overview of representative PTM prediction tools.

Category Model Description Advantages Disadvantages

Machine
Learning-Based

NetPhos 3.1
NetNGlyc 1.0

GPS-MSP
MethylSight
Ertelt et al.

Use manually designed
features with classical ML

models such as
ANNs or SVM.

Easy to interpret and
efficient for small datasets,
producing well-established

tools in early PTM
prediction research.

Cannot capture long-range
dependencies, rely heavily
on expert-crafted features,
and generalize poorly to

unseen data.

Deep
Learning-Based

MusiteDeep
CapsNet-PTM
GPS-SUMO 2.0

Leverage CNNs,
CapsuleNets, and other DL

architectures to
automatically learn

features from
sequence data.

Automatically learn
features from raw data and
offer better performance on

large-scale datasets.

Rely on local sequence
windows, ignore structural

information, are usually
trained separately for each

PTM type, and require
large, labeled datasets.

Protein Language
Model-Based

Lmnglypred
PTG-PLM
O-GlcNAc
PTM-GPT2

PTM-Mamba

Use embeddings from
large-scale pre-trained

PLMs or fine-tune PLMs
for PTM prediction.

Capture long-range
sequence dependencies,

benefit from massive
pre-training, support

transfer learning
and generalization.

Lack of direct structural
context and rarely leverage

effective joint learning
across multiple PTM types.

To address the limitations mentioned above, we propose MTPrompt-PTM, a novel
multi-task PTM site prediction model that leverages the prompt tuning of a structure-aware
protein language model (S-PLM) [27] for 13 types of PTM sites, including phosphorylation
(S, T, Y), N-linked glycosylation (N), O-linked glycosylation (S, T), ubiquitination (K),
acetylation (K), methylation (K, R), SUMOylation (K), succinylation (K), and palmitoylation
(C). Our model consists of an encoder and a decoder. The encoder uses S-PLM as the
backbone to encode the protein sequence. S-PLM is a pre-trained PLM incorporating
structural information with sequence-based embeddings from ESM2. During the multi-task
training phase, all parameters of S-PLM are frozen. However, to effectively leverage the
pre-trained model’s information, we perform prompt tuning on S-PLM. Prompt tuning [28]
is a parameter-efficient fine-tuning (PEFT) technique that adds trainable embeddings,
called ‘prompts’, to the sequence embeddings. Unlike full fine-tuning, where all model
weights are updated, prompt tuning optimizes only the additional trainable embeddings,
reducing the computational overhead while maintaining generalization. In our model, we
propose a novel method for the initialization of our task prompts. The decoder consists of
shared layers and task-specific layers, which capture common features and task-specific
features separately. Additionally, we incorporate a knowledge distillation strategy, where
single-task models teach a multi-task model, helping the multi-task model to outperform its
single-task counterparts by integrating knowledge across multiple tasks. Our experimental
results show that MTPrompt-PTM improves the predictive performance compared to
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single-task models. To further validate its effectiveness, we compare MTPrompt-PTM
with state-of-the-art PTM prediction tools. The results demonstrate that MTPrompt-PTM
outperforms these tools across all 13 PTM types, confirming its effectiveness.

2. Materials and Methods

2.1. Dataset and Data Processing

Numerous databases and research studies provide PTM data; however, most of them
offer only short peptide fragments centered around the modified residue, lacking a full
protein context or complete sequence information. These truncated sequences often miss
the essential global context, making it difficult to capture long-range interactions between
residues, which can be critical in determining PTM occurrence. To address this limitation,
we utilize full-length protein sequences in our study, enabling the model to capture the
comprehensive contextual information and long-range sequence dependencies necessary
for accurate PTM site prediction.

UniProt, the largest protein sequence database with PTM annotations, contains over
200 million protein sequences and provides annotations for 200 PTM types. Therefore,
we constructed a new PTM dataset from UniProt, incorporating 13 PTM types: phos-
phorylation (S, T, Y), N-linked glycosylation (N), O-linked glycosylation (S, T), ubiquiti-
nation (K), acetylation (K), methylation (K, R), SUMOylation (K), succinylation (K), and
palmitoylation (C).

To build this dataset, we first downloaded full-length protein sequences along with
their PTM annotations for the 13 PTM types from UniProt. The data were then filtered by
species and sequence length, retaining only metazoan proteins and excluding sequences
longer than 1022 residues. Sequences longer than 1022 were not processed because longer
sequences would have exceeded the model’s input size limit and negatively affected the
Transformer model’s performance. Processing excessively long sequences can lead to
memory overload, slower processing times, and reduced effectiveness due to the quadratic
complexity (O(n2)) of the attention mechanism. We chose not to truncate the sequences
because truncation could result in losing important functional or structural information,
especially for long protein sequences, where key motifs or functional sites might be outside
the truncated region. By limiting the sequence length to 1022 tokens, we ensured that we
retained the most relevant parts of the sequence without losing critical details, striking a
balance between computational efficiency and maintaining the essential sequence context.
Table 2 presents the PTM types, the corresponding UniProt annotations, and the number of
protein sequences.

Table 2. UniProt annotations and number of downloaded protein sequences for different PTM types.

PTM Type PTM Annotation in UniProt
Number of Protein

Sequences

Phosphorylation (S)
Phosphoserine; Diphosphoserine; O-(2-cholinephosphoryl)serine;
(Microbial infection) Phosphoserine; O-(pantetheine4′phosphoryl)serine;
(Microbial infection) O-(2-cholinephosphoryl) serine

12,230

Phosphorylation (T) (Microbial infection) Phosphothreonine; Phosphothreonine 8551

Phosphorylation (Y) Phosphotyrosine 3782

Ubiquitination (K)

(Microbial infection) Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in
ubiquitin); Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in ubiquitin and
interchain with MARCHF2);
Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in ubiquitin)

1225
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Table 2. Cont.

PTM Type PTM Annotation in UniProt
Number of Protein

Sequences

N-Linked Glycosylation (N)

N-linked (GlcNAc. . .) (paucimannose) asparagine; N-linked (GlcNAc. . .)
(keratan sulfate) asparagine;
N-linked (GlcNAc. . .) (complex) asparagine;
N-linked (GlcNAc) asparagine; N-linked (Glc. . .) asparagine;
N-linked (GlcNAc. . .) (hybrid) asparagine; N-linked (GalNAc. . .) asparagine;
N-linked (GlcNAc. . .) (polylactosaminoglycan) asparagine; N-linked (GlcNAc. . .)
asparagine; N-linked (Hex) asparagine; N-linked (HexNAc. . .) asparagine;
N-linked (GlcNAc. . .) (high mannose) asparagine

12,285

O-Linked Glycosylation (S)

O-linked (Xyl. . .) (dermatan sulfate) serine; O-linked (Fuc. . .) serine;
O-linked (Xyl. . .) (heparan sulfate) serine; O-linked (HexNAc. . .) serine;
O-linked (Fuc) serine; O-linked (GalNAc. . .) serine;
O-linked (Xyl. . .) serine; O-linked (Hex. . .) serine;
O-linked (GlcA) serine; O-linked (GlcNAc) serine;
O-linked (GalNAc) serine; O-linked (Man. . .) serine;
O-linked (Xyl. . .) (glycosaminoglycan) serine; O-linked (Hex) serine;
O-linked (GlcNAc. . .) serine; O-linked (Glc. . .) serine;
O-linked (Xyl. . .) (chondroitin sulfate) serine; O-linked (Man) serine

942

O-Linked Glycosylation (T)

O-linked (GlcNAc. . .) threonine; O-linked (Xyl. . .) (keratan sulfate) threonine;
O-linked (Hex) threonine; O-linked (GalNAc) threonine;
O-linked (GalNAc. . .) threonine; O-linked (GlcNAc) threonine;
(Microbial infection) O-linked (Glc) threonine; O-linked (Fuc) threonine;
O-linked (HexNAc) threonine; O-linked (Man6P. . .) threonine;
O-linked (Man. . .) threonine; O-linked (Fuc. . .) threonine;
O-linked (HexNAc. . .) threonine; O-linked (Hex. . .) threonine;
O-linked (Man) threonine

694

Acetylation (K) N6-acetyllysine; N6-acetyl-N6-methyllysine;
(Microbial infection) N6-acetyllysine 6009

Palmitoylation (C) N-palmitoyl cysteine; S-palmitoyl cysteine 1531

Methylation (R)

Asymmetric dimethylarginine;
N5-[4-(S-L-cysteinyl)-5-methyl-1H-imidazol-2-yl]-L-ornithine (Arg-Cys)
(interchain with C-151 in KEAP1);
Symmetric dimethylarginine;
Dimethylated arginine;
Omega-N-methylated arginine;
Omega-N-methylarginine

1680

Methylation (K)

N6-acetyl-N6-methyllysine;
N6-methyllysine;
N6,N6,N6-trimethyllysine;
N6-methylated lysine;
N6,N6-dimethyllysine

578

SUMOylation (K)

Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in SUMO;
Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in SUMO1,
SUMO2 and SUMO3);
Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in /SUMO5);
Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in SUMO);
Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in SUMO3);
Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in SUMO1);
Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in SUMO2 and SUMO3);
Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in SUMO1 and SUMO2);
Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in SUMO1P1/SUMO5);
Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter in SUMO2)

3724

Succinylation (K) N6-succinyllysine 2069

For each protein sequence, the PTM sites are treated as positive samples, while other
positions with the same amino acids, excluding the PTM sites, are treated as negative
samples. Figure 1 shows the number of PTM sites in terms of positive and negative sites
for each PTM type. During training, the entire protein sequence is input, but the loss is
calculated only for the positive and negative sites.
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Figure 1. The distribution of positive and negative PTM sites across different PTM types.

We then separated all the protein sequences into a training set and a testing set based
on the timestamp. Protein sequences annotated in UniProt prior to 2010 were used for
training, while those annotated after 2010 were reserved for testing. We trained our model
on the training data and used the test data to compare our model’s performance with
that of other state-of-the-art tools. Additionally, we applied the widely used clustering
program CD-HIT-2D to assess the similarity between the training and testing data. The
testing protein sequences with no more than 60%, 70%, and 80% similarity to the training
data were generated using CD-HIT-2D. We present the performance of the testing data at
different levels of sequence similarity to the training data.

Furthermore, we created another non-redundant dataset to evaluate our model. We
applied CD-HIT [29] to cluster this dataset based on a 60% sequence similarity threshold.
To avoid homologous redundancy, only one representative sequence from each cluster
was selected. The non-redundant dataset was then split into training and testing sets in
a 4:1 ratio. These datasets were used to train and evaluate our model, ensuring a robust
performance assessment.

We further evaluated our model using an independent benchmark for phospho-
rylation and non-histone acetylation. The phosphorylation test set was obtained from
the ProteinBERT benchmark [30], which is derived from PhosphoSitePlus [31], a com-
prehensive resource of experimentally validated post-translational modifications in hu-
man and mouse proteins. The non-histone acetylation test set was sourced from
TransPTM [32], a Transformer-based model specifically designed for the prediction of
non-histone acetylation sites.

2.2. Architecture of MTPrompt-PTM

This paper introduces MTPrompt-PTM, a multi-task model for post-translational
modification prediction. The overall architecture of MTPrompt-PTM is illustrated
in Figure 2. Our model includes an encoder and decoder. The encoder leverages
S-PLM v2 as its backbone and is trained using prompt tuning with task prompts. The
decoder is a hybrid architecture comprising shared feature extraction layers and task-
specific classification layers.
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Figure 2. The architecture of MTPrompt-PTM. During multi-task training, the model takes the
task name and protein sequence as input. The task prompts are initialized using our proposed
method based on the task name. The protein sequence is tokenized and embedded using the ESM2
tokenizer. The task prompts are then concatenated with the sequence embeddings and input into the
encoder. The backbone of the encoder is S-PLM v2, with the input passing through 33 Transformer
encoder layers. Then, residue-level representations (excluding [CLS], [EOS], and task tokens) are
extracted and passed to the decoder. During the entire training process, while the parameters of
S-PLM remain frozen, the task prompts are updated through gradient descent. The decoder features a
hybrid architecture with shared and task-specific layers. The shared component consists of two CNN
Inception modules, each containing three 1D convolutional layers with varying kernel sizes, followed
by concatenation and a fully connected layer. The task-specific layers process the shared residue
representation and perform classification. Each task-specific head corresponds to a different PTM
type, receiving residue representations and outputting whether the residue belongs to the respective
PTM type.

Unlike most PTM prediction methods that use peptides as input, our model takes
entire protein sequences as input. Initially, the protein sequences containing PTM sites
are tokenized using the ESM2 tokenizer, which converts them into sequence embeddings.
Task prompts, which act as additional trainable embeddings to guide the model in dis-
tinguishing between different PTM prediction tasks, are concatenated with the protein
sequence embedding. This combined matrix is then passed through the encoder as usual.
Throughout the multiple Transformer layers in S-PLM v2, the model generates updated
task prompts and protein sequence embeddings. After the Transformer layers, the task
prompts, along with the [CLS] and [EOS] tokens, are discarded. [CLS] (Classification) and
[EOS] (End of Sequence) are special tokens commonly used in Transformer-based language
models. The [CLS] token is typically added at the beginning of an input sequence, and its
corresponding output embedding is used for classification tasks, summarizing the entire
input. The [EOS] token marks the end of a sequence, signaling the model where the input
terminates, which is particularly important in generative or sequential prediction tasks.
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Only the residue-level embeddings for the sequence are retained and passed to the decoder
for further processing. During the entire training process, while the parameters of S-PLM
remain frozen, the task embeddings are updated through gradient descent.

Our decoder is designed with both shared layers and task-specific layers. The shared
layers consist of two CNN Inception modules and a fully connected (FC) layer. Each
CNN Inception module is composed of three 1D CNN layers with different filter sizes,
enabling the capture of multi-dimensional local information from the input sequences. The
outputs from these two modules are concatenated to combine the captured local features.
Following the CNN layers, a fully connected layer is added to further capture and refine
the information. These shared layers are responsible for learning common, generalizable
representations that can be applied across different post-translational modification (PTM)
types. Once the shared representation is learned, task-specific classification layers are
introduced to handle the unique characteristics of each PTM type. These task-specific layers
consist of 13 fully connected layers, each corresponding to a different PTM type. These
layers can be seen as 13 independent classification heads, with each head trained to focus
on the specific sequence patterns, structural features, or biochemical properties associated
with its respective PTM. Each PTM-specific head independently predicts the probability of
the presence or absence of its respective modification at each relevant sequence position.
By maintaining separate classification heads for each PTM type, the model ensures that
features are tailored for each modification, enhancing the model’s predictive accuracy and
allowing for more precise modeling of the diverse PTM signals.

2.3. Prompt Tuning on MTPrompt-PTM

In our encoder, to generate residue-level embeddings with enhanced structural infor-
mation, we use S-PLM v2 [33] as the backbone. S-PLM [27] is a structure-aware protein
language model integrating both sequence and structural information via contrastive
learning. S-PLM v2 is the upgraded version of S-PLM, using a geometric vector percep-
tron (GVP) model [34] to achieve more precise residue-level embeddings by capturing
detailed geometric properties. The sequence encoder of S-PLM builds upon a pre-trained
ESM2 model, preserving previously learned protein knowledge while effectively adapting
to new tasks. In contrast to ESM2, S-PLM explicitly incorporates structural information
due to its pre-training on paired protein sequences and contact maps, enabling the direct
encoding of spatial relationships and residue–residue interactions into its representations.
T-SNE clustering results have shown that S-PLM achieves superior kinase group clustering
compared to ESM2, underscoring its potential as an effective backbone model for PTM site
prediction [27].

Although S-PLM already contains rich general knowledge learned from large-scale
protein sequence data, we use prompt tuning to make task-specific adjustments for the
prediction of post-translational modifications. The core idea of prompt tuning is to con-
catenate the task prompts with the protein sequence embeddings and input them into
the pre-trained language model. This allows the Transformer operations to be performed
while keeping the original model’s weights frozen. As a result, the final protein sequence
embeddings are adjusted by the task prompts. Given that prompt tuning is highly sensitive
to the initialization of the task prompts, it is crucial to initialize the prompts effectively.
Therefore, we propose a novel initialization method for different tasks. First, we collect
all the protein sequences from the training set and obtain their sequence embeddings by
inputting them into S-PLM v2. Next, we extract 21-residue peptides centered on the PTM
site and compute the average of their embeddings. These averages are then clustered into
K clusters. Finally, we average the values within each cluster to generate the final prompt
matrix. The specific initialization process is outlined below.
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Step 1. Extracting Protein Embeddings
We utilized S-PLM v2 to generate embeddings for every residue in the training pro-

tein sequences. By feeding the entire training set into S-PLM, we obtained residue-level
embeddings with a shape of N × 1280, where N represents the total number of residues.
The value 1280 corresponds to the dimensionality of the embedding vector produced by
S-PLM v2 for each residue. These embeddings capture rich, context-aware biochemical and
structural information for each amino acid, providing a robust foundation for downstream
PTM prediction.

Step 2. Generating PTM-Centered Embeddings
Since PTMs are often influenced by the local sequence environment surrounding the

modified residue, we extract a 21-residue window centered on each PTM site to capture
this context. This window includes a modified residue along with its ten upstream and
ten downstream neighbors, effectively preserving the immediate biochemical environment.
For each PTM site, the contextual window Si is defined as

Si = {Ei−10, Ei−9, . . . , Ei, . . . , Ei+9Ei−10}, Si ∈ R21×1280 (1)

where Ei represents the embedding of the i-th residue. These windows provide a local-
ized, high-dimensional representation of the sequence, which is essential for accurate
PTM site modeling.

Step 3. Computing Mean Embeddings
Each window is then averaged to produce a single 1280-dimensional vector that

represents the local environment of the PTM site. The mean embedding Ei for each PTM
site is computed as

Ei =
1

21∑i+10
j=i−10Ej, Ei ∈ R1280 (2)

This mean pooling simplifies the representation while retaining the essential pattern
of this PTM context.

Step 4. Clustering PTM Representations
Instead of averaging all PTM site embeddings into a single global representation, we

apply K-means clustering to group them into K distinct clusters. After experimenting
with different values of K, we found that the best results were achieved when K = 500.
Each cluster captures a recurring motif or feature pattern shared across different proteins,
preserving the diversity and subtlety of PTM-specific contexts. Formally, each cluster Ck is
defined as

Ck = {Ei|i ∈ cluster k} (3)

The rationale behind selecting K clusters is to preserve the inherent diversity and fine-
grained patterns captured in the embedding space. Biological modifications (PTMs) often
exhibit subtle yet meaningful variations, reflecting different functional contexts, regulatory
mechanisms, or kinase substrate specificity. By clustering the embeddings into multiple
distinct groups, we maintain these biologically relevant variations, allowing each cluster
to represent a unique pattern or functional state more accurately. Direct averaging could
obscure these subtle differences and lead to the loss of critical biological insights.

Step 5. Computing Cluster Centroids
For the k-th cluster, the centroid vector (the mean of the embeddings in this cluster) μk

is computed as

μk =
1

|Ck|∑Ei∈Ck
Ei, μkεR1280 (4)

These centroids serve as prototypical representations of common PTM-related contexts.
Step 6. Constructing the Final Prompt Matrix
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The 500 centroids obtained from clustering are then stacked to form a matrix that serves
as a task-specific embedding. This matrix acts as a learnable guide for the model, capturing
diverse PTM-related patterns and functional contexts. The final prompt embedding matrix
M has a shape of K × 1280 and is defined as

M = [μ1; μ2; . . . ; μK]εRK×1280 (5)

2.4. Multi-Task Training of MTPrompt-PTM

To improve both the performance and generalizability of the multi-task model, we
adopt a knowledge distillation strategy, which transfers knowledge from a teacher model to
a student model by training the student to imitate the teacher’s outputs. Unlike traditional
training with one-hot labels, the teacher’s probability distribution over classes, referred
to as soft labels, provides a richer and more informative learning signal. Clark et al. [35]
demonstrated that using a single-task teacher model to guide a multi-task student model
is significantly more effective than employing multiple teachers for multiple tasks. This
is because the student benefits from exposure to a diverse set of PTM-specific teachers,
similarly to how ensemble learning enhances generalization. Inspired by this, we apply
knowledge distillation in our framework by using single-task models as teachers to train
the multi-task model, enabling it to leverage both expert knowledge and shared task
representations for improved performance.

As shown in Figure 3, the training process consists of two main steps. In Step 1, we
independently train 13 single-task models for all 13 PTM types. These single-task models
act as teacher models, with architectures nearly identical to that of the multi-task model,
except for the absence of task-specific layers. After training, we use the single-task models
to generate predictions for all training data. These predictions, serving as soft labels,
capture subtle patterns and uncertainties often missed by traditional hard labels. In Step
2, we merge the training data from all PTM types to train the multi-task student model.
The soft labels from the teacher models are used to guide the student model’s training.
To further enhance the training, we adopt a teacher annealing strategy [35], progressively
blending the teacher’s soft labels with ground truth annotations. This combination provides
a refined supervisory signal, improving the model’s generalization and accuracy across
diverse PTM types. To address potential class imbalances from simply concatenating all
datasets, we apply a weighted loss function that combines soft labels (from teacher models)
and hard labels (ground truth annotations). The weights are determined based on the
dataset size, and the loss function is defined as

L(θ) =∑ tεTweightt∑xi
ty

i
tεDt

l
(

γyi
t + (1 − γ) ft

(
xi

t, θt

)
, ft

(
xi

t, θ
))

, γ ∈ (0, 1) (6)

Here, T denotes the set of PTM tasks. For each task t, we first train a single-task teacher
model with parameters θt and then use its predictions to guide the multi-task student
model with parameters θ. The variable γ controls the balance between hard and soft labels
during training; specifically, we set γ = 0.5 to dynamically reconstruct the training labels by
averaging the teacher’s soft predictions and the ground truth.
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Figure 3. Training process of MTPrompt-PTM. In Step 1, we independently train 13 single-task
models, each corresponding to a different PTM type, which serve as teacher models. The saturated
orange ovals are teacher models. These models have architectures similar to that of the multi-task
model, with the key difference being the absence of task-specific layers. The teacher models generate
soft labels through predictions on the training data, capturing subtle patterns and uncertainties
missed by traditional hard labels. The paler peach boxes immediately to their right are the soft-label
outputs those teachers produce. In Step 2, we merge the training data from all PTM types to train the
multi-task student model. The powder-blue oval is the student model that learns all tasks jointly. The
soft labels from the teacher models guide the student model’s training. A teacher annealing strategy
is applied, progressively blending the teacher’s soft labels with ground truth annotations to improve
the model’s generalization and accuracy. The light-blue rectangle below it is the student’s prediction.
To address class imbalances, we use a weighted loss function that combines both soft labels and hard
labels, with weights determined by the dataset size.

3. Results

3.1. Comparison with State-of-the-Art Tools

Here, we compare MTPrompt-PTM with several state-of-the-art PTM prediction tools,
including MusiteDeep [17], PTMGPT2 [24], NetPhos3.1 [10], NetOGlyc4.0 [36], NetNG-
lyc1.0 [11], GPS-SUMO2.0 [18], CSS-Palm4.0 [37,38], GSP-MSP [12], and MethylSight [13].
Table 2 presents the prediction results on the test set for all 13 PTM types, including
phosphorylation (S, T, Y), N-linked glycosylation (N), O-linked glycosylation (S, T), ubiqui-
tination (K), acetylation (K), methylation (K, R), SUMOylation (K), succinylation (K), and
palmitoylation (C).

As shown in Table 3, MTPrompt-PTM outperformed all other tools across all 13 PTM
types. For example, in terms of the Matthews correlation coefficient (MCC), phosphory-
lation (S) exhibited a substantial improvement, with MTPrompt-PTM achieving a 118.9%
increase in the MCC compared to MusiteDeep. This trend continued with phosphorylation
(T, Y), where our model outperformed MusiteDeep by 58.0% and 26.5%, respectively. In
the case of O-linked glycosylation (S, T), MTPrompt-PTM showed improvements of 24.2%
and 63.6% over MusiteDeep. For N-linked glycosylation (N), MTPrompt-PTM showed
a smaller improvement of 3.2%. For SUMOylation (K), MTPrompt-PTM outperformed
PTMGPT2 by 46.2%, while MusiteDeep did not achieve comparable results. This differ-
ence can be attributed to the fact that MusiteDeep uses a smaller dataset than the one
used to train our model. Similarly, for ubiquitination (K) and acetylation (K), our model
exceeded MusiteDeep by 140.3% and 16.7%, respectively. Since MusiteDeep does not
provide a model for the prediction of succinylation, we compared MTPrompt-PTM only
with PTMGPT2 for this PTM type. Here, our model achieved a 104.2% improvement over
PTMGPT2 in succinylation (K). For palmitoylation (C), methylation (R), and methylation
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(K), MTPrompt-PTM surpassed MusiteDeep by 28.5%, 50.7%, and 13.3%, respectively.
These results demonstrate that our model outperforms many existing PTM prediction tools
and can be considered a leading tool for PTM site prediction.

Table 3. Performance comparison between different methods.

PTM Type Method Accuracy F1 MCC Precision Recall

Phosphorylation (S)

MTPrompt-PTM 0.964 0.736 0.718 0.772 0.704

MusiteDeep 0.706 0.311 0.328 0.187 0.917

PTMGPT2 0.821 0.281 0.225 0.198 0.483

NetPhos3.1 0.289 0.155 0.09 0.085 0.905

Phosphorylation (T)

MTPrompt-PTM 0.975 0.811 0.798 0.787 0.836

MusiteDeep 0.903 0.512 0.505 0.378 0.793

PTMGPT2 0.88 0.32 0.272 0.252 0.439

NetPhos3.1 0.429 0.153 0.103 0.085 0.802

Phosphorylation (Y)

MTPrompt-PTM 0.973 0.873 0.858 0.877 0.87

MusiteDeep 0.921 0.705 0.678 0.593 0.87

PTMGPT2 0.785 0.407 0.342 0.29 0.681

NetPhos3.1 0.613 0.262 0.154 0.165 0.634

O-Linked Glycosylation (S)

MTPrompt-PTM 0.983 0.774 0.765 0.762 0.787

MusiteDeep 0.956 0.6 0.616 0.454 0.885

PTMGPT2 0.929 0.363 0.351 0.273 0.541

NetOGlyc4.0 0.718 0.151 0.163 0.085 0.672

O-Linked Glycosylation (T)

MTPrompt-PTM 0.962 0.786 0.769 0.724 0.859

MusiteDeep 0.87 0.49 0.47 0.357 0.781

PTMGPT2 0.892 0.386 0.329 0.355 0.422

NetOGlyc4.0 0.801 0.267 0.196 0.19 0.453

N-Linked Glycosylation (N)

MTPrompt-PTM 0.977 0.915 0.903 0.889 0.944

MusiteDeep 0.967 0.887 0.875 0.802 0.992

PTMGPT2 0.944 0.808 0.782 0.73 0.905

NetNGlyc1.0 0.294 0.233 0.033 0.136 0.825

SUMOylation (K)

MTPrompt-PTM 0.97 0.838 0.823 0.878 0.802

MusiteDeep 0.901 0.332 0.299 0.472 0.256

PTMGPT2 0.92 0.606 0.563 0.572 0.644

GPS-SUMO2.0 0.187 0.187 0.081 0.103 0.978

Ubiquitination (K)

MTPrompt-PTM 0.956 0.782 0.764 0.879 0.704

MusiteDeep 0.681 0.367 0.318 0.236 0.831

PTMGPT2 0.634 0.259 0.14 0.167 0.575

Succinylation (K)
MTPrompt-PTM 0.983 0.933 0.923 0.944 0.922

PTMGPT2 0.834 0.519 0.452 0.408 0.715

Acetylation (K)

MTPrompt-PTM 0.981 0.899 0.889 0.924 0.877

MusiteDeep 0.948 0.778 0.762 0.671 0.926

PTMGPT2 0.724 0.286 0.199 0.192 0.562

Palmitoylation (C)

MTPrompt-PTM 0.974 0.926 0.91 0.943 0.909

MusiteDeep 0.916 0.759 0.708 0.774 0.745

PTMGPT2 0.883 0.695 0.626 0.651 0.745

CSS-Palm4.0 0.183 0.3 -0.03 0.177 0.982
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Table 3. Cont.

PTM Type Method Accuracy F1 MCC Precision Recall

Methylation (R)

MTPrompt-PTM 0.989 0.892 0.889 0.967 0.829

MusiteDeep 0.915 0.565 0.59 0.399 0.967

PTMGPT2 0.921 0.54 0.54 0.403 0.819

GSP-MSP 0.734 0.274 0.304 0.162 0.881

Methylation (K)

MTPrompt-PTM 0.976 0.883 0.87 0.901 0.867

MusiteDeep 0.952 0.791 0.768 0.728 0.867

PTMGPT2 0.869 0.529 0.477 0.427 0.695

GSP-MSP 0.337 0.234 0.162 0.133 0.962

MethylSight 0.384 0.19 0.022 0.11 0.686

Note: Numbers in bold represent the highest values achieved for each metric (Accuracy, F1, MCC, Precision,
Recall) within a given PTM type.

Figures 4 and 5 present the ROC curves and precision–recall curves on the test set for
all PTM types across different methods. Since PTM-GPT2 only provides binary predictions
(i.e., whether a residue is a PTM site or not) without probability scores, we could not plot
its full ROC and precision–recall curves. However, we calculated its TPR, FPR, precision,
and recall to mark PTM-GPT2 as a single point on the curves. The AUC and PRAUC values
of all methods are consistent with the results in Table 2, further demonstrating that our
model outperforms other approaches.

To further evaluate the kinase-level specificity and robustness of MTPrompt-PTM, we
conducted a comparative analysis across several kinase families. Table 4 summarizes the
number of kinase sites included in both the training and testing sets, as well as the number
of correctly predicted kinase sites and the corresponding accuracy for each model. Our
results demonstrate that MTPrompt-PTM consistently achieves high accuracy across most
kinase families. Particularly in the CMGC and AGC families, which have relatively large
numbers of kinase sites in both the training and testing sets, MTPrompt-PTM significantly
outperforms other models, indicating its strong generalization abilities in data-rich settings.
These findings suggest that our multi-task prompt tuning framework and structure-aware
backbone not only improve overall PTM prediction but also enhance kinase-specific site
recognition. This highlights the potential of MTPrompt-PTM as a generalizable tool for
kinase-centered PTM analysis. Notably, all models perform poorly on the “other” kinase
family, with MTPrompt-PTM achieving accuracy of only 0.111 and the remaining models
showing similarly low or inconsistent performance. This may be attributed to the relatively
limited number of training samples available for this group (only 415 sites, compared
to over 1700 for CMGC or 879 for AGC), which constrains the model’s ability to learn
meaningful and generalizable features for these kinases. Additionally, the “other” category
likely includes a diverse and heterogeneous set of kinases that do not share common
sequence or structural motifs, further complicating the prediction task. This observation
highlights a common challenge in PTM prediction: models tend to favor well-represented
kinase families during training (e.g., AGC and CMGC), and their performance may degrade
when applied to underrepresented or diverse groups (e.g., other).
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Figure 4. Performance comparison of AUC on 13 PTM types.
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Figure 5. Performance comparison of PRAUC on 13 PTM types.
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Table 4. Performance comparison of PTM prediction models across different kinase families.

Kinase Type
Number of Kinase

Sites in Training Set
Method

Number of Kinase
Sites in Testing Set

Number of Predicted
Kinase Sites in Testing Set

Accuracy

AGC 879

MTPrompt-PTM 17 15 0.882

MusiteDeep 17 14 0.824

PTMGPT2 17 7 0.412

NetPhos3.1 17 12 0.706

CAMK 392

MTPrompt-PTM 2 1 0.5

MusiteDeep 2 2 1

PTMGPT2 2 1 0.5

NetPhos3.1 2 2 1

CK1 48

MTPrompt-PTM 1 1 1

MusiteDeep 1 1 1

PTMGPT2 1 0 0

NetPhos3.1 1 1 1

CMGC 1739

MTPrompt-PTM 47 43 0.915

MusiteDeep 47 42 0.894

PTMGPT2 47 21 0.447

NetPhos3.1 47 40 0.851

Other 415

MTPrompt-PTM 9 1 0.111

MusiteDeep 9 3 0.333

PTMGPT2 9 1 0.111

NetPhos3.1 9 2 0.222

STE 174

MTPrompt-PTM 2 2 1

MusiteDeep 2 2 1

PTMGPT2 2 2 1

NetPhos3.1 2 2 1

TK 753

MTPrompt-PTM 4 4 1

MusiteDeep 4 4 1

PTMGPT2 4 2 0.5

NetPhos3.1 4 2 0.5

Note: Numbers in bold represent the highest values achieved for accuracy within a given kinase type.

Figure 6 illustrates the performance on test subsets with varying levels of sequence
similarity to the training data, evaluated using the F1 score. The test subsets, containing
protein sequences with no more than 60%, 70%, 80%, 90%, and 100% similarity to the train-
ing set, were generated using CD-HIT-2D. Across nearly all PTM types, MTPrompt-PTM
consistently outperformed other methods regardless of the sequence similarity thresh-
olds. However, for certain PTMs, we observe a noticeable decline in MTPrompt-PTM’s
performance as the sequence similarity decreases. This degradation can be attributed to
several factors. Some PTM types may have fewer annotated examples or less diversity in
the training set. As a result, the model may be overfit to specific sequence patterns and
struggle to generalize to more dissimilar sequences. In addition, certain PTMs, such as
phosphorylation (S) and SUMOylation (K), are known to be highly context-dependent,
often influenced by local sequence motifs or secondary structure elements. When the
sequence similarity drops, these subtle cues may no longer be preserved, making it more
challenging for the model to accurately identify modification sites. Another contributing
factor may be the imbalance in positive and negative samples across the different similarity
subsets. As the similarity threshold decreases, the number of true PTM sites that remain in
the test set may decline disproportionately, leading to a more severe class imbalance and
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potentially skewing the model’s predictions. Despite these challenges, MTPrompt-PTM
still maintains relatively strong performance across all similarity levels, underscoring its
robustness compared to existing tools.

 

 

Figure 6. Performance on test subsets with different levels of sequence similarity to the training data,
evaluated by F1. The protein sequences of testing data that had no more than 60%, 70%, 80%, 90%,
and 100% similarity to the training data were generated by CD-HIT-2D.

Figure 7 compares the performance of MTPrompt-PTM with that of MusiteDeep,
PTMGPT2, and PTM-Mamba on independent benchmark datasets for phosphorylation
and non-histone acetylation. For phosphorylation, MTPrompt-PTM consistently achieves
the best overall performance, particularly excelling in its accuracy, precision, F1 score, and
MCC. This suggests that our model makes more reliable and balanced predictions with
fewer false positives and the better discrimination of true modification sites. PTM-Mamba
shows the highest recall, indicating its sensitivity in detecting true sites, but this comes
at the cost of lower precision, leading to more false positives. In non-histone acetylation,
MTPrompt-PTM again outperforms other methods in terms of accuracy and precision,
demonstrating its ability to correctly identify modification sites with fewer errors. While
MusiteDeep and PTM-Mamba have comparable recall values, their lower precision reduces
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their overall predictive quality. The differences may be due to MTPrompt-PTM’s multi-task
prompt tuning strategy and structure-aware embedding, which enhance its specificity and
robustness across diverse PTM types. Overall, these results highlight that MTPrompt-PTM
strikes a better balance between sensitivity and specificity, making it a more effective tool
for PTM site prediction compared to competing methods.

Figure 7. Comparative analysis of PTM prediction tools on independent phosphorylation and
acetylation data.

3.2. Comparison with Single-Task Models on Different PTM Types

To evaluate the effectiveness of our proposed multi-task architecture, we compared it
against 13 independently trained single-task models on our non-redundant dataset, with
each model trained on a single PTM type. Both the multi-task and single-task models shared
the same pre-trained backbone and utilized the same predefined task tokens, ensuring a
fair comparison.

The results in Figure 8 indicate that phosphorylation (S, T, and Y) exhibited varying degrees
of improvement in the multi-task model. Phosphorylation (S) showed only a 2% improvement
in the AUPRC, likely due to its large training dataset, which may reduce its dependency on
knowledge transfer from other PTM types. In contrast, phosphorylation (T) showed substan-
tial gains, with threonine improving by 9% (AUPRC), suggesting that phosphorylation (T)
benefits from shared knowledge with phosphorylation (S). O-linked glycosylation (S and T)
demonstrated strong improvements across all metrics, with O-linked glycosylation (S) achieving
improvements of 11.1% (AUPRC) and O-linked glycosylation (T) seeing the highest gains,
with the AUPRC increasing by 11.2%, suggesting a possible interaction with phosphorylation.
N-linked glycosylation (N) performed slightly worse in the multi-task setting, with an AUPRC
decrease of 0.1%, indicating that asparagine may be more independent and less influenced by
other PTM types. Acetylation (K), ubiquitination (K), succinylation (K), and SUMOylation (K)
benefited from the multi-task model, showing improvements of 9.5%, 2.9%, 10.2%, and 2.5%
(AUPRC), suggesting that PTMs occurring on lysine (K) may support each other through shared
information. Overall, the results demonstrate that multi-task learning improves the performance
for PTMs that share functional or structural similarities, such as phosphorylation and O-linked
glycosylation. However, PTMs that are more independent, such as N-linked glycosylation (N),
may not benefit as much from multi-task training. Additionally, PTMs on lysine (K) appear
to influence each other, as seen in the gains for acetylation, ubiquitination, SUMOylation, and
succinylation. The ROC curves are shown in Supplementary Figure S1. From the AUROC, we
observe that the performance of the multi-task model is similar to that of the single-task model.
This could be due to the imbalance between negative and positive samples. The improved
AUPRC of the multi-task model likely arises from its ability to generalize across multiple PTM
types, which helps to enhance its precision and recall for the positive class, especially in the
presence of class imbalances. While the multi-task setup does not significantly impact the
AUROC (as the AUROC is less sensitive to class imbalances), it has a more pronounced effect
on the precision–recall performance.
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Figure 8. Performance comparison of PRAUC between multi-task and single-task models on
13 PTM types.

The F1 and MCC can show the improvements in the multi-task model as well, as
presented in Table 5. From this table, we can see that MTPrompt-PTM achieves better
performance than the single-task model in most PTM types. Notably, for phosphorylation
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(T), phosphorylation (Y), O-linked glycosylation (S and T), and SUMOylation (K), the multi-
task model yields higher F1 and MCC scores, indicating that leveraging shared knowledge
across tasks enhances the prediction accuracy for these modification types. For example, in
O-linked glycosylation (T), the F1 and MCC scores of the multi-task model reach 0.716 and
0.685, respectively, outperforming the single-task model (0.670/0.634). Although the single-
task model performs slightly better in a few PTMs, such as N-linked glycosylation (N)
and methylation (R), the difference is marginal, suggesting that the multi-task framework
does not significantly compromise the performance even in well-characterized or distinct
PTMs. Overall, the results demonstrate that the multi-task model provides more stable and
generalized performance across diverse PTM types, especially those with limited training
data or weaker individual signals.

Table 5. Performance comparison of F1 and MCC on MTPrompt-PTM and separately trained model.

F1/MCC

PTM Type (Residue) Multi-Task Model Single-Task Model

Phosphorylation (S) 0.428/0.384 0.429/0.383

Phosphorylation (T) 0.461/0.432 0.439/0.406

Phosphorylation (Y) 0.503/0.459 0.498/0.448

N-Linked Glycosylation (N) 0.918/0.902 0.922/0.907

O-Linked Glycosylation (S) 0.524/0.5 0.487/0.447

O-Linked Glycosylation (T) 0.716/0.685 0.670/0.634

Palmitoylation (C) 0.74/0.697 0.730/0.685

Acetylation (K) 0.214/0.206 0.189/0.180

Ubiquitination (K) 0.081/0.129 0.051/0.074

Succinylation (K) 0.208/0.176 0.144/0.109

SUMOylation (K) 0.352/0.342 0.361/0.332

Methylation (K) 0/0.142 0.089/0.143

Methylation (R) 0.431/0.414 0.470/0.454

Note: Numbers in bold represent the highest values achieved for F1 and MCC within a given PTM type.

3.3. Ablation Study
3.3.1. Comparison with Multi-Task Model Without Knowledge Distillation on Different
PTM Types

To assess the impact of knowledge distillation, we compared MTPrompt-PTM with a
baseline multi-task model trained solely on hard labels without distillation. As shown in
Table 6, MTPrompt-PTM consistently achieved higher F1 and MCC scores across all PTM
types, demonstrating improved predictive accuracy and robustness.

Table 7 presents the AUROC and AUPRC comparisons, where MTPrompt-PTM
achieves notably higher AUPRC values in most cases. For instance, in O-linked gly-
cosylation (S) and (T), the AUPRC increased from 0.518 and 0.761 to 0.552 and 0.784,
respectively. This improvement in the AUPRC is particularly significant given the class
imbalance typically present in PTM site prediction tasks.
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Table 6. Performance comparison of F1 and MCC on MTPrompt-PTM and multi-task model without
knowledge distillation.

F1/MCC

PTM Type (Residue)
Multi-Task Model with Knowledge

Distillation
Multi-Task Model Without

Knowledge Distillation

Phosphorylation (S) 0.428/0.384 0.341/0.338

Phosphorylation (T) 0.461/0.432 0.389/0.381

Phosphorylation (Y) 0.503/0.459 0.448/0.424

N-Linked Glycosylation (N) 0.918/0.902 0.916/0.901

O-Linked Glycosylation (S) 0.524/0.5 0.45/0.446

O-Linked Glycosylation (T) 0.716/0.685 0.667/0.634

Palmitoylation (C) 0.74/0.697 0.719/0.678

Acetylation (K) 0.214/0.206 0.160/0.164

Ubiquitination (K) 0.081/0.129 0.081/0.129

Succinylation (K) 0.208/0.176 0.044/0.062

SUMOylation (K) 0.352/0.342 0.253/0.301

Methylation (K) 0/0.142 0/0.142

Methylation (R) 0.431/0.414 0.411/0.415

Note: Numbers in bold represent the highest values achieved for F1 and MCC within a given PTM type.

Table 7. Performance comparison of AUROC and AUPRC of MTPrompt-PTM and multi-task model
without knowledge distillation.

AUROC/AUPRC

PTM Type
Multi-Task Model with Knowledge

Distillation
Multi-Task Model Without

Knowledge Distillation

Phosphorylation (S) 0.866/0.409 0.866/0.411

Phosphorylation (T) 0.878/0.436 0.879/0.429

Phosphorylation (Y) 0.844/0.504 0.845/0.496

N-Linked Glycosylation (N) 0.990/0.924 0.991/0.927

O-Linked Glycosylation (S) 0.870/0.552 0.864/0.518

O-Linked Glycosylation (T) 0.933/0.784 0.933/0.761

Palmitoylation (C) 0.929/0.791 0.925/0.792

Acetylation (K) 0.739/0.220 0.742/0.212

Ubiquitination (K) 0.669/0.215 0.669/0.215

Succinylation (K) 0.720/0.260 0.722/0.268

SUMOylation (K) 0.798/0.369 0.797/0.359

Methylation (K) 0.663/0.122 0.669/0.130

Methylation (R) 0.893/0.438 0.910/0.450

Note: Numbers in bold represent the highest values achieved for AUROC and AUPRC within a given PTM type.

These results confirm that incorporating soft labels from single-task models during
training enables the multi-task framework to capture richer probabilistic information and
subtle interdependencies across PTM types. This additional knowledge improves its
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generalization, especially for low-signal or data-scarce PTMs, ultimately leading to better
overall performance than training on hard labels alone.

3.3.2. Comparison with Fine-Tuning the Last Two Layers of S-PLM on Different PTM
Types

To further evaluate the effectiveness of our prompt tuning strategy, we compared
MTPrompt-PTM with a commonly used fine-tuning approach that updates only the last
two layers of the pre-trained S-PLM model. This comparison assessed whether prompt tun-
ing could match or exceed the performance while minimizing the computational overhead.
As shown in Table 8, MTPrompt-PTM achieved higher F1 and MCC scores across nearly
all PTM types. Notably, large gains are observed in phosphorylation (T) and O-linked
glycosylation (T), where the F1/MCC scores increase from 0.403/0.392 and 0.548/0.554 to
0.461/0.432 and 0.716/0.685, respectively. These results indicate that prompt tuning signifi-
cantly enhances both the precision and robustness in PTM site prediction. Although the
fine-tuned model slightly outperforms MTPrompt-PTM in ubiquitination (K), methylation
(K), and methylation (R), the performance gap is minimal.

Table 8. Performance comparison of F1 and MCC of MTPrompt-PTM and multi-task model with
fine-tuning in the last two layers of S-PLM.

F1/MCC

PTM Type
Multi-Task Model

with Prompt Tuning
Multi-Task Model with Fine-Tuning

in Last Two Layers of S-PLM v2

Phosphorylation (S) 0.428/0.384 0.355/0.340

Phosphorylation (T) 0.461/0.432 0.403/0.392

Phosphorylation (Y) 0.503/0.459 0.450/0.427

N-Linked Glycosylation (N) 0.918/0.902 0.916/0.900

O-Linked Glycosylation (S) 0.524/0.5 0.49/0.481

O-Linked Glycosylation (T) 0.716/0.685 0.548/0.554

Palmitoylation (C) 0.74/0.697 0.695/0.651

Acetylation (K) 0.214/0.206 0.214/0.206

Ubiquitination (K) 0.081/0.129 0.082/0.156

Succinylation (K) 0.208/0.176 0.11/0.124

SUMOylation (K) 0.352/0.342 0.268/0.304

Methylation (K) 0/0.142 0.048/0.152

Methylation (R) 0.431/0.414 0.435/0.435
Note: Numbers in bold represent the highest values achieved for F1 and MCC within a given PTM type.

Table 9 further confirms this trend through AUROC and AUPRC comparisons.
MTPrompt-PTM shows a notable advantage in the AUPRC, especially for PTMs like
O-linked glycosylation (S) and O-linked glycosylation (T), with improvements from 0.525
and 0.757 to 0.552 and 0.784, respectively. These metrics are particularly important in
highly imbalanced datasets, where the ability to correctly identify true positives is critical.
Furthermore, in phosphorylation (Y), the AUPRC improves from 0.499 to 0.504, and, in
SUMOylation (K), from 0.354 to 0.369, reinforcing the consistency of the performance gains
across diverse PTM types.

This improvement may be attributed to two key factors. First, by keeping the entire
ESM2 model frozen, MTPrompt-PTM retains the broad, general-purpose protein represen-
tations learned during large-scale pre-training, avoiding the risk of overfitting or forgetting.
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Second, the integration of task-specific prompt embeddings enables fine-grained adapta-
tion to each PTM type, capturing subtle biochemical cues that are often lost in shallow
fine-tuning. In contrast, updating only the last two layers may be insufficient to extract the
deep contextual information required for accurate PTM site identification.

Table 9. Performance comparison of AUROC and AUPRC of MTPrompt-PTM and multi-task model
with fine-tuning in the last two layers of S-PLM.

AUROC/AUPRC

PTM Type
Multi-Task Model

with Prompt Tuning

Multi-Task Model with
Fine-Tuning in Last Two

Layers of S-PLM v2

Phosphorylation (S) 0.866/0.409 0.865/0.409

Phosphorylation (T) 0.878/0.436 0.882/0.434

Phosphorylation (Y) 0.844/0.504 0.837/0.499

N-Linked Glycosylation (N) 0.990/0.924 0.991/0.930

O-Linked Glycosylation (S) 0.870/0.552 0.845/0.525

O-Linked Glycosylation (T) 0.933/0.784 0.922/0.757

Palmitoylation (C) 0.929/0.791 0.927/0.795

Acetylation (K) 0.739/0.220 0.739/0.220

Ubiquitination (K) 0.669/0.215 0.672/0.207

Succinylation (K) 0.720/0.260 0.717/0.259

SUMOylation (K) 0.798/0.369 0.792/0.354

Methylation (K) 0.663/0.122 0.704/0.289

Methylation (R) 0.893/0.438 0.903/0.461

Note: Numbers in bold represent the highest values achieved for AUROC and PRAUC within a given PTM type.

4. Discussion

Exposing a model to a diverse set of tasks can serve as an effective form of regulariza-
tion, reducing the risk of overfitting by encouraging the learning of generalizable patterns
rather than memorizing task-specific details. A key advantage of multi-task learning lies
in its ability to facilitate knowledge transfer between related tasks, i.e., improvements in
one task can enhance the performance in others. Building on this principle, we developed
MTPrompt-PTM, the first multi-task PTM prediction model capable of predicting 13 types
of post-translational modifications (PTMs): phosphorylation (S, T, Y), N-linked glycosyla-
tion (N), O-linked glycosylation (S, T), ubiquitination (K), acetylation (K), methylation (K,
R), SUMOylation (K), succinylation (K), and palmitoylation (C). At inference time, users
simply need to provide a protein sequence along with the PTM type(s) that they wish to
predict, making MTPrompt-PTM both versatile and user-friendly.

Unlike conventional PLM-based methods, MTPrompt-PTM leverages multi-task
prompt tuning on the pre-trained S-PLM model, allowing it to adapt to diverse PTM
types by incorporating task-specific signals. A decoder architecture composed of shared
and task-specific layers further enables the model to capture both general and PTM-specific
representations during training. To enhance the performance and generalization, knowl-
edge distillation is employed, transferring insights from multiple single-task teacher models
into a unified multi-task student model. Through extensive comparisons with single-task
models and several state-of-the-art PTM prediction tools, MTPrompt-PTM consistently out-
performs alternative methods across all PTM types, affirming the effectiveness of multi-task
learning within this domain.
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The effectiveness of MTPrompt-PTM can be attributed to three key factors. First,
MTPrompt-PTM leverages the S-PLM v2 backbone, which captures both local and global
sequence and structural information, providing a strong foundation for PTM prediction.
Second, it employs multi-task prompt tuning, a lightweight fine-tuning method that effi-
ciently adapts the PLM to the nuances of multiple PTM types while retaining the general-
purpose knowledge encoded in the protein language model. This approach enables PTM
prediction without compromising the pre-trained model’s integrity. Third, MTPrompt-PTM
incorporates a multi-PTM training framework with a knowledge distillation strategy, facili-
tating shared learning across different PTM types. This strategy enhances the performance,
particularly for PTMs with limited training data.

However, several limitations exist. First, due to the computational complexity of
processing long sequences, MTPrompt-PTM can only accept protein sequences of up
to 1022 residues. This limitation could restrict its applicability in real-world scenarios,
where longer sequences are common. Second, to better simulate real-world conditions, we
separated the training and testing sets based on timestamps. However, some similarities
between the training and testing sets remained. As the sequence similarity between the
training and testing sets decreases, the performance also decreases. This could be due to
data leakage, where information from the testing set unintentionally influences the training
process, potentially causing overfitting. As a result, the model becomes overly specialized
in sequences present in the training set and struggles to generalize to novel sequences in
the test set.

In the future, we aim to extend our framework to support continuous learning, en-
abling it to accommodate additional modifications as new data become available. Expand-
ing the dataset and incorporating more diverse annotations will improve the generalizabil-
ity. However, challenges related to ensuring that continuous learning does not interfere
with the performance of previous models need to be addressed. Additionally, the imbal-
anced nature of PTM training data may lead to biased predictions toward overrepresented
classes. Future work should explore techniques such as focal loss, class reweighting, or data
augmentation to address this imbalance and improve the model’s fairness and accuracy.

5. Conclusions

MTPrompt-PTM represents a step forward in the scalable, multi-task prediction of
post-translational modification sites. Instead of relying on fragmented single-task ap-
proaches, it unifies 13 PTM types into one flexible framework, enabling users to make
efficient, type-specific predictions from a single model. Its consistent performance across
benchmark datasets, kinase-specific analyses, and external validation scenarios underscores
its potential for broad application in bioinformatics. Looking ahead, MTPrompt-PTM pro-
vides a foundation for continuous, modular learning as PTM databases expand, supporting
future developments in multi-label PTM annotation at the proteome scale.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom15060843/s1, Figure S1: Performance comparison of AUROC
between multi-task and single-task on 13 PTM types.
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Abstract: Prolyl cis/trans isomerization is a rate-limiting step in protein folding, often
coupling directly to the acquisition of native structure. Here, we investigated the interplay
between folding and prolyl isomerization in the N2 domain of the gene-3-protein from
filamentous phage fd, which adopts a native-state cis/trans equilibrium at Pro161. Using
mutational and Φ-value analysis, we identified a discrete folding nucleus encompassing
the β-strands surrounding Pro161. These native-like interactions form early in the folding
pathway and provide the energy to shift the cis/trans equilibrium toward the cis form.
Variations distant from the Pro161-loop have minimal impact on the cis/trans ratio, un-
derscoring the spatial specificity and localized control of the isomerization process. Using
NMR spectroscopy, we determined the structures for both native N2 forms. The cis- and
trans-Pro161 conformations are overall identical and exhibit only slight differences around
the Pro161-loop. The cis-conformation adopts a more compact structure with improved
backbone hydrogen bonding, explaining the approximately 10 kJ·mol−1 stability increase
of the cis state. Our findings highlight that prolyl isomerization in the N2 domain is gov-
erned by a localized folding nucleus rather than global stability changes. This localized
energetic coupling ensures that proline isomerization is not simply a passive, slow step but
an integral component of the folding landscape, optimizing both the formation of native
structure and the establishment of the cis-conformation.

Keywords: protein folding; prolyl isomerization; NMR spectroscopy; Phi-value analysis;
protein stability

1. Introduction

The cis/trans isomerization of peptidyl–prolyl bonds in proteins is inherently
slow [1,2], with the trans form generally being favored in unfolded or newly synthesized
polypeptide chains [3]. Proteins that contain cis prolyl bonds in their native state must
undergo a trans-to-cis isomerization during folding. This isomerization process is closely
linked to conformational folding, where initial folding often begins with certain proline
residues in the incorrect (trans) state. These trans-proline residues create a kinetic barrier,
temporarily halting folding and allowing conformational energy to accumulate [4–7]. This
accumulated strain then drives the equilibrium toward the native cis form. After proline
isomerization, folding can proceed rapidly to completion.

Biomolecules 2025, 15, 259 https://doi.org/10.3390/biom15020259
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In the folded state, the cis isomer is favored because it allows for stronger stabilizing
interactions compared to the trans isomer, resulting in an energetic coupling between
folding and prolyl isomerization. The folded structure stabilizes the cis isomer, while the cis
form further enhances the stability of the protein through additional interactions. During
folding, this cooperative relationship evolves stepwise, as conformational energy initially
drives the shift in the cis/trans equilibrium, but the stabilizing interactions of the native
state only form after the slow trans-to-cis isomerization. This represents the rate-limiting
step of the folding process and at the same time locks in the native state [8–10].

Prolyl isomerization not only serves as a critical rate-limiting step in protein folding
but also functions as a molecular switch or timer in various biological processes [11–15].
Prolyl isomerases—enzymes that accelerate these isomerization reactions—are widely
distributed and play essential roles in cellular function [16–18].

Studying folding intermediates or misfolded states containing non-native prolyl iso-
mers remains challenging due to their instability and low population levels. These species
are typically difficult to characterize structurally under equilibrium conditions, although,
in rare cases, the coexistence of cis and trans isomers has been detected using NMR spec-
troscopy. However, the detailed structural characterization of these minor species has
proven elusive [19–25].

The N2 domain of the gene-3-protein from the filamentous phage fd presents an ideal
model system to investigate the link between folding and prolyl isomerization, as it enables
the simultaneous assessment of the stability and unfolding/refolding kinetics of both the
cis and trans forms [26]. The N2 domain folds independently, with Pro161, located at the
tip of a β hairpin (Figure 1A), existing as a mixture of two native folded states differing in
the cis/trans conformation of Pro161. During refolding, the cis content increases from 7% in
the unfolded state to 90% in the folded state [26]. Both cis and trans forms of N2 represent
true native states, displaying identical unfolding rates but differing in refolding kinetics.
This difference suggests that the conformational energy driving cis/trans isomerization
is already available in the folding transition state. The relationship between folding and
prolyl isomerization in both the unfolded and folded states of N2 is effectively illustrated by
the box model in Figure 1B, which links conformational folding with prolyl isomerization.

In our previous work, we used single- and double-mixing kinetic experiments, along-
side mutational analysis, to determine the source of energy that shifts the cis/trans ratio of
Pro161. We found that this energy largely originates from the two-stranded β sheet at the
base of the Pro161 hairpin [27].

Building on this foundation, the current study expands the mutational analysis to
35 additional residues across the N2 domain. We use Φ-value analysis [28–33] to investigate
the effects of each mutation on folding kinetics and stability, thereby gaining insights into
the folding pathway of the N2 domain. Additionally, we used NMR spectroscopy to
determine the solution structures of the cis and trans forms of Pro161, elucidating the
molecular basis for their differing stabilities.
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Figure 1. (A) Tertiary structure of the N2 domain of G3P (residues 102–205). The side chains of
His129, Pro161, Trp181, and the nine Tyr residues are shown in stick representation. Trp181 is located
behind helix1. The figure was prepared using PyMol [34] and the crystal structure of full-length
G3P (PDB ID: 1G3P) [35]. (B) Model for the coupling between folding and prolyl isomerization of
the N2 domain. (C) Amino acid sequence of the N2 domain. Pro161 is shown in bold, in blue are
shown amino acid positions analyzed before [27], and amino acid positions analyzed in this work are
colored green.

2. Materials and Methods

2.1. Mutagenesis, Protein Purification and Sample Preparation

The isolated N2 domain [residues 102–205 of the gene-3-protein of phage fd, extended
by (His)6] with the stabilizing mutation Q129H was used as the reference (pseudo-wild-
type) protein. The site-directed mutagenesis of N2′ was performed by BluntEnd-PCR [36]
based on the expression plasmid pET11a (Novagen, Madison, WI, USA) The proteins
were overproduced as inclusion bodies in E. coli BL21(DE3) and purified as described
previously [26]. The concentrations of the N2-variants were determined via the absorption
and the molar extinction coefficient ε280 = 19,000 M−1cm−1 at 280 nm. All buffers for
spectroscopic measurements were dust filtered through 0.22 μm nylon filters before use
and degassed in the desiccator with a membrane vacuum pump. The protein stock solutions
were thawed at 4 ◦C, and any aggregates present were removed by centrifugation (approx.
30 min, 4 ◦C, 13,000 rpm, laboratory centrifuge).

2.2. Measurement of Near-UV Far-UV CD Spectra

All Circular dichroism spectra were measured using a Jasco J-600 (Tokyo, Japan)
spectropolarimeter. Near-UV circular dichroism spectra (260–320 nm) were recorded with
a protein concentration of 50 μM in 100 mM potassium phosphate, pH 7.0, in temperature-
controlled 10 mm cuvettes. The step size was 0.2 nm at a measuring speed of 100 nm/min,
the bandwidth was 2 nm, and the attenuation was 2 s. Spectra were measured ten times,
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averaged, and corrected for the contribution of the buffer. Far-UV spectra (185–250 nm)
were measured in 10 mM potassium phosphate, pH 7.0, and a protein concentration of
5 μM.

2.3. Equilibrium Unfolding Transitions

For urea-induced unfolding, protein samples (1.0 μM) were incubated for 1 h at
15 ◦C in 100 mM K-phosphate, pH 7.0, and different concentrations of urea. The sample
fluorescence was measured in 1 cm cuvettes at 340 nm (10 nm bandwidth) after excitation
at 280 nm (5 nm bandwidth) (Hitachi F4010 fluorescence spectrometer). The data were
analyzed according to a two-state model by assuming that ΔGD as well as the fluorescence
emissions of the folded and unfolded forms depend linearly on the urea concentration. A
nonlinear least squares fit with proportional weighting of the experimental data was used to
obtain ΔGD as a function of urea concentration [37]. The heat-induced unfolding transitions
were recorded in a Jasco J-600 spectropolarimeter equipped with a PTC 348 WI Peltier
element at a protein concentration of 4 μM in 100 mM K-phosphate, pH 7.0 at a heating
rate of 1 ◦C/min. The transitions were monitored by the CD signal increase at 222 nm with
1 nm bandwidth and 10 mm path length. The experimental data were analyzed based on
the two-state approximation, with a heat capacity change ΔCp of 6400 J mol−1 K−1 [38].

2.4. Kinetic Experiments

All urea-induced unfolding and refolding experiments were performed in 100 mM
K phosphate, pH 7.0, at 15 ◦C at a final protein concentration of 0.5 μM using a DX.17MV
stopped-flow spectrometer from Applied Photophysics (Leatherhead, UK). The native
or unfolded (in 4.4 M urea) protein was diluted 11-fold with urea solutions of different
concentrations. The kinetics were monitored by the change in fluorescence over 320 nm
after excitation at 280 nm (10 nm bandwidth) in an observation cell with a 2 mm path
length. A 0.5 cm cell containing acetone was placed between the observation chamber
and the photomultiplier to absorb scattered light from the excitation beam. The kinetics
were measured at least eight times under identical conditions and averaged to improve
the signal-to-noise ratio. In the analysis of the unfolding and refolding kinetics of the
individual variants, we assumed that the folding kinetics of the cis and the trans forms are
kinetically isolated by the slow Ut/Uc and Nt/Nc isomerizations and that the logarithms
of the microscopic rate constants of unfolding and refolding depend linearly on the urea
concentration. The ΔGUN values were determined from the ratio of the rate constants for
refolding and unfolding [ΔGUN = −RTln(kUN/kNU)]. ΔΔGUN is the difference between the
ΔGUN values of the mutant and the wild-type protein. The ΔΔGUN

‡ values were derived
from the ratio of the refolding rate constants of the mutant (mt) and the wild-type protein
(wt) [ΔΔGUN

‡ = −RTln(kUN(mt)/kUN(wt))], and Φ is the ΔΔGUN
‡/ΔΔGUN ratio [39]. In

order to keep the error caused by extrapolation as low as possible, the Φ-values for the
unfolding were calculated for 2 M urea.

Interrupted unfolding experiments using double-mixing stopped-flow techniques
were conducted to determine the cis/trans ratio in the folded forms of the N2′ variants
at 15 ◦C. In the first step, 33 μM of folded N2′ protein (in 100 mM K phosphate, pH 7.0)
was diluted 11-fold with 100 mM glycine buffer, initiating unfolding at a final pH of 2.0.
Under these conditions, complete conformational unfolding occurred within 10 ms, while
Pro161 cis/trans equilibration exhibited a time constant of 55 s [26]. After 100 ms, the N2′

variants were fully unfolded, but the cis/trans ratio remained virtually identical to that in
the folded protein. Refolding was triggered after a 100 ms delay by an additional six-fold
dilution, resulting in a final protein concentration of 0.5 μM in 100 mM K phosphate, pH
7.0. The cis content in the folded protein was determined by calculating the amplitude
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ratio of refolding reactions corresponding to the cis and trans isomers, considering slight
fluorescence differences between Nc and Nt. Each experiment was repeated 10 times for all
variants. Individual measurements were analyzed separately, with cis content variability
remaining within 3%.

The Gibbs free energy that is necessary to shift the cis/trans equilibrium, referred to
as the proline shift energy, is given by the equation −RTln(KN/KU). Here, KN and KU

represent the measured equilibrium constants for Pro161 cis/trans isomerization in the
unfolded state (KU = [Ut]/[Uc]) and in the native state (KN = [Nt]/[Nc]), respectively.

2.5. NMR Spectroscopy

All NMR experiments were performed on a Bruker Avance II 600 spectrometer at
15 ◦C in 100 mM K phosphate buffer and 10% (v/v) D2O at pH 7.0. Spectra were processed
using NMRPipe [40] and analyzed using NMRView [41]. Backbone resonances have been
assigned previously [42]. Aliphatic side chains were assigned by H(C)CH-TOCSY [43], and
side chain NH and aromatic side chains by NOEs. NOEs for the structure determination
were derived from 3D-NOESY-HSQC experiments for 15N and 13C aliphatic nuclei and a
2D NOESY experiment. Phi–Psi dihedral angle constraints were derived using TALOS [44].
H-bonds were introduced if all the following criteria were fulfilled: amide exchange of the
corresponding amide is slowed down [42], NOE patterns are in agreement with H-bonds,
they are located in secondary structure elements confirmed by chemical shifts and initial
structures. 1H/15N RDCs were determined in 18 mg/mL PF1 phages from PROFOS. RDCs
were used for isolated amide signals with 1H15N NOEs > 0.6. RDCs are located all over the
structure. Structure calculations were performed using ARIA 2.3 [45]. 50 structures have
been calculated using NOEs as ambiguous distance restraints, above mentioned Phi–Psi
dihedral angle constraints, H-bonds and RDCs, and standard ARIA parameters for each
Pro161 in cis or trans. Pro161 has been confirmed as cis in the NMR spectra; its surrounding
was determined as flexible by 1H15N NOE experiments [42]. The trans structure was
calculated with the same data set.

3. Results

3.1. Design of the Protein Variants

We employed protein engineering and Φ-value analysis [30,31,46] to investigate the
transition state of folding for the N2 domain of the phage gene-3-protein. A total of
35 single-point mutations were introduced into the protein, and for each mutant, we
measured the differences in Gibbs free energy of folding (ΔΔGUN), mutant minus wild-type
protein, and activation free energy of refolding (ΔΔGUN

‡). These values were derived
from equilibrium unfolding transitions and folding kinetics, respectively. The Φ-value,
calculated as the ratio of these two free energies, was determined for both the trans and cis
forms of Pro161:

Φ = ΔΔGUN
‡/ΔΔGUN

A Φ-value of 1 indicates that the mutated side-chain is in a native-like environment
in the transition state, contributing equally to the stability of both the native state and
the transition state. In such cases, only the refolding kinetics are affected. Conversely, a
Φ-value of 0 signifies that the side-chain is in an unfolded-like region of the transition
state, affecting only the unfolding kinetics. Fractional Φ-values suggest partial structural
formation at the mutation site or the presence of multiple folding pathways.

The N2 domain of the phage fd gene-3-protein, comprising residues 102–205
(Figure 1A), is only marginally stable in isolation. Its stability is enhanced by approxi-
mately 8 kJ·mol−1 in Gibbs free energy of denaturation (ΔGD) by the Q129H mutation,
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identified via an in vitro selection [47]. For this study, we used the Q129H variant as our
pseudo-wild-type protein, referred to as N2′.

Single mutations selected for the Φ-value analysis were evenly distributed over the
protein (Figure 1C), except for regions previously analyzed (aa125–129; aa 136–139; aa
156–165,) [27]. With the exception of L198P, which was identified previously through
in vitro selection [48], all residues were substituted by alanine. All N2′-variants were
expressed in E. coli BL21 as inclusion bodies, refolded, and purified via Ni-affinity and
size-exclusion chromatographies. Most variants exhibited lower refolding yields compared
to the wild-type protein (Figure 2A). Five variants (F134A, F141A, Y168A, V171A, Y177A)
aggregated after refolding, and two (V150A, Y151A) yielded only 1 mg. These seven
residues are hydrophobic and located in the N2′ core, where their interactions are critical
for protein stability (Figure 2B).

Figure 2. N2′ variant production (A) Yields (mg) of the individual N2′ variants per 2L fermentation.
The 35 N2′ variants with the corresponding substitutions are given. (B) Protein variants with no or
very low protein yields. When these amino acids were replaced with alanine, the respective variants
gave very low protein yields (Val150, Tyr151, shown in orange) or precipitated (Phe134, Phe141,
Tyr168, Val171, Tyr177, shown in red). These amino acids are part of the hydrophobic core of the N2′

domain and essential for stability.

CD spectroscopy was used as a quick and effective method for analyzing the sec-
ondary and tertiary structure of N2′ variants. Checking their correct folding is particularly
important for Φ-value analysis, which is based on data from highly destabilized variants.

Far-UV CD spectra (185–250 nm) of the N2′ domain, consisting of five β-strands and a
short α-helix, displays a β-sheet characteristic spectrum with a maximum at 194 nm and
a minimum at 218 nm (Supplementary Figure S1A). The positive signal between 190 nm
and 200 nm confirms the folded state of N2′ variants. The virtual identity of the far-UV CD
spectra of N2′ and the variants (P112A, N132A, M176A, D187A, V200A) demonstrates that
the substitutions to alanine did not affect the backbone structure of the folded variants.

The near-UV CD spectrum (260–320 nm) reflects the asymmetric immobilization of
aromatic groups and thus the tertiary structure. N2′ shows a structural “fingerprint” with
a maximum at 284 nm and a minimum at 266 nm (Supplementary Figure S1B), and again
the variant proteins show the same spectra as N2′. This confirms that the substitutions to
Ala also did not affect the tertiary structure of N2′.

3.2. Stabilities of the Protein Variants

The effect of alanine substitutions on the conformational stability of the N2′ domain
was investigated by following thermal unfolding transitions and urea-induced equilibrium
transitions. Thermal unfolding was monitored by measuring the ellipticity at 222 nm
(Supplementary Figure S1C) and analyzed using a two-state model. To ensure compara-
bility, the transitions were normalized to the fraction of native protein. Supplementary
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Figure S2 summarizes the normalized thermally induced transitions for all N2′ variants,
grouped by increasing stability (A to F). Gibbs free energies of thermal unfolding (ΔGD)
were extrapolated to 32 ◦C, the average midpoint temperature of all N2′ variants, to min-
imize extrapolation errors. Free energies were also calculated at 15 ◦C to correlate with
thermodynamic stabilities derived from urea-induced transitions (Supplementary Table
S1). For the highly destabilized variants L106A and V150A, the poorly defined baseline
slopes of the native protein were adjusted using data from more stable variants. The N2′

variants displayed a wide range of mutation effects on stability, with most variants showing
stability changes within ±5 kJ·mol−1.

Urea-induced unfolding transitions of N2′ variants were measured using trypto-
phan emission at 340 nm (excitation at 280 nm) (Supplementary Figure S1D). Most variants
showed fluorescence properties similar to the wild-type, except N2′-Y110A and N2′-W181A.
The N2′ domain contains nine tyrosines and one tryptophan (W181) (Figure 1A), facili-
tating Förster Resonance Energy Transfer (FRET). The Tyrosine mutation Y110A reduced
fluorescence by 60%, replacing W181 with alanine eliminated FRET, causing tyrosine fluo-
rescence to increase due to environmental changes. Data were analyzed with a two-state
model and normalized to native protein fractions (Supplementary Figure S3). Analy-
sis of highly destabilized variants required fixed baselines. Thermodynamic parameters
(Supplementary Table S1) showed cooperativity across variants, similar to the wild-type
protein. ΔG values at 15 ◦C in 2 M urea were extrapolated for Φ-value calculations.

Stabilities from thermal and urea-induced unfolding transitions correlate well, as
shown by the alignment of midpoints [urea]M and TM in Figure 3A. Figure 3B shows
the impact of alanine substitutions on N2′ stability (ΔΔGD). Destabilizing mutations are
distributed throughout the domain. Strong destabilization at the protein N-terminus is
followed by a region with reduced destabilization (residues 116–145). This less destabilized
region encompasses the loops that precede and extend from β-strand 2 and 3 (Figure 1A),
and it is followed by another region with strong destabilizing mutations (residues 150–190).
Even residues near the C-terminus (V200, Y203) make significant contributions to pro-
tein stability.

 

Figure 3. Stability analysis of the N2′ variants. (A) Comparison of the mid points of unfolding the
N2′ variants (open dots) and the wild-type protein (filled red dot) from the thermally and urea-
induced equilibrium transitions. The data shown are taken from Supplementary Table S1 and were
evaluated using linear regression (filled line). (B) Free enthalpy difference ΔΔGD

15◦C at 2 M urea of
the individual N2′ variants compared to the wild-type protein.

3.3. Folding Kinetics of the Protein Variants

In stopped-flow experiments, the unfolding and refolding kinetics of the N2′ variants
were measured by fluorescence as a function of the urea concentration. In the denatured
state, N2′ exists as 93% trans- and 7% cis-Pro161 conformers [26], differing in stability and
causing biexponential refolding kinetics. The main refolding phase (trans-conformer) has a
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large amplitude. The cis-conformer refolds more rapidly with a smaller amplitude. Slow
proline isomerization (τ~100 s) is decoupled from folding and not analyzed further.

In contrast to biphasic refolding, N2′ unfolding follows a monoexponential course,
as both conformers unfold at the same rate. Supplementary Figures S4 and S5 summarize
the rates of all N2′ variants from refolding and unfolding experiments as a function of
urea concentration, plotted in a semi-logarithmic fashion in so-called Chevron plots. For
comparison with the wild-type protein, the fit to N2′ wild-type data (in red) is included in
each Chevron plot.

The results of the Chevron analyses, based on a two-state model, are listed in
Supplementary Table S2. All values are calculated at 2 M urea to minimize extrapola-
tion errors. The unfolding arms of all N2′ variants were well-defined and analyzable.
However, due to the shift of the Chevron plot to lower urea concentrations, the refold-
ing arms of the trans-conformers of several strongly destabilized variants (I103A, L106A,
Y110A, G146A, V150A, Y151A, G153A, M176A, F185A, D187A) could not be analyzed. The
dependence of apparent rates on urea concentration is similar for the wild-type protein
and N2′ variants, with nearly identical unfolding slopes producing comparable Chevron
plot shapes. The largest differences occur in the unfolding arms, where substitutions often
accelerate unfolding, and can also be seen in the small changes in free activation enthalpy
(ΔΔGUN

‡) for refolding (Figure 4A) and large enthalpy changes for unfolding (ΔΔGNU
‡)

(Figure 4B). The average β-Tanford value (βT) of 0.66 for the N2′ variants indicates that
approximately two-thirds of the hydrophobic interior surface is buried in the transition
state already (Supplementary Table S2). The similar βT values observed across all N2′

variants suggest that replacing individual amino acids did not alter the overall packing of
the protein interior in the transition state.

The sum of ΔΔGUN
‡ and ΔΔGNU

‡ corresponds to the total destabilization caused by
the amino acid substitution and indeed matches very well with the Gibbs free energy differ-
ences obtained from the equilibrium transitions, ΔΔGD, for most N2′ variants. Figure 4C
illustrates this by plotting these ΔΔGD values against the sum of the activation parameters,
ΔΔGUN

‡ + ΔΔGNU
‡, for the cis-conformer from the refolding and unfolding experiments.

The slope of the regression line, close to one, indicates a very good correlation between the
kinetic and thermodynamic measurements.

Figure 4D presents a summary of all available Φ-values for the cis-form of the N2′

domain from this work and Jakob & Schmid (2009) [27]. Our analysis focuses on the cis form
because, for many strongly destabilized N2′ variants, analyzing the trans form was either
infeasible or resulted in high errors. The figure highlights a highly uneven distribution
of Φ-values. Most of the N2′ domain exhibits low Φ-values (shown in blue in Figure 4D),
indicating that these amino acids form their stabilizing interactions only after passing the
transition state.

Distinct from this general trend is the Pro161-loop, where high Φ-values reported by
Jakob & Schmid (2009) are confirmed by elevated Φ-values in the previous and subsequent
Beta-strand (e.g., V155A, Y166A). This region seems to establish native-like interactions very
early during folding. Interestingly, two abrupt increases in Φ-values, unrelated to side-chain
interactions, were caused by backbone mutations. In G146A and G153A, conformational
restrictions due to the more rigid alanine likely hindered refolding, explaining the sharp
increase in Φ.
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Figure 4. Comparison of the changes in the activation energy of refolding ΔΔGUN
‡, (A) and ac-

tivation energy of unfolding ΔΔGNU
‡, (B) for the trans (gray) and the cis forms (white) of the

variants. The ΔΔGNU
‡ and ΔΔGUN

‡ values are taken from Supplementary Table S2. The correla-
tion of Gibbs free energy differences derived from kinetic measurements of the cis-conformer and
equilibrium transitions is shown in (C). The regression line fitted to the data points follows the
equation: ΔΔGD = (ΔΔGUN

‡ + ΔΔGNU
‡) · 0.95 kJ·mol−1 M−1–0.07 kJ·mol−1 M−1. All differences in

Gibbs free energy are calculated for 2 M urea (at 15 ◦C). (D) The Cα-atom for amino acid positions
analyzed within a Φ-value analysis are shown as spheres, including this work and previous analy-
sis [27]. For simplification, only the Φ-values for the cis-Pro161 form are shown. The residues are
color-coded according to their Φ-values: blue, 0.0 < Φ < 0.3; yellow, 0.3 < Φ < 0.7; red, 0.7 < Φ < 1.0;
dark grey, residues with a ΔΔGD < 2.0 kJ·mol−1.
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These results demonstrate that the N2′ domain has a well-defined folding nucleus,
primarily formed by the hairpin structure comprising β-strands 4 and 5 and the intervening
loop around Pro161. Notably, this same region is responsible for the cis/trans equilibrium
at Pro161.

3.4. Distant Variations Have No Impact on the cis/trans Ratio at Pro161

Pro161 is located in a large loop between two β-strands. Previous experiments sug-
gested that the cis/trans ratio at Pro161 in the native protein is mainly determined by inter-
actions between these β-strands. In the cis-conformation, these interactions are stronger,
resulting in a more stable, native-like structure that favors the cis-conformer. In the presence
of trans-Pro161, the connecting peptides are locally unfolded, structurally and energetically
decoupling Pro161 from the β-strands (Jakob & Schmid, 2009). To measure both Uc → Nc
and Ut → Nt refolding reactions with large amplitudes, a stopped-flow double-mixing
protocol was employed.

In the first step, native N2′ was completely unfolded by a short 0.1 s long pH jump
from 7.0 to 2.0 and then refolded in the initial buffer. Since the cis/trans ratio remained
virtually unchanged during the 0.1 s unfolding pulse, the refolding amplitudes reflect
the native cis/trans ratio at Pro161. The very small signal change from Nt � Nc equilib-
rium adjustment was taken into account when calculating the actual Nt content from the
Ut → Nt amplitude [26]. The results from the double-mixing experiments clearly show
that mutations outside the two β-strands have little impact on the equilibrium between the
two conformers (Figure 5). The cis-fractions varied within a narrow range between 86% and
94%. The most significant reduction, down to 80%, was observed for the V155A substitution
(Figure 5). V155A is located in the β-strand leading to the Pro161-loop (residues 157–164).

 

Figure 5. Cis-content at Pro161 in the folded N2′ variants. The data were determined in a double
mixing experiment, as described in Materials and Methods, Section 2.4.

These double-mixing experiments demonstrate that global stability changes have
no effect on the conformer ratio. Most studied positions are far from the exposed loop
containing Pro161, supporting the idea that the cis/trans ratio is determined locally by
interactions between the β-strands leading into the Pro161 loop and not by changes in the
overall stability of N2′.
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3.5. NMR Structure Determination of cis and trans-Form of N2′

Using Phi-value analysis, we found that the two β strands flanking Pro161 form the
folding nucleus of the N2′ domain. This same region determines the native-state cis/trans
ratio at Pro161. To obtain a structural model for both cis- and trans- forms of the N2
domain and explain their distinct stabilities, we used solution NMR spectroscopy. The
N2′ backbone was previously assigned [42], and we have now assigned the side chain
resonances as well. NMR spectra generally showed a single set of peaks (e.g., 1H-15N
HSQC in Supplementary Figure S6A), indicating that we have just one main NMR state,
with only a few weak additional signals, often from prolines themselves. These few weak
signals suggest that, in the folded state, each proline primarily adopts either a single cis or
trans conformation or, if a minor conformation exists, it has only a limited local impact on
the structure.

Heteronuclear NOE (hNOE) measurements revealed that the Pro161-loop region
exhibits notably low hNOE values [42]. Low hNOE values are indicative of elevated
backbone flexibility and increased local mobility on the ps–ns timescale. This finding
implies that, while the Pro161-loop forms the folding nucleus of the N2′ domain, it is
less rigid and more dynamic than the neighbouring regions, suggesting that structural
differences in the trans and cis forms of Pro are restricted to the β-sheets and loop directly
nearby Pro161. In addition, differences in the β-sheets might be averaged out in the
NMR spectra.

Of the nine prolines in N2′, NMR data clearly define only two states: Pro118 and
Pro130 are in trans-state. For the NMR structure determination of both states, we treated
Pro161 as cis or trans and all others as trans, based on available crystal structures [48]. Under
these assumptions, we obtained a well-folded structural ensemble consistent with all NMR
data (Supplementary Table S3). The structural ensembles are well-defined and only show
deviations close to the protein termini and loop regions (Supplementary Figure S6B,C).
With an r.s.m.d. of 1.5 Å, the NMR model of the isolated N2′ closely matches the X-ray
structure (PDB ID: 1G3P) [35] of the N2 domain in full-length gene-3-protein (Figure 6A).
Minor differences are restricted to loop regions, where low hNOE values confirm increased
flexibility [42]. Thus, the isolated N2 domain exhibits a very similar fold as within the
full-length protein. In addition, we calculated a structure for trans-Pro161. This structure
uses the same NMR data as the cis-Pro161 structure, since we were unable to obtain any
pure trans-Pro161 NMR data. The only difference is the actual conformation of Pro161. As
expected by such an approach and considerations above, both cis-Pro161 and trans-Pro161
NMR structures are virtually identical, differing only slightly in the β-strands near Pro161
(Figure 6B). Both cis and trans models fit the NMR data equally well and exhibit nearly
identical energies in the structural refinements (see Supplementary Table S3), indicating
that structural differences are limited to the β-sheets and loops surrounding Pro161, and
neither the absence of only trans-Pro161 NMR data nor the use of potentially only cis-Pro161
NMR data has a sizeable impact on the structures.

In the trans-Pro161 conformation, the Pro161-loop adopts a more extended structure
(Figure 6C), resulting in four backbone hydrogen bonds forming between residues 155 and
165. In contrast, when Pro161 is cis, the loop becomes more compact. This compaction
shortens the Gly158–Lys163 backbone hydrogen bond (3.0 Å in cis vs. 3.4 Å in trans)
and introduces an additional backbone hydrogen bond (Thr159–Lys163) (Figure 6D). To-
gether, these improved hydrogen-bonding interactions likely account for the approximately
10 kJ·mol−1 higher stability of the cis conformation.
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Figure 6. NMR structure determination of cis- and trans-conformation of N2′. (A) Superposition
of the NMR model of N2′ containing cis-Pro161 (grey) with the crystal structure of the N2-domain
within the gene-3-protein (PDB ID: 1G3P, brown). (B) Superposition of the NMR model of N2′ with
cis-Pro161 (grey) and trans-Pro161 (orange). In (A,B) the N-and C-termini are indicated. Close-
Up view comparison of (C) the trans-Pro (light grey, left) and (D) cis-Pro161 conformation (dark
grey, right).

4. Discussion

Our results highlight the intricate balance between folding and prolyl isomerization
in the N2 domain of the gene-3-protein and underscore the importance of localized inter-
actions in determining the cis/trans equilibrium at Pro161. In the N2 domain, Pro161 is a
critical residue where the cis isomer dominates the native state, despite the trans isomer
being strongly favored in the unfolded ensemble [31,32]. Our expanded mutational analy-
sis and subsequent Φ-value measurements reveal that the early formation of native-like
interactions in the β-sheet region encompassing Pro161 is the central driver of this shift.
These data support a model in which the energetic coupling between folding and prolyl
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isomerization is localized rather than global, allowing the N2 domain to accumulate the
conformational energy required to flip the Pro161 peptide bond as folding progresses.

The Φ-value distribution (Figure 4D) shows that most residues form their native-like
stabilizing interactions only after the folding transition state has been crossed, consistent
with a cooperative, two-state folding mechanism. In contrast, the β-sheets surrounding
Pro161 emerge as a clear “folding nucleus”, as also found for other small proteins [28,49–55].
High Φ-values in the Pro161-loop region, as well as the heightened sensitivity to local
substitutions (e.g., V155A) that alter the cis/trans ratio, demonstrate that these local β-
strand interactions are established early and guide the protein toward the native cis-
conformation. The lack of significant changes in the cis/trans ratio for mutations outside
the immediate vicinity of Pro161 further reinforces the idea that the cis/trans equilibrium
and its shift during folding is governed largely by local interactions (Figure 5). Alterations
in stability or folding kinetics remote from the Pro161-loop do not substantially shift the
cis/trans ratio. This points to a remarkable local spatial specificity for the mechanism of
coupling between prolyl isomerization and conformational changes in the protein. Native-
state prolyl isomerizations used as molecular switches are also controlled by precise local
interactions to regulate communications pathways [15,16,56–60].

Our NMR structural studies corroborate these findings by demonstrating that the
cis and trans conformations differ only slightly, primarily in backbone hydrogen bonding
around Pro161. Both forms exhibit nearly identical global folds, implying no drastic
structural rearrangements outside this local region (Figure 6). The more compact cis form of
the Pro161-loop is stabilized by an additional hydrogen bond and a shortening of existing
hydrogen bonds. Both factors contribute probably to the 10 kJ·mol−1 increase in stability.
These subtle and localized changes confirm that the energetic and structural determinants
of prolyl isomerization are localized to a narrowly confined region around Pro161. Thus,
the NMR data link the mechanistic picture from kinetic and thermodynamic analyses to
tangible structural features, illustrating how minimal structural rearrangements can yield
significant energetic differences between cis and trans states.

In summary, our combined kinetic, thermodynamic, and structural results reveal
that the cis/trans equilibrium at Pro161 is tightly intertwined with the early formation of
native-like β-sheet interactions that shape the protein’s folding landscape. This interplay
ensures that prolyl isomerization is not a mere passive hurdle but an integral, controlled
step within the folding pathway.

5. Conclusions

Mutational and Φ-value analyses pinpoint the β-strands surrounding Pro161 in the
N2 domain as critical for both early protein folding and shifting the cis/trans equilibrium.
Substitutions in distant regions have little effect on the cis/trans ratio of Pro161, under-
scoring the spatial specificity of this coupling. NMR structures of the cis and trans forms
reveal nearly identical global folds, yet subtle differences in backbone hydrogen bonding
around Pro161 provide an explanation for the higher thermodynamic stability of the cis
conformation. Together, these results show that proline isomerization and the native-state
Pro161 cis/trans equilibrium are integral parts of the protein folding mechanism, governed
by local energetic and structural features in the protein.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom15020259/s1, Table S1: Stability data for N2′ and the vari-
ants; Table S2: Unfolding and refolding kinetics of N2′ variants; Table S3: Statistics of the NMR
structure determination; Figure S1: Functional characterization and stability of the N2′ variants;
Figure S2: Thermal induced unfolding transitions of N2′ variants; Figure S3: Urea induced equilib-
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rium unfolding transitions; Figure S4: Folding kinetics; Figure S5: Chevron plots; Figure S6: NMR
structural analysis.
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Abstract: Ctr1 is a membrane-spanning homotrimer that facilitates copper uptake in
eukaryotic cells with high affinity. While structural details of the transmembrane domain
of human Ctr1 have been elucidated using X-ray crystallography and cryo-EM, the transfer
mechanisms of copper and the conformational changes that control the gating mechanism
remain poorly understood. The role of the extracellular N-terminal domains is particularly
unclear due to the absence of a high-resolution structure of the full-length hCtr1 protein and
limited biochemical and biophysical characterization of the transporter in solution and in
cell. In this study, we employed distance electron paramagnetic resonance to investigate the
conformational changes of the extracellular N-terminal domain of full-length hCtr1, both
in vitro and in cells, as a function of Cu(I) binding. Our results demonstrate that at specific
Cu(I) concentrations, the extracellular chains move closer to the lumen to facilitate copper
transfer. Additionally, while at these concentrations the intracellular part is penetrating the
lumen, suggesting a ball-and-chain gating mechanism. Moreover, this phenomenon was
observed for both reconstituted protein in micelles and in native cell membranes. However,
the measured distance values were slightly different, suggesting that the membrane’s
characteristics and therefore its lipid composition also impact and even regulate the gating
mechanism of hCtr1.

Keywords: copper transporter; copper metabolism; hCtr1; EPR spectroscopy

1. Introduction

The precise regulation of ion transport across biological membranes is crucial for all
living cells. Ion channels and transporters are large transmembrane proteins that facilitate
the selective movement of small inorganic ions. Resolving the mechanisms of the capturing,
gating, and releasing of specific ions, which are governed by conformational changes within
these proteins, is essential for understanding their cellular function [1–3].

The specificity of ion and ligand transporters is determined by the extracellular and
intracellular domains involved in the transfer process. These domains often lack a defined
secondary structure and are disordered, making it challenging to analyze the conforma-
tional changes they undergo during ligand or ion binding and transport. This dilemma
impedes investigations of the gating mechanisms of these transporters. Electron param-
agnetic resonance (EPR) spectroscopy has proven to be a powerful biophysical tool for
obtaining high-resolution insights into these intricate biological systems. Recent work by
the Cafiso and Pliotas groups has demonstrated that EPR spectroscopy can effectively track

Biomolecules 2025, 15, 127 https://doi.org/10.3390/biom15010127
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in situ conformational changes in the extracellular domains of membrane proteins within
their native environment [4–6].

The human copper transporter, hCtr1, is the main gatekeeper of copper ions into
the cells [7–9]. Copper is essential for cell survival; however, when its concentration is
not tightly regulated, it can lead to toxicity and cell death. Therefore, the cellular sys-
tems hold restricted regulation systems, controlled by specific proteins that should shuttle
the copper ions to specific subcellular locations. hCtr1 fulfills three distinct roles. In
its first role, hCtr1 accumulates copper with an oxidation state of +2 from blood carrier
proteins, such as human serum albumin [10–12]. In a reducing environment, the extra-
cellular domain of hCtr1 facilitates the reduction of Cu(II) to Cu(I). In its last role, hCrt1
transports Cu(I) into the cell, where specific Cu(I) chaperones deliver it to the appropriate
subcellular pathways [13–16]. The extracellular hCtr1 domain is characterized by His-rich
sites [10–12], 1MDHSHH and 22HHH segments, and Met-based motifs, 7MGMSYM and
41MMMPM [17–19], that coordinate copper in an oxidation state of Cu(II) and Cu(I), re-
spectively. Cryo-EM and X-ray crystallography have provided structural information of
the hCtr1 transmembrane domain [15,20]. However, the extracellular and intracellular
domains are missing from these structures. Recently, all-atom molecular dynamics (MD)
simulations suggested that the extracellular domain is disordered and, upon Cu(I) binding,
the extracellular domain approaches the selectivity filter, which leads to the opening of the
transporter and conformational changes in the transmembrane helices [21].

We recently showed that each monomer of the hCtr1 extracellular domains binds
two Cu(II) ions, resulting in a total of six Cu(II) ions per hCtr1 trimer. These results were
derived from various in vitro EPR, UV-Vis measurements, and MD simulations on the
full-length hCtr1 protein [22]. We also showed that a hCtr1 monomer can coordinate up to
five Cu(I) ions and that the intracellular domain of hCtr1 occupies various conformational
states as a function of Cu(I) concentration. More specifically, the intracellular domain
is highly dynamic in its apo-state; however, at a ratio of 2–3 Cu(I):hCtr1 monomer, the
intracellular C-terminal tail is folded inside the hCtr1 lumen and a homogeneous rigid
structure is obtained. Subsequently, the C-terminal is released from the hCtr1 lumen upon
increasing the Cu(I) concentration.

This study aims to experimentally target conformational changes in the extracellular
domain of the full-length hCtr1 protein in vitro and in situ using distance EPR measure-
ments. Paramagnetic sites were added to follow the conformational changes of the hCtr1
extracellular domain using EPR measurements. Cu(II) is a paramagnetic metal ion and in
general its binding to the extracellular domain of hCtr1 can be used to gain structural infor-
mation on the extracellular domain. However, since these measurements are performed in
the presence of Cu(I) ions, there might be a redox reaction between them; moreover, Cu(II)
is unstable in the reducing environment of the cell and is readily reduced to Cu(I) [23,24].
In order to ensure that Cu(II) bound to the extracellular domain and was not reduced,
Cu(II) was protected with a nitrilamino acid (NTA) ligand (Figure 1). The group of Saxena
was the first to introduce this methodology for EPR measurements [25,26] and the group of
Bode has shown the high affinity of Cu(II)-NTA to His-rich sites [27–29]. The advantage of
such a spin labeling methodology is that it is positioned on the backbone of the protein,
with little flexibility, which leads to a four- to five-times narrower distance distribution
function as compared to the common nitroxide spin labels [30]. In a recent manuscript,
we illustrated how Cu(II)-NTA and dHis sites can be employed to detect conformational
changes in proteins within the cellular environment [24]. Furthermore, previously we
showed that Cu(II)-NTA binds to hCtr1 with a coordination site similar to that of free Cu(II)
and involves at least one histidine residue from the extracellular domain of hCtr1 [3,24].
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Moreover, these two recent publications demonstrated an almost complete absence of
non-specific Cu(II)-NTA binding.

Figure 1. Schematic drawing of hCtr1 trimer. The orange balls represent Cu(I) ions. The zoom on the
right-hand side illustrates the used histidine residues in complex with Cu(II)-NTA spin labeling used
as spin label. The trimeric hCtr1 model is based on the structure of Ctr1 from Salmo salar PDB-ID:
6M98 [20]. The model was generated with Swiss-Model and prepared with Pymol (Version 2.6,
Schrödinger, LLC., New York, NY, USA) and UCSF ChimeraX (Version 1.9, UCSF, CA, USA) [31].

Here, we utilized the Cu(II)-NTA spin-labeling technique coupled with distance EPR
measurements to observe conformational changes in the extracellular domain of hCtr1.
This was accomplished for both in vitro with protein reconstituted in micelles and in
situ with overexpressed protein in Sf9 insect cells. This methodology was employed to
investigate the gating mechanism of hCtr1 in response to varying Cu(I) concentrations.
The results highlighted the sensitivity of EPR spectroscopy in tracking conformational
changes in disordered domains, offering valuable insights into the selectivity and transport
mechanisms of ion-gated channels and transporters.

2. Materials and Methods

2.1. Cloning, Expression, and Purification of hCtr1 for In Vitro Experiments

The expression of hCtr1 was described in detail in our previous publications [3,22].
In short, wild-type (WT) hCtr1 was generated by PCR amplification and inserted into a
modified pFastBac (pK503-9) vector with an N-terminal FLAG tag. To produce baculovirus
for hCtr1 expression, recombinant bacmid DNA was extracted and transfected into Sf9
insect cells (Expression Systems, LLC, Davis, CA, USA) using Cellfectin II Reagent (Thermo
Fisher, Airport City, IL, USA), following the Bac-to-Bac instruction manual (Thermo Fisher,
Airport City, IL, USA). The cells were cultured at 27 ◦C for three days and then harvested
and re-suspended in a buffer containing 400 mM NaCl, 10% glycerol, and 20 mM HEPES
(Sigma-Aldrich, Rehovot, IL, USA) at pH 7.4. After lysis, the resulting pellet was re-
suspended in a buffer containing 1.5% Triton X-100, 200 mM NaCl, 10% glycerol, and
20 mM HEPES (pH 7.4) and incubated overnight at 4 ◦C. After incubation, the suspension
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was centrifuged again at 40,000 rpm for 40 min. The supernatant was supplemented with
3 mM CaCl2 and loaded onto an anti-FLAG M1 agarose affinity gel column (Sigma-Aldrich,
Rehovot, IL, USA) overnight at 4 ◦C, pre-equilibrated with TBS buffer (150 mM NaCl,
50 mM Tris-HCl, pH 7.4). Finally, the column was washed with TBS buffer and eluted with
a buffer containing 5 mM EDTA.

To prepare the Cu(II)-NTA solution, 10 mM Cu(II) was combined with 10 mM NTA
and mixed overnight. Subsequently, 240 μM Cu(II)-NTA was added to 120 μM purified
hCtr1 solution and incubated overnight at 4 ◦C.

The addition of Cu(I) was performed as follows: concentrated Cu(I) solution (30 mM)
was first prepared using Tetrakis(acetonitrile)copper(I) hexafluorophosphate (Sigma-
Aldrich, Rehovot, IL, USA) dissolved in dry acetonitrile (HPLC grade) under anaerobic
conditions. The Cu(I) solution was then added at different volumes to 120 μM hCtr1
monomer to give 1:1 Cu(I):hCtr1, 3:1 Cu(I):hCtr1, 5:1 Cu(I):hCtr1 ratios. Twenty percent
glycerol was added to all samples.

2.2. hCtr1 In Situ and Cell Membrane Fragment Experiments

For in situ measurements according to the protocol described in [3], after the incubation
of Sf9 insect cells and hCtr1 expression, the cells were centrifuged at 1000 rpm for 5 min
at 21 ◦C and the resulting pellet was resuspended in 30 mL of insect cell medium for a
final concentration of 28.3 × 106 cells/mL. The suspension was then divided into ten test
tubes, each containing 5 mL of medium with intact cells. A 250 μM Cu(II)-NTA solution
was added to each tube and the samples were incubated overnight at room temperature
with shaking. Following incubation, the cells were washed twice with fresh medium and
subsequently divided into four samples for further analysis. Aliquots of 30 mM Cu(I)
solution were then added into two samples at concentrations of 360 μM and 600 μM. A
sample from each concentration was incubated for half an hour and two hours respectively.
Twenty percent glycerol was added to all samples. Additional samples were lysed and
subjected to ultracentrifugation at 40,000 rpm and 4 ◦C for 45 min.

2.3. Q-Band Double Electron–Electron Resonance (DEER) Experiments

DEER experiments (π/2(νobs) − τ1 − π(νobs) − t′ − π(νpump) − (τ1 + τ2 − t′) −
π(νobs) − τ2 − echo) were carried out with rectangular pulses without an AWG system at
20 ± 1.0 K on a Q-band Elexsys E580 spectrometer (equipped with a 2 mm probe head). A
two-step phase cycle was employed on the first pulse. The echo was measured as a function
of t′, whereas τ1 was set to 200 ns. τ2 was between 2500–4000 ns and was chosen based on
the echo intensity and relaxation time; the exact value of τ2 was taken into consideration in
the distance distribution error analysis, as implemented in DeerAnalysis. The durations of
the observer π/2 and π pulses were 14 and 28 ns, respectively, while the π pump pulse was
also 28 ns. The observer frequency was constant and set to 33.85 GHz for all experiments,
while the pump frequency was set to 33.74 GHz and the magnetic field was 11,680 G.
Previous studies have shown that within the range of 500 G, orientational effects can be
ignored at the gˆ region [32,33]. The data were analyzed using the DeerAnalysis 2019
program (ETH, Switzerland). Tikhonov regularization and DeerNet were also used to
analyze the data [34]. The x-axis in the distance distribution was corrected based on the
g-value and was multiplied by (gnitroxide/g⊥,Cu)0.67 = 0.986; where gnitroxide = 2.0057, and
g⊥,Cu = 2.05 [32].

3. Results

The full-length hCtr1 was expressed in insect cells and Cu(II)-NTA was added either
to cells (expressing hCtr1) or to purified protein at a ratio of 2:1 Cu(II)-NTA:hCtr1, as
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was also described in our previous publication [3]. Cu(I) was then added to the cells
or hCtr1 monomer at different ratios as described in the materials and methods sec-
tion under anaerobic conditions. An SDS-Gel picture of the purified hCtr1 is shown
in Figure S1, Supplementary Materials. Western blot experiments were carried out to en-
sure that the presence of Cu(II)-NTA and Cu(I) does not affect hCtr1 expression (Figure S2,
Supplementary Materials).

Double electron–electron resonance (DEER) pulsed EPR distance measurements were
conducted to evaluate the distance distributions between Cu(II)-NTA sites of the hCtr1
extracellular domains. Initially, the DEER measurements were performed on purified
hCtr1 reconstituted in triton micelles (Figure 2) as a function of [Cu(I)]. The DEER data
suggest for the apo hCtr1 (no Cu(I) added) a bimodal distribution between 2.0–3.5 nm
and an additional distribution around a longer distance of 5.6 nm. The addition of small
amounts of Cu(I) in a ratio of 1:1 Cu(I):hCtr1 monomer results in distance distributions
around 2.1 nm and between 4.0–5.0 nm. However, the addition of larger amounts of Cu(I)
to the solution in a ratio of 3Cu(I):hCtr1 monomer results in a single distance distribution
function around 1.8 nm (repeated experiments for this concentration are provided in
Figure S3, Supplementary Materials). The addition of 5Cu(I):hCtr1 monomer reveals only
the distribution at longer distances between 4.0–5.0 nm. This phenomenon is very similar
to what was detected for the intracellular domain of hCtr1 at a 3Cu(I):hCtr1 ratio. While at
other copper concentrations lower or higher than 3Cu(I):hCtr1 monomer, various distance
distribution functions appear at longer distances [22]. In this study, MD simulations
suggested that such homogeneous small-distance distribution can only occur when the
three intracellular tails of hCtr1 enter the lumen to transfer Cu(I) from the lumen to the
cell [22]. Recently, MD simulations on the extracellular domain of hCtr1 also suggested that
the extracellular domain must approach the hCtr1 funnel to allow for Cu(I) ion transfer [21].
Altogether, the EPR and MD data support the notion that at a ratio of 3Cu(I):hCtr1, both
the extracellular and the intracellular domains should approach the hCtr1 lumen to allow
fast copper transfer into the cell.

Next, for in situ measurements, Q-band DEER experiments were performed with
Cu(II)-NTA bound to hCtr1 in the cells. To begin, 240 μM Cu(II)-NTA was added to the
cells (in our expression protocol, the amount of purified hCtr1 was in the range between
120–140 μM) and Cu(I) was added to the cells at different concentrations (360/600 μM,
corresponding to 3Cu(I):hCtr1 monomer or 5Cu(I):hCtr1 monomer). The DEER data for the
cells are presented in Figure 3. In the absence of Cu(I), the DEER data suggest distributions
of around 4.8–6.0 nm. The smaller distances that were observed for the purified protein in
micelles between 2.0–3.5 nm were not detected in the cells. As previously discussed [3], we
conclude that in the native environment, the extracellular chains are in proximity to the
functional group of the phospholipids and associated with the membrane, resulting in a
more distant organization of the three disordered N-termini. Conversely, once the protein
is reconstituted in micelles, this anchoring is disrupted, which led to the observed close
configuration of the three extracellular domains of hCtr1.

DEER measurements were next performed in the presence of Cu(I). The addition of
copper at a ratio of 3Cu(I):hCtr1 suggested a distribution of around 1.8 nm, similar to
the purified protein at this concentration (repeated experiments for this concentration are
provided in Figure S4, Supplementary Materials), while at higher amounts of copper, this
distribution disappears and distributions between 3.8–5.5 nm appear. Although there are
some differences in the precise values of the distances between the in vitro and in situ
EPR measurements, the observation that the extracellular chains are approaching each
other at the same specific concentration in both systems is striking. The changes in the
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distance values highlight the importance of the lipids or surfactants in the function of
gating transporters [35,36].

 

 

Figure 2. Q-band DEER measurements on purified hCtr1 upon Cu(I) coordination. (A) Raw time
domain DEER data (black) and the background function (red). (B) DEER time domain data after
background correction and the corresponding fit. (C) The corresponding distance distributions.
The data were analyzed using the DeerAnalysis program using Tikhonov regularization with a
regularization parameter of 20 (solid black lines) and DEERNet (dashed black lines). Distance
distribution validation considered white noise, background start. and dimensionality. The differences
between the Tikhonov analysis and DEERNet are within the margin of error. The color bar indicates
reliability ranges (green: shape reliable; yellow: mean and width reliable; orange: mean reliable;
red: no quantification possible). The data were acquired at 20 K, where 2:1 Cu(II)-NTA to 120 μM
hCtr1 monomer in HEPES buffer, pH 7.4, and 20% glycerol were added. Cu(I) was added at different
ratios as compared to hCtr1 monomer. The data for the apo hCtr1 (no Cu(I)) were reproduced from
Meron et al. 2024 with permission from ACS [3].
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Figure 3. Q-band DEER measurements on Cu(II)-NTA in situ of hCtr1 upon Cu(I) coordination.
(A) Raw time domain DEER data (black) and the background function (red). (B) DEER time domain
data after background correction and the corresponding fit. (C) The corresponding distance distri-
butions. The data were analyzed using the DeerAnalysis program using Tikhonov regularization
with a regularization parameter of 20 (solid black lines) and DEERNet (dashed black lines). Distance
distribution validation considered white noise, background start, and dimensionality. The differences
between the Tikhonov analysis and DEERNet are within the margin of error. The color bar indicates
reliability ranges (green: shape reliable; yellow: mean and width reliable; orange: mean reliable; red:
no quantification possible). The data were acquired at 20 K, where 240 μM Cu(II)-NTA was added to
the cells, 20% glycerol, and different Cu(I) concentrations (360 μM/600 μM). The data for the apo
hCtr1 (no Cu(I)) were reproduced from Meron et al. 2024 with permission from ACS [3].

In order to further verify this, we lysed the cells after adding Cu(II)-NTA and Cu(I)
and EPR measurements were conducted (Figure 4). Without Cu(I), the DEER data suggest
a bimodal distance distribution between 4.0–5.5 nm, similar to the in situ cells experiment.
The addition of 3Cu(I):hCtr1 resulted in additional distributions with smaller distances
between 2.0–4.0 nm. Adding 5Cu(I):hCtr1 led to a reduction in the contributions of the
distributions around 2.0 nm, which agrees well with the findings on the purified and in situ
hCtr1 experiments. Pulsed EPR measurements were also conducted on sf9 cells without
hCtr1 overexpression (Figure S5, Supplementary Materials). In this case, the echo intensity
was five times lower, as the Cu(II)-NTA was washed away, confirming that there is no
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specific binding without hCtr1; moreover, no signal at all was detected in the cell membrane
fragments. The relaxation time of the non-bound Cu(II)-NTA in the cells is much faster and
its contribution to the DEER signal is negligible (Figure S5, Supplementary Materials).

 

Figure 4. Q-band DEER measurements on Cu(II)-NTA bound to hCtr1 in cell membrane fragments
as a function of Cu(I) coordination. (A) Raw time domain DEER data (black) and the background
function (red). (B) DEER time domain data after background correction and the corresponding fit.
(C) The corresponding distance distributions. The data were analyzed using the DeerAnalysis
program using Tikhonov regularization with a regularization parameter of 20 (solid black lines) and
DEERNet (dashed black lines). Distance distribution validation considered white noise, background
start, and dimensionality. The differences between the Tikhonov analysis and DEERNet are within
the margin of error. The color bar indicates reliability ranges (green: shape reliable; yellow: mean
and width reliable; orange: mean reliable; red: no quantification possible). The data were acquired at
20 K, where 240 μM Cu(II)-NTA, 20% glycerol, and different Cu(I) concentrations (360 μM/600 μM)
were added to the cells and the cells were then lysed and centrifuged. The data for the apo hCtr1 (no
Cu(I)) were reproduced from Meron et al. 2024 with permission from ACS [3].

The modulation depth detected here, which is related to the excitation profile of
the paramagnetic centers, is very low. In general, Cu(II) distance measurements are
characterized by a low modulation depth, owing to the large spectral width of Cu(II) [37].
Here, the limitation is even larger owing to the fact that the studied system is a human
membrane transporter with a comparable low expression yield [3]. Despite this limitation,
the use of this spin-labeling methodology allows for comparable highly resolved DEER
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data, due to the orthogonal labeling, which reduces the flexibility of the spin labeling
and allows narrow distance distribution functions [24,33,37]. In the purified protein, the
modulation depth is ~1–2%, which is larger than that in the cellular environment (~0.1%).
This suggests that less Cu(II)-NTA molecules are bound to the extracellular domain of the
hCtr1 trimer in the cellular environment compared to the reconstituted hCtr1 in micelles.

Despite the experimental limitations, DEER experiments were able to follow confor-
mational changes in vitro and in situ of the disordered domains of extracellular hCtr1
upon Cu(I) binding. Figure 5 illustrates the proposed copper gating mechanism of copper
through the hCtr1 transporter. In the apo-state, the extracellular N-termini chains are
further apart and the intracellular chains are in the cytoplasmic domain (opened state).

Figure 5. The copper transfer mechanism through hCtr1 transporter. Upon Cu(I) uptake, the
extracellular chains move closer to each other and the intracellular chains move into the lumen
(closed state). Once Cu(I) is transferred into the lumen, the extracellular chains are spread apart, with
the intracellular chains pointing into the cytoplasmic domain for the transfer of copper to the various
metallochaperones (opened state). This figure was created as described in Figure 1 and prepared
using UCSF ChimeraX.

At specific Cu(I) concentrations, the extracellular chains move closer to each other and
the intracellular chains move toward the protein lumen (closed state). At higher copper
concentrations, the intracellular chains are released back to the cytoplasmic side and the
extracellular domains move further apart, enabling them to scavenge more copper ions.

4. Discussion

Gaining structural information on ion transporters within the cell is a complex task,
particularly when focusing on the extracellular domains that regulate specificity and gat-
ing mechanisms. These regions often lack a well-defined secondary structure and are
intrinsically disordered, making it challenging to study their conformational changes. The
difficulty is increased when the experiments are performed in the cellular environment and
are compared to the micellar environment. In micelles, proteins may adopt conformations
or interact differently compared to their behavior in the cell, potentially leading to discrep-
ancies in the observed gating mechanisms. In contrast, studying transporters within the cell
provides a more physiologically relevant setting but introduces additional variables and
complexities, such as interactions with other cellular components and the dynamic nature
of the cellular environment [35,36,38]. Thus, accurately capturing the structural dynamics
of extracellular domains and their role in specificity and gating mechanisms requires careful
consideration of these experimental contexts and the limitations they impose.
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EPR spectroscopy is a powerful biophysical tool for studying conformational changes
in complex biological systems and transmembrane systems that are difficult to monitor
with other methods. EPR is particularly useful for tracking conformational changes in
disordered domains of transporters and channels [4–6,22] or following a transcription
mechanism [32,39]. We recently demonstrated the use of Cu(II)-NTA and dHis sites as
spin-labeling methodologies for EPR distance measurements to investigate conformational
changes of proteins in cellular conditions [3,24]. Here, we applied this approach to monitor
structural changes in the extracellular domain of the human copper transporter, hCtr1.
The Cu(II)-NTA spin-labeling method provides several advantages for studying hCtr1
in its cellular environment: first, multiple native histidine residues in the extracellular
domains of hCtr1 serve as binding sites. Second, EPR data indicate that Cu(II)-NTA binds
to hCtr1 similarly as to free Cu(II). Because NTA protects Cu(II) from reduction and from
reacting with free Cu(I) ions, this spin-labeling approach allows us to track conformational
changes in hCtr1 in response to Cu(I) binding. Our EPR distance measurements indicate
that the extracellular chains of hCtr1 come closer together upon Cu(I) binding, both in
purified hCtr1 within micelles and in the native cell membrane. Notably, at a specific
ratio of three Cu(I) ions to one hCtr1 monomer, the extracellular chains exhibit a single
distance distribution function. This finding suggests that all chains simultaneously move
closer to the hCtr1 lumen. Previously, similar findings proposed that at this specific Cu(I)
concentration, the intracellular C-terminal chains also approach the hCtr1 lumen to facilitate
copper ion transfer [22].

The gating mechanisms of ion-gated transporters such as potassium and calcium
channels have been extensively studied using various biophysical and computational
methods. These studies indicate that gating is regulated by a synergy between the high
affinity of the extracellular domain for specific ions, dynamic and conformational changes
in the extracellular domain that lead to interactions with the membrane, and alterations
in the orientation of transmembrane helices and the penetration of the intracellular loop
into the lumen, a mechanism often referred to as the “ball-and-chain” mechanism [40,41].
This mechanism is analogous to our observations of copper gating by hCtr1. We observed
transitions between open and closed states in both the extracellular and intracellular regions
at specific copper concentrations. In the closed state, characterized by close interactions
among all extracellular domains and the penetration of the intracellular domain into
the lumen, we also noted that the membrane environment influenced these interactions.
Specifically, EPR measurements in Triton micelles revealed closer interactions among the
extracellular chains compared to those observed in the native cell membrane.

5. Conclusions

EPR measurements conducted on the full-length human copper transporter, hCtr1,
in reconstituted protein in micelles and expressed protein in insect cells as a function of
Cu(I) ion concentration suggested a gating mechanism involving opened and closed states,
where in the closed state the extracellular chains approach each other and the intracellular
chain is penetrating the lumen. These two states were present for the reconstituted protein
in triton micelles and in the native membrane. However, the distance distribution values
were slightly different between these two states, also highlighting the importance of the
membrane characteristic to the gating mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom15010127/s1, Figure S1: SDS-PAGE analysis of purified
WT-hCtr1 following silver staining. Lanes 2–6 display the elution fractions obtained from an anti-
FLAG M1 agarose affinity gel column using a solution containing 5 mM EDTA and 100 μg/mL FLAG
peptide; Figure S2: Western blot of WT-hCtr1 with Cu(II)-NTA complex and Cu(I)-tetrakis at different
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ratios; Figure S3: Various DEER time domain signals and corresponding distance distributions
functions were acquired on different samples of purified hCtr1 in the presence of Cu(II)-NTA and
3Cu(I); Figure S4: Various DEER time domain signals and corresponding distance distributions
functions were acquired on different samples of overexpressed hCtr1 in the cells, in the presence of
Cu(II)-NTA and 3Cu(I); Figure S5: (A). Two-pulse echo decay for Cu(II)-NTA in sf9 cells with (red)
and without hCtr1 expression (black). (B). DEER time domain signal for Cu(II)-NTA in sf9 cells with
(red) and without hCtr1 expression (black); Figure S6. Original Western Blot image ctr1 in insect cells.
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Abstract

The development of serial crystallography (SX), including serial synchrotron crystallogra-
phy (SSX) at synchrotron sources and serial femtosecond crystallography (SFX) at X-ray
free-electron lasers (XFELs), has facilitated the collection of high-resolution diffraction data
from micron-sized crystals, providing unique insights into the structures and dynamics of
biomolecules at room temperature. Standard samples are essential for the commissioning of
new XFEL instruments and the validation of experimental setups. In this review, we summa-
rize currently used standard proteins and describe representative microcrystal preparation
workflows for four widely adopted models, lysozyme, myoglobin, iq-mEmerald, and
photoactive yellow protein (PYP), drawing on established methodologies and accumu-
lated experience from their applications at the European XFEL. By consolidating existing
knowledge and integrating protocols that have been systematically refined and optimized
through our experimental efforts, this review aims to provide practical guidance for the se-
rial crystallography community, thereby enhancing reproducibility and ensuring consistent
experimental performance across facilities.

Keywords: serial femtosecond crystallography; microcrystals; standard samples; protocol

1. Introduction

Serial crystallography (SX) is a revolutionary technique in structural biology that
has existed for more than a decade, providing insights into the structures and dynam-
ics of biomolecules at room temperature [1,2]. Using intense ultra-short X-ray pulses,
SX made the collection of diffraction data from micron-sized crystals possible, avoid-
ing radiation damage and enabling the capture of transient states and intermediates in
biological reactions.

The success of SX experiments relies heavily on the quality of the sample [3–6]. Hence,
standard samples in SX research provide critical roles. First, the commissioning of new
beamline devices needs well-characterized samples. By providing consistent and repro-
ducible diffraction patterns, standard samples help in calibrating new devices and verifying
their performance. Secondly, they are required for the validation of experimental setups,
ensuring that all components, from sample delivery systems to data acquisition software,
function correctly.

To balance availability with practical preparation requirements, all standard samples
must have robust crystallization properties. Well-documented structural data must be avail-
able for the comparability of verification measurements. Several proteins have emerged as
common standards in SX research due to their ability to fulfill these criteria. These proteins
not only crystallize reliably but also tolerate various sample delivery methods, data collec-

Biomolecules 2025, 15, 1488 https://doi.org/10.3390/biom15111488
100



Biomolecules 2025, 15, 1488

tion conditions, and experimental designs. An overview listing the most commonly used
standard samples in SX experiments is given in Table 1.

The following describes several standard samples widely used in SX. Each one has
specific characteristics that make it particularly suitable for instrument commissioning,
method validation, or the development of time-resolved experiments.

1.1. Lysozyme

Lysozyme has long been the reference protein in crystallography due to its reliable
crystallization behavior and well-characterized structure. In serial crystallography, its prac-
tical advantages are particularly clear because lysozyme readily forms microcrystals under
a wide range of conditions, and these crystals consistently yield high-quality diffraction,
making them ideal for systematic testing and method development [7–10].

The compatibility of lysozyme microcrystals with various sample delivery methods,
including liquid jets [1,11], high-viscosity extrusion (HVE) [8], and fixed targets [12],
has made lysozyme the protein of choice for optimizing experimental configurations.
Lysozyme’s reproducibility across crystallization and data collection conditions also makes
it ideal for evaluating critical aspects such as radiation damage, sample consumption, and
hit rates.

Altogether, its ease of crystallization, structural consistency, and experimental flexi-
bility have made it a foundational standard in the development and refinement of serial
crystallography techniques.

1.2. Thermolysin

Thermolysin, a thermostable metalloprotease from Geobacillus stearothermophilus
(34.6 kDa), is widely used as a standard sample in serial crystallography, especially for
establishing different sample delivery methods such as a concentric flow electrokinetic
injector, nanoflow electrospin liquid jets, on-chip crystallization, acoustic injectors and
novel injection matrices, and ligand-soaking experiments, amongst others [13–18].

Available as a stable, lyophilized powder, thermolysin forms microcrystals that diffract
at high resolution (up to 1.78 Å) and are robust in various experimental setups. The
presence of four calcium ions and a catalytic zinc ion contributes to its pronounced sta-
bility [19–21]. Moreover, it can be used as a surrogate model for other zinc-dependent
metalloproteases such as neprilysin (NEP), sharing conserved active-site features and
substrate specificity [22].

These features make thermolysin highly suitable as both a routine standard sample
and a model for mechanistic and inhibitor studies.

1.3. Glucose Isomerase (Xylose Isomerase)

Glucose isomerase, also known as xylose isomerase, from Streptomyces rubiginosus
(43.3 kDa), is another standard sample in serial crystallography. Large-scale industrial
production and commercial availability as a purified enzyme allow for the straightforward
preparation of homogeneous microcrystals, which typically diffract to around 2 Å.

The protein has two metal-binding sites for magnesium ions in its active site, which
can be replaced with other divalent metals [23]. In a study byKovalesky et al. (2010) [23],
Cd2+ and Ni2+ were used as alternative metals to capture different reaction points, as their
binding allows sugar binding but inhibits the catalytic reaction before and after the sugar
ring-opening step, respectively. This makes glucose isomerase an interesting standard
sample for the establishment of novel time-resolved mixing approaches. It is also notable
that the activity of the protein is either inhibited or activated upon binding with different
metals, depending on their respective ionic radii [24,25].

101



Biomolecules 2025, 15, 1488

The protein has been used to study various viscous media as injection matrices [26–30],
to test one fixed-target sample holder [31], and for fixed-target pink-beam serial synchrotron
crystallography [32]. Additionally, it has been employed to establish mixing via a liquid
application method using a spit robot [33,34] and on-chip crystallization [35].

1.4. Proteinase K

Proteinase K from Engyodontium album (formerly known as Tritirachium album) is a
model protein for subtilisin-like serine proteases, and its function is widely studied. It is a
small exo- and endoprotease (29.5 kDa) and is routinely used in molecular biology during
nucleic acid isolation.

The protein can be purchased as lyophilized powder and microcrystals that diffract
up to ~1.8 Å can be obtained within hours.

In serial crystallography, proteinase K has contributed to testing high-speed data
acquisition (e.g., kilohertz frame rates) [12], on-chip crystallization [15,35], pink-beam
experiments [36,37], SIRAS (Single Isomorphous Replacement with Anomalous Scatter-
ing) phasing [38] and other innovations across both XFEL-based and synchrotron-based
platforms [39,40].

It has also been used in the development of a new sample delivery methods, includ-
ing the implementation of circular motion in microfluidic sample plates [41] and in the
advancement of fixed-target systems [42].

1.5. Trypsin

Trypsin is a well-characterized serine protease most commonly sourced from porcine
or bovine pancreas and is widely employed as a standard in serial crystallography. Trypsin’s
structural stability and predictable enzymatic specificity have made it valuable for bench-
marking in situ data collection methods [43], high-throughput ligand screening [44], and
the evaluation of new droplet microfluidic device for microcrystal production [45]. It was
also used for the commissioning of a high-speed piezo-driven goniometer [46].

In addition, trypsin and its variants are used as model systems for testing protease in-
hibitors and for structural studies relevant to drug discovery. The range of comparative data
and reproducible diffraction quality strengthens trypsin’s position as a reliable reference
sample for the development and standardization of serial crystallography techniques.

1.6. Myoglobin

Among proteins studied by serial crystallography, myoglobin holds a special place
as both a scientific milestone and a versatile experimental standard. Famous as the first
protein whose structure was solved at atomic resolution, it continues to serve as a bridge
between classical crystallography and modern serial methods [47,48].

The heme-containing globular protein is especially valuable for time-resolved studies,
as its ligand-binding and photodissociation reactions can be triggered and monitored within
microcrystals [48,49]. This property has made myoglobin a key model for investigating
ultrafast structural dynamics using pump-probe serial crystallography experiments, as
well as for static structure determination at room temperature [50–52].

Microcrystallization protocols for myoglobin are well established, though crystalliza-
tion behavior varies significantly between species [48,51,53]. Therefore, crystallization
conditions often need to be optimized for the specific myoglobin variant used. Despite
these differences, batch crystallization of myoglobin can reliably produce large quantities of
microcrystals suitable for serial experiments, supporting high-throughput data collection
and compatibility with diverse sample delivery methods.

Beyond its technical merits, myoglobin’s rich history and photoreactivity have made
it a preferred system for demonstrating new experimental approaches and training re-
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searchers in serial crystallography. Its continued use reflects both its scientific importance
and practical value in advancing structural biology.

1.7. GFP and Its Derivatives

Green fluorescent protein (GFP) from the jellyfish Aequorea victoria (~27 kDa) is widely
used in molecular biology, particularly in fluorescent imaging and as an intracellular
sensor [54]. Numerous engineered variants of GFP have been developed, each with distinct
properties that expand its utility across various applications [55–57].

GFP and its derivatives are relatively hydrophobic, exhibit considerable thermostabil-
ity, and crystallize readily to produce well-diffracting crystals. Among these, the reversibly
photoswitchable variant rsEGFP2 has been used to study ultrafast structural changes
occurring on timescales from picoseconds to milliseconds [58–60].

Another derivative, eGFP, has also been featured in studies describing the production
and handling of microcrystals for serial crystallography [61].

Another engineered GFP variant, iq-mEmerald, was developed as an intracellular
metal sensor [62]. This synthetic derivative includes a metal-binding site engineered near
the chromophore by substituting three surface residues with histidine (H147, H202, and
H204). Transition metals bind to this site, modulating the fluorescence in a concentration-
and metal-dependent manner. Specifically, Co2+, Ni2+, and Cu2+ ions quench fluorescence,
whereas mixing with Zn2+ results in increased fluorescence. Notably, copper binding in-
duces up to 80% fluorescence quenching, with an affinity (Ka) of approximately 0.2 μM [62].
These properties make iq-mEmerald particularly useful for visualizing mixing efficiency
and studying diffusion processes in time-resolved serial crystallography. For example, it has
been employed to characterize a newly designed mix-and-inject high-viscosity extruder,
taking advantage of its fluorescence sensitivity to monitor real-time mixing dynamics
within the nozzle [63]. In such experiments, mixing efficiency depends on multiple factors,
including the viscosity of the carrier matrix, the crystal morphology, and the arrangement
of protein molecules within the crystal lattice.

1.8. PYP

Photoactive Yellow Protein (PYP) is a well-established model system in serial crys-
tallography, particularly for time-resolved studies [64–68]. Its suitability comes from a
thoroughly characterized photocycle, consistent crystallization behavior, and compati-
bility with pump-probe experimental setups. PYP is a small (~14 kDa), water-soluble
photoreceptor protein that undergoes a trans-to-cis isomerization of its covalently bound
para-coumaric acid (pCA) chromophore upon blue-light excitation, initiating a series of
structural intermediates spanning femtoseconds to seconds [66,69–71].

PYP is readily crystallized in batch, producing homogeneous microcrystals suitable for
various delivery methods, including liquid jets [66,67] and fixed targets [72]. It has played a
key role in advancing time-resolved serial femtosecond crystallography (TR-SFX) at XFELs,
where its full photocycle has been resolved at atomic resolution (up to 1.46 Å) under room-
temperature conditions [66]. These studies confirm that SFX can reveal detailed structural
changes with minimal radiation damage, even at high X-ray doses.

Comparative investigations of PYP dynamics in crystalline and solution environments
have provided valuable insights into how the crystal lattice can influence reaction pathways
and functional mechanisms [64,66,68,73,74].

Beyond its biological significance, PYP is extensively used to develop and validate
sample delivery systems, data processing pipelines, and experimental protocols in serial
crystallography. Studies with PYP have substantially advanced our understanding of
light-induced signal transduction and protein dynamics.
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1.9. Thaumatin

Thaumatin from Thaumatococcus daniellii is one of the most widely used stan-
dard samples in serial crystallography (SX), including both synchrotrons [39,75,76] and
XFELs [30,77–79]. Its popularity is due to its robust and reproducible crystallization, well-
characterized structure, and adaptability to a wide range of sample delivery and data
collection methods. Thaumatin readily forms high-quality microcrystals in batch, allowing
the preparation of dense suspensions ideal for serial experiments.

Various sample delivery approaches have been tested with thaumatin, including
fixed-target chips (such as polymer-based membranes and silicon chips) [76,80], liquid
jets [77], and HVE [30,39]. Direct on-chip crystallization allows efficient in situ serial data
collection with minimal sample handling and low background scattering, and supports
ligand soaking and high-throughput screening [15,81].

Because of its reproducibility and the abundance of comparative data available, thau-
matin is routinely used for beamline commissioning, validation of sample delivery systems,
and testing new data collection strategies. Well-established protocols for batch microcrys-
tallization have been successfully adapted to various delivery systems, further supporting
its role as a versatile standard in serial crystallography.

1.10. Granulovirus

Granulovirus occlusion bodies (OBs) are a distinctive standard sample in serial crys-
tallography, particularly valuable for experiments that test the limits of crystal size and
radiation dose tolerance. These naturally occurring protein nanocrystals, produced in vivo
by insect viruses such as Cydia pomonella granulovirus (CpGV), encapsulate the viral protein
granulin within a crystalline matrix, forming highly homogeneous particles typically mea-
suring around 100 × 100 × 300 nm [82]. Each OB contains approximately 9000 unit cells,
with volumes less than 0.016 μm3, making them among the smallest biological crystals
used in serial crystallography [83–85].

Their uniformity and narrow size distribution make granulovirus OBs ideal standard
samples for SFX experiments. SFX data collection at XFELs has enabled the determination
of granulin structure from these OBs at atomic resolution at very high X-ray doses. The use
of femtosecond pulses minimizes radiation damage, allowing high-quality data collection
from these sensitive nanocrystals at room temperature [83]. Due to their reproducibility,
challenging size regime, and high hit rates, granulovirus OBs have become a standard
sample for evaluating and comparing different serial crystallography platforms, including
both XFEL-based SFX and serial electron diffraction (SerialED) [85].

In this review, we focus on four representative standard samples: lysozyme, myo-
globin, iq-mEmerald, and PYP. Each was selected for its distinct characteristics and rel-
evance to different aspects of SX experiments. Our selection criteria were based on the
diverse physicochemical properties, functional relevance, and established or emerging
roles of these proteins in proof-of-concept and method development studies.

Lysozyme serves as the classical standard for protein crystallography, thanks to its
small size (14.3 kDa), commercial availability, and remarkable ability to crystallize under a
wide range of conditions. The robustness of lysozyme makes it an ideal standard sample
for testing sample delivery methods, crystallization replicability, injector compatibility,
and data collection protocols [7]. In addition, its extensive literature coverage allows
users to calibrate new workflows and compare performance directly across instruments
and facilities.

104



Biomolecules 2025, 15, 1488

Table 1. Summary of key properties for serial crystallography standard proteins, including UniProt
identifiers, molecular weights, primary experimental applications, references, micro-crystallization
conditions (only for proteins for which protocols are not reported in this article), and images of
tertiary structure. Ligands and chromophores (colored) are being depicted as sticks or spheres (C
= grey; Fe = orange; O = red; Zn = dark blue; N = navy blue; Ca = neon green; Mg = lime green) 1.
Due to the breadth of available studies, only selected references are cited for each protein. * Protein
buffer condition not reported in references. Tertiary structures display the secondary structure of one
monomer, respectively.

Protein
(Uniprot ID)

Size
[kDa]

Major Use References 1 Reported Micro-Crystallization
Conditions

Tertiary Structure

PYP
(P16133) 13.87

Proof of principle [64,65,67]

This work

PDB ID 6P5G

Time-resolved study [65,66,68]
Sample delivery

development [72]

Lysozyme
(P00698) 14.31

Instrument
commissioning [33,86–90]

This work

PDB ID 9I6N

Proof of principle [90,91]

Sample delivery
development [8,10,17,26,33,92–94]

Myoglobin
(P68082,
P02185)

16.95

Instrument
commissioning

[52,95,96]

PDB ID 8BKH

Time-resolved study [48] This work
Proof of principle [50,52,97]

[50,51]Sample delivery
development

Thaumatin
(P02883) 22.21

Instrument
commissioning [39] 100 mg/mL protein in ddH2O + 1.6 M

sodium potassium tartrate [79]

PDB ID 9FTS

Proof of principle [75,77–79]
Sample delivery

development [15,30,76,80,81]

Trypsin
(P00760) 23.56 Sample delivery

development [43–46]

30 mg/mL protein in 25 mM HEPES (pH
7.0), 5 mM CaCl2 + 100 mM Tris (pH 8.5),
30%(w/v) PEG 3350, 200 mM Li2SO4 [43]

(30 mg/mL protein + 10 mg/mL
benzamidine in 20 mM HEPES (pH 7.0),

10 mM CaCl2) + (20% PEG 8000, 200 mM
(NH4)2SO4, 100 mM Bis-Tris) [44]

* (65 mg/mL protein + benzamidine in
3 mM CaCl2) + (11–14%(w/v) PEG 4000,

15% ethylene glycol, 200 mM SiSO4,
100 mM MES (pH 6.5)) [45]

(15 mg/mL protein + 5 mg/mL
benzamidine in 10 mM CaCl2, 20 mM
HEPES (pH 7.0), 3.75% PEG 3350, 5%

glycerol) + (15% PEG3350, 20% glycerol)
(hanging drop) [46]

PDB ID 7WA0

iq-
mEmerald 27.1 Sample delivery

development [63] This work

PDB ID 4KW4
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Table 1. Cont.

Protein
(Uniprot ID)

Size
[kDa]

Major Use References 1 Reported Micro-Crystallization
Conditions

Tertiary Structure

rsEGFP2 26.9

Instrument
commissioning

[98]
20 mg/mL protein in 2M (NH4)2SO4,
20 mM NaCl, 120 mM HEPEs (pH 8.0)

(seeding) [59]
20–24 mg/mL protein in 75 mM HEPES

(pH 8.0), 20 mM NaCl, 1.1–1.3 M
(NH4)2SO4 (seeding) [99]

PDB ID 5O89
Time-resolved study [59,60,99]

Proteinase K
(P06873) 29.1

Instrument
commissioning [36,37,39,40] 40 mg/mL protein in 20 mM MES (pH 6.5)

+ 100 mM MES (pH 6.5), 500 mM NaNO3,
100 mM CaCl2 [39]

PDB ID 9FTX

Proof of principle [38]
Sample delivery

development [15,35,41,42]

Thermolysin
(P00800) 34.86

Proof of principle [100,101]

22.5 mg/mL protein in 100 mM MES (pH
6.5) + 10 mM CaCl2, 5% PEG 2000 [15]

* 30 mg/mL protein in
50 mM NaOH + 15% (w/v) ammonium

sulfate [16].
* 42.5 mg/mL protein + 40% PEG 2000

MME, 0.1 M MES (pH 6.5), 5 mM
CaCl2 [18]

330 mg/mL protein + 45% DMSO in
50 mM Tris (7.5) + 1.45 M CaCl2 [44]

PDB ID 5WR4
Sample delivery

development [15–18,44,46]

Glucose
isomerase
(P24300)

43.33
(monomer)

173.32
(homo

tetramer)

Instrument
commissioning [32] 33 mg/mL protein in 6 mM Tris (pH 7.0),

0.91 M (NH4)2SO4, 1 mM MgSO4 [31]
* 80 mg/mL protein + 35%(w/v) PEG3350,
0.2 M LiSO4, 10 mM HEPES (pH 7.5) [35]

PDB ID 6KD2

Sample delivery
development [26–31,33–35]

Granulovirus
(Granulin)
(P87577)

29.38
(monomer)

352.56
(homo
12-mer)

Proof of principle [83]

Not applicable

PDB ID 5G0Z
Sample delivery

development [84]

Myoglobin was chosen as a standard sample because it combines well-established crys-
tallization protocols with significant experimental flexibility. Its well-characterized heme
cofactor and robust crystal formation allow it to serve as a reliable model for both static
and time-resolved serial crystallography experiments. Importantly, myoglobin supports
advanced studies of ultrafast structural changes, such as ligand photodissociation, making
it highly relevant for pump-probe SFX applications [48]. Additionally, its widespread use
across XFEL and synchrotron facilities provides a valuable standard for method develop-
ment and cross-facility comparisons.

Iq-mEmerald is a variant of the green fluorescent protein designed for enhanced
brightness and stability. As a fluorescent marker, it enables direct visualization of mi-
crocrystal suspension quality, facilitates monitoring of crystal flow during injection, and
supports assessment of mixing with ligands. The use of iq-mEmerald provides a unique
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supporting tool for optimizing and troubleshooting sample delivery, especially in mixing
injections [63].

PYP was selected to represent the class of light-activating proteins, which are highly rel-
evant for time-resolved studies probing ultrafast structural changes. Its well-characterized
photocycle and robust crystallization make it an ideal candidate to develop and validate
experimental approaches for pump-probe SFX [66,69]. Its inclusion highlights specific
challenges and solutions in preparing photosensitive samples and supports the evaluation
of light-triggered reaction methodologies.

We present detailed protocols for the preparation of these standard samples specifi-
cally tailored for SFX experiments. Compared to SSX (serial synchrotron crystallography),
SFX requires large quantities of highly uniform microcrystals, typically in the low microm-
eter range or smaller, to ensure efficient and reliable sample injection into the XFEL beam.
Furthermore, sample homogeneity and filtering are critical to prevent clogging of injectors
and to maximize data quality. The crystals must also be stable and well-suspended in
compatible carrier media adapted to high-speed injection. Covering all steps from pro-
tein expression and purification (if applicable) to crystallization, these protocols provide
comprehensive and reproducible preparation techniques and support the broader SFX
community in ensuring high-quality, reliable data for both instrument commissioning and
experimental validation.

2. Materials and Methods

2.1. Lysozyme
2.1.1. Materials

• Lysozyme: Carl Roth GmbH + Co. KG (Karlsruhe, Germany) Art.no. 8259;
• Sodium Acetate (NaOAc): Merck KGaA (Darmstadt, Germany) Art.no. 71183;
• Sodium chloride (NaCl): Carl Roth GmbH + Co. KG Art.no. P029;
• PEG 6000: Merck KGaA Art.no. 81260;
• Monoolein: Nu-Chek Prep (Elysian, MN, USA) Art.no. M-239;
• Gravity filters: CellTricsTM, Sysmex Deutschland GmbH (Norderstedt, Germany)

(10 μm filter, Art. No. 04-0042-2314 and 20 μm filter, Art. No. 04-0042-2315);
• Gas-tight glass syringe: Hamilton Bonaduz AG (Bonaduz, Switzerland), Art.no. 202668;
• Syringe coupler:Rigaku Holdings Corporation (Tokyo, Japan), Art.no. EB-LCP-SUNION.

2.1.2. Prepared Solutions

• 0.5 M NaOAc, pH 3.5;
• 5 M NaCl;
• 50% (w/v) PEG 6000;
• Crystallization solution: 0.1 M NaOAc, pH 3.5, 5% PEG 6000 (w/v), 3.2 M NaCl,

0.2 μm filtered;
• Lysozyme solution: 100 mg/mL in 50 mM NaOAc, pH 3.5, 0.2 μm filtered;
• Storage buffer: 50 mM NaOAc, pH 3.5, 1.7 M NaCl, 0.2 μm filtered.

2.1.3. Crystallization

Lysozyme crystals were generated by vortexing a 1:1 ratio of the prepared lysozyme
solution and crystallization solution under controlled temperature conditions. Prior to
mixing, both the protein solution and the crystallization solution were equilibrated in a
thermoblock. Variations in the mixing protocol, either initiating vortexing before adding
the crystallization solution or adding the crystallization solution followed by immediate
vortexing, led to differences in crystal size. Therefore, a standardized mixing procedure
should be employed to guarantee reproducibility.
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2.1.4. Storage Buffer Exchange

Following crystallization, the liquid was exchanged with storage buffer. This was
achieved through three rounds of centrifugation. Due to the higher viscosity of the crystal-
lization solution, the first centrifugation was performed at 200× g for one minute, while
the subsequent two rounds were conducted at 100× g for one minute each. After each
centrifugation step, the supernatant was removed, and the crystal pellet was resuspended
with an equal volume of fresh storage buffer.

2.1.5. Crystal Filtration and Density Adjustment

To remove remaining large particles, the stored crystals were filtered using Nylon
mesh gravity filters. A 10 μm filter was used for crystals smaller than 5 μm, while a
20 μm filter was employed for crystals ranging from 5 to 10 μm. The filtered crystals were
allowed to settle overnight, and the sedimented volume was measured the following day.
Depending on the purpose of this sample, the density (vol % of sedimented crystal) was
fixed by removing or adding the storage buffer.

2.1.6. Embedding in LCP

Lysozyme crystals with sizes of 5–7 μm were prepared with aqueous solutions as
described above. Prior to embedding the lysozyme crystals in the lipidic cubic phase
(LCP), the LCP containing the lysozyme crystal storage buffer was prepared as follows:
First, the lysozyme crystal storage solution was diluted with water to 40% of its original
concentration, as the undiluted solution disrupted the LCP structure and produced an
opaque material. A 40% dilution was found to be the upper limit for forming a transparent
LCP using this buffer composition. The diluted solution was then transferred into a gas-
tight glass syringe. A second syringe was filled with melted monoolein. The volume ratio
of the two solutions was fixed at 2:5 for the diluted lysozyme crystal storage solution and
monoolein, respectively. The two syringes were connected using a syringe coupler, and the
solutions were mixed by moving the plungers back and forth. Once the mixture became
transparent, the entire sample was transferred into one syringe, and the other syringe
was removed.

The filled syringe was then connected to a third syringe containing a lysozyme crystal
pellet of 10% (v/v) relative to the prepared LCP in the other syringe. The crystals were
mixed into the prepared LCP by moving the plunger until the pellet was evenly distributed
throughout the syringe.

2.2. Myoglobin
2.2.1. Materials

• Myoglobin (equine skeletal muscle): Merck KGaA Art.no. M0630;
• Ammonium sulfate ((NH4)2SO4): Carl Roth GmbH Art.no. 9212.1;
• Tris (Tris-(hydroxymethyl)-amino methane): Carl Roth GmbH Art.no. 5429.3;
• Sodium dithionite: Merck KGaA Art.no. 71699;
• 40 μm frit filter: JR-1100-40P, Valco Instrument Co. Inc. (Houston, TX, USA);
• PreColumn: A-355, IDEX Health & Science LLC (Rohnert Park, CA, USA);
• Luer adapter: P-642, IDEX Health & Science LLC.

2.2.2. Prepared Solutions

• 4 M (NH4)2SO4, 0.2 μm filtered;
• 50 mM Tris buffer, pH 7.5, 0.2 μm filtered;
• 0.5 M sodium dithionite in degassed 3.3 M (NH4)2SO4, prepared in a glove box (GS

MEGA 4).
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2.2.3. Crystallization

Myoglobin powder was transferred to a 5 mL centrifuge tube, and its weight was
measured. Due to the volume limit of the tube, 20–30 mg of myoglobin is the optimal
amount. The powder was then dissolved in 50 mM Tris buffer (pH 7.5) to achieve a
final concentration of 23.6% (w/v). To ensure complete dissolution, the tube was vortexed
thoroughly, and a brief centrifugation step was performed to collect all liquid at the bottom.

While the myoglobin solution was being vortexed, the 4 M (NH4)2SO4 solution was
added dropwise. The total volume of (NH4)2SO4 solution added was 4.55 times the volume
of the Tris buffer used for myoglobin dissolution. During this process, the initially transpar-
ent brown solution became cloudy, indicating the onset of nucleation. Vortexing continued
for an additional 30 s, and the mixture was left undisturbed at room temperature overnight.

2.2.4. Crystal Filtration

On the following day, crystal formation was inspected, and the resulting crystal slurry
was filtered through a 40 μm frit filter and placed in a pre-column, which was connected to
a Luer adapter and a syringe, in order to remove undesired aggregates and to disassemble
clustered crystals. For liquid jet sample delivery, the crystal suspension was diluted 2-fold
relative to the original crystallization volume using 3.3 M (NH4)2SO4.

2.2.5. Deoxygenation

Prior to placing the samples into the glove box, a 3.3 M (NH4)2SO4 solution was
degassed using a vacuum pump. The tubes containing crystals and the degassed 3.3 M
(NH4)2SO4 were transferred into the glove box with an oxygen concentration of less than
0.5 ppm. A 0.5 M sodium dithionite solution was added to the myoglobin crystals to
reach a final concentration of 3 mM, and the reduction reaction was allowed to proceed
for the next 3 min. The reaction was monitored through a color change from dark brown
to light red. Once the reaction was complete, sodium dithionite was removed by buffer
exchange using centrifugation. The solution was centrifuged at 500× g for 10 min, and the
supernatant was removed. The crystal pellets were then resuspended in an equal volume
of degassed 3.3 M (NH4)2SO4 solution. This process was repeated five times to remove
sodium dithionite completely.

2.3. Iq-mEmerald
2.3.1. Materials

• Plasmid: iq-mEmerald expression vector pET17b-iq-mEmerald without using the
fusion tag. The vector was purchased from Biocat GmbH (Heidelberg, Germany)
using the amino acid sequence taken from the Fluorescent Protein Data Base (https:
//www.fpbase.org/protein/7G47U/ (accessed on 10 September 2025)) and pET17b as
vector backbone.

• Recipient cell line: Escherichia coli BL21(DE3) (Thermo Fisher Scientific Inc. (Waltham,
MA, USA), Art.no. EC0114).

• Glassware: 5 L flasks.
• Seed Beads: Jena Bioscience GmbH (Jena, Germany), Art.no. CO-501.
• Gravity filter: CellTrics™ 30 μm, Sysmex Deutschland GmbH, Art. Nr. 04-0042-2316.
• LB-medium: Carl Roth GmbH Art.no. 6673.4.
• Ampicillin: Carl Roth GmbH Art.no. K029.2.
• IPTG (isopropyl β-D-thiogalactopyranoside): Carl Roth GmbH Art.no. 2316.5.
• Tris (Tris-(hydroxymethyl)-amino methane): Carl Roth GmbH Art.no. 5429.3.
• Sodium chloride (NaCl): Carl Roth GmbH Art.no. P029.
• Ammonium sulfate ((NH4)2SO4): Carl Roth GmbH Art.no. 9212.1.
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• Ethanol (99.9%): Merck KGaA Art.no. 1.00983.
• Hydrophobic interaction column (HIC), e.g., HiPrep Phenyl FF (High Sub) 16/10

Cytiva, Marlborough, MA, USA Art. Nr 28936545).
• 10 kDa cut-off concentrator: Merck KGaA Art.no. UFC9010.

2.3.2. Equipment

• Incubation shaker: Eppendorf SE (Hamburg, Germany) New BrunswickTM

Innova®44/44R Shaker;
• FPLC: Cytiva ÄKTA pure™ chromatography system.

2.3.3. Prepared Solutions

• Antibiotic: 100 mg/mL Ampicillin stock solution in ethanol;
• 1 M IPTG (isopropyl β-D-thiogalactopyranoside); 0.2 μm filtered;
• Buffer A (Lysis Buffer): 20 mM Tris, pH 7.8, 150 mM NaCl; 0.2 μm filtered;
• Buffer B (HIC start buffer): 20 mM Tris, pH 7.8, 20% (NH4)2SO4 saturation,

0.2 μm filtered;
• Buffer C (HIC elution buffer): 20 mM Tris, pH 7.8, 0.2 μm filtered;
• 5 M NaCl, 0.2 μm filtered;
• 70% (NH4)2SO4 saturated solution;
• Crystallization Buffers: 50 mM Tris, pH 8.0, 1.5–3 M (NH4)2SO4 concentrations in

0.1 M increments, 0.2 μm filtered.

2.3.4. Expression

One colony of Escherichia coli BL21 (DE3) pET17b-iq-mEmerald was inoculated in
50 mL of LB medium supplemented with 100 μg/mL Ampicillin and incubated at 37 ◦C
at 180 rpm for 16 h. The following day, the culture was diluted to an OD600 of 0.1 in 1 L
fresh LB medium containing 100 μg/mL Ampicillin and grown at 37 ◦C, 180 rpm, until the
OD600 reached 0.6. Protein expression was induced by the addition of 0.5 mM IPTG, and
the culture was incubated at 18 ◦C for 16 h with shaking at 180 rpm. Cells were harvested
by centrifugation at 8000× g for 15 min to 1 h at 4 ◦C, and pellets were stored at −20 ◦C
until further use.

2.3.5. Purification

The purification strategy was adapted from Samarkina et al. (2009) [102].
The cell pellet was resuspended in Buffer A (10 mL Buffer A per 1 g of cell pellet).

The cells were lysed by sonication with 50% amplitude and 10 s on 10 s off cycles until
400 J were reached. After centrifugation of the cell lysate at 7197× g for 15 min at RT,
the supernatant was transferred to a new tube and incubated at 65 ◦C for 15 min in a
thermocycler or water bath. The supernatant turned cloudy and spun down for 15 min at
RT and 7197× g. Ten milliliters of the supernatant were mixed rapidly by brief vortexing
with 3 mL of 5 M NaCl and 23.3 mL of saturated (NH4)2SO4 (pH 7.8), respectively. Twelve
milliliters of 99.9% ethanol were added instantly, and tubes were vortexed for 30 s. After
that, samples were centrifuged for 7 min at RT and 3000× g. Iq-mEmerald is present
in the organic phase, which was carefully removed and transferred to a new tube. The
protein-containing fraction was diluted to 20% (NH4)2SO4 saturated solution in 20 mM
Tris, pH 7.8. Before subjecting the sample to a HIC equilibrated with Buffer B, it was
filtered through a 0.2 μm syringe filter. Iq-mEmerald was eluted over 20 column volumes
of Buffer C. The fractions containing iq-mEmerald were concentrated with a 10 kDa cut-off
concentrator to 50 mg/mL, flash frozen in liquid nitrogen and stored at −80 ◦C.
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2.3.6. Crystallization

After thawing, iq-mEmerald samples were filtered with a 0.2 μm filter or centrifuged
at RT for 10 min at 20,817× g.

Seedstock

To prepare a large, high-concentration seedstock, 500 μL iq-mEmerald was mixed with
500 μL of 3 M (NH4)2SO4 and vortexed immediately for 30 s. The next day, inhomogeneous
iq-mEmerald crystals appeared. Approximately 20 to 30 small glass beads were added to a
1.5 mL reaction tube. The tube was vortexed vigorously for 5 min. The slurry was cooled
down to room temperature, and vortexing was repeated until no crystals were visible
under a stereo microscope (total 20 min process time).

Needle Crystals

To grow needle crystals with a size of 1 × 1 × 12 μm, 500 μL protein solution
(50 mg/mL) was mixed with 1000 μL of 2 M (NH4)2SO4, 50 mM Tris (pH 8.0), as well
as 5 μL seedstock. The sample was vortexed for 30 s and then incubated at RT. Crystals
grew overnight to their final size.

Cubic Crystals

To grow cubic crystals with a size of 5 × 5 × 5 μm, 500 μL protein solution (50 mg/mL)
was mixed with 1000 μL of 3 M (NH4)2SO4, 50 mM Tris (pH 8.0), as well as 5 μL seedstock
and vortexed for 30 sec. After incubation for 1 min, 500 μL of 2.5 M (NH4)2SO4 was added.
Crystals grew overnight to their final size.

All crystal slurries were filtered with a 20 μm gravity filter and stored at RT.

2.3.7. Embedding in LCP

Iq-mEmerald crystals of various sizes and shapes, as prepared above, were suitable
for embedding in LCP. For this, a transparent LCP matrix was first prepared by mixing
monoolein and the iq-mEmerald crystal storage buffer, 50 mM Tris (pH 8.0) and 1.5–3 M
(NH4)2SO4, in a 7:3 volume ratio using two gas-tight glass syringes connected by a coupler.
The crystal storage buffer was transferred into one gas-tight glass syringe, and a second
syringe was loaded with melted monoolein. The two syringes were connected and mixed
thoroughly by repeated plunger exchange until a clear, homogeneous LCP formed. The
mixture was combined into one syringe.

To incorporate the crystals, a third syringe containing an iq-mEmerald crystal pellet
(10% v/v relative to the prepared LCP) was connected to the LCP-containing syringe.
The crystals were embedded by mixing with the LCP until they were evenly distributed
throughout the matrix, producing a final preparation suitable for high-viscosity injection.

2.4. PYP (Photoactive Yellow Protein)
2.4.1. Materials

• Plasmid: pET-M11 [103]. The expression vector containing the codon-optimized gene
sequence for PYP was purchased from Biocat GmbH (Heidelberg, Germany) using the
full PYP sequence from UniprotKB: P16113.

• Recipient cell line: Escherichia coli Rosetta(DE3), Merck KGaA, Art.no. 70954-3.
• Glassware: 5 L flasks.
• Seed Beads: Jena Bioscience GmbH, Art.no. CO-501.
• PD-10 Buffer exchange columns: Cytiva, Marlborough, MA, USA, Art. No. 17085101.
• Gravity filter: CellTrics™ 30 μm, Sysmex Deutschland GmbH, Art. Nr. 04-0042-2316.
• NiNTA: Thermo Fisher Scientific Art.no. A50586.
• Gravity column: Carl Roth GmbH Art. No. 1518.1.
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• LB-medium: Carl Roth GmbH Art.no. 6673.4.
• Kanamycin: Carl Roth GmbH Art.no. T832.4.
• Chloramphenicol: Thermo Scientific Chemicals Art.no. B20841.22.
• HEPES (N-2-Hydroxyethylpiperazine-N’-2-ethane sulphonic acid): Carl Roth GmbH

Art.no. 9105.3.
• Sodium chloride (NaCl): Carl Roth GmbH Art.no. P029.
• Imidazole: Carl Roth GmbH Art.no. 3899.3.
• Tris (Tris-(hydroxymethyl)-amino methane): Carl Roth GmbH Art.no. 5429.3.
• Tri-sodium citrate dihydrate: Carl Roth GmbH Art.no. 3580.1.
• Citric acid: Carl Roth GmbH Art.no. 7624.1.
• p-Coumaric acid: Merck KGaA, Art.no. C9008.
• N,N’-Dicyclohexylcarbodiimide (DCC): Merck KGaA, Art.no. D80002.
• N,N-Dimethylformamide (DMF): Merck KGaA, Art.no. 227056.
• Sodium malonate (Na-malonate): Merck KGaA, Art.no. M4795.
• Beta-mercaptoethanol: Carl Roth GmbH Art. No. 4227.3.
• Glycerol: Carl Roth GmbH Art. No. 3783.2.
• 3 kDa cut-off concentrator: Merck KGaA Art.no. UFC9003.

2.4.2. Equipment

• Incubation shaker: New BrunswickTM Innova®44/44R Shaker;
• Anion exchange column: HiPrep Q HP 16/10 Cytiva Art.no. 29018182;
• FPLC: Cytiva ÄKTA pure™ chromatography system.

2.4.3. Prepared Solutions

• Kanamycin stock solution (100 mg/mL in ddH2O);
• Chloramphenicol stock solution (34 mg/mL in ethanol);
• Buffer A (Lysis Buffer): 20 mM HEPES, pH 7.4, 200 mM NaCl, 5 mM Imidazole,

0.2 μm filtered;
• Buffer B (Wash buffer): 20 mM HEPES, pH 7.4, 200 mM NaCl, 10 mM Imidazole,

0.2 μm filtered;
• Buffer C (Elution buffer): 20 mM HEPES, pH 7.4, 200 mM NaCl, 300 mM Imidazole,

0.2 μm filtered;
• Buffer D (TEV protease reaction buffer): 20 mM HEPES, pH 7.4, 200 mM NaCl,

0.2 μm filtered;
• Buffer E (Anion exchange start buffer): 25 mM Tris, 0.2 μm filtered;
• Buffer F (Anion exchange elution buffer): 25 mM Tris, 1 M NaCl, 0.2 μm filtered;
• Buffer G (Storage buffer): 50 mM Citrate Buffer, pH 6.0, 0.2 μm filtered;
• Buffer H (Crystallization buffer): 3.7 M sodium malonate, pH 7, 0.2 μm filtered;
• Tobacco Etch Virus (TEV) protease: prepared following the protocol from Berg et al.

(2006) [104], in 50 mM Tris (pH 8.0), 200 mM NaCl, 5 mM beta-mercaptoethanol, and
10% (v/v) glycerol.

2.4.4. Expression

The purification procedure was adapted from Schmidt et al. (2019) [105], and chro-
mophore production was derived from Kim et al. (2013) [106].

One colony of Escherichia coli Rosetta(DE3) pET-M11 (Rosetta(DE3)-PYP) was inocu-
lated in 200 mL LB (containing 50 μg/mL Kanamycin and 34 μg/mL Chloramphenicol)
in a 1000 mL flask and incubated overnight at 37 ◦C and 160 rpm. Twelve 5 L flasks were
each filled with 1 L of LB medium containing Kanamycin (50 μg/mL). Fifteen milliliters
of the preculture were added to each flask and incubated for approximately 1 h 40 min
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at 37 ◦C and 160 rpm. After the OD600 reached 0.5, 1 mM IPTG was added, and the cells
were incubated for 16 h at 18 ◦C and 160 rpm. The cells were harvested by centrifugation
at 8000× g for at least 15 min at 4 ◦C. The cell pellet from a 1 L culture was transferred to a
50 mL Falcon tube and stored at −20 ◦C.

2.4.5. p-Coumaric Anhydride (pCA) Synthesis

The chemicals used are hazardous or toxic, so all tasks were performed under a
fume hood and appropriate PPE was worn. DCC was dissolved in 50 mL DMF to a final
concentration of 1 mM (2.7 g). Separately, p-Coumaric acid was dissolved in 50 mL DMF
to a final concentration of 0.77 mM (2.55 g). Both solutions were stirred separately at 4 ◦C
until fully dissolved. Once dissolution was complete, the two solutions were combined and
stirred overnight at 4 ◦C. The synthesis can be upscaled as long as the molar ratio of 1:3:1 is
kept. The next day, a light-yellow solution with visible white precipitate was obtained. The
solution was centrifuged at 8000× g for 1 h at 4 ◦C. The supernatant was then aliquoted to
20 mL and stored at −80 ◦C.

2.4.6. Purification

Four cell pellets (4 L cell culture) were used per purification. The cells were resus-
pended in 40 mL per liter of cell culture of Buffer A. The suspension was quite viscous and
slimy. The cells were lysed by sonication with 25% amplitude for 3 min (30 s on, 1 min rest),
keeping the suspension on ice. The lysate was then centrifuged at 4 ◦C and 8000× g for
at least 30 min. The supernatant was transferred into a beaker and stirred slowly. While
the cells were being lysed, an aliquot of pCA (20 mL) was taken out from the freezer and
centrifuged at 7000× g for 30 min at RT, to get rid of any remaining precipitate. Twenty
milliliters of pCA (5 mL per 1 L of cell culture) were added dropwise to the cell lysate. First,
some precipitate appeared, then the solution turned bright yellow. The solution was stirred
gently at 50 rpm for 2 h at RT. To remove the precipitate, the solution was centrifuged at
8000× g for 1 h at 4 ◦C.

The supernatant was loaded onto a 10 mL pre-charged NiNTA resin column (equili-
brated with buffer A). The column was then washed with 5 column volumes (CV) buffer A,
followed by 5 CV buffer B. The bound protein was eluted with buffer C until the eluate
no longer appeared yellow. To remove the imidazole, the eluate was buffer exchanged to
buffer D with a PD-10 column. The protein concentration was determined by measuring
the absorption at 446 nm, using the equation: conc. (mg/mL) = OD446/45,000 × 14,700 ×
dilution factor.

TEV protease was added to the purified protein solution with a 1:20 molar ratio
(protease/protein), and the solution was gently shaken overnight at 4 ◦C.

After digestion, 1–2 mL of NiNTA resin in a gravity column was equilibrated with
buffer D, and the TEV protease reaction solution was subjected to the column. The flow
through, containing the cleaved protein, was collected. The column was washed with
buffer D until no yellow fractions were eluted. The uncut protein was eluted using buffer C.
The cleaved PYP was concentrated and buffer-exchanged to buffer E using a PD-10 column.

The protein was then further purified using an anion exchange column and an FPLC
system. The column was pre-equilibrated with buffer E before the sample was applied. The
protein was eluted at 10% buffer F. The absorption was monitored at 280 nm and 446 nm
and the fractions containing protein, where the A446/A280 ratio was higher than two, were
collected.

The protein-containing fractions were combined, and the buffer was exchanged to
buffer G using a PD-10 column. The protein was further concentrated to 100 mg/mL, sterile
filtered, and flash frozen in liquid nitrogen for storage at −80 ◦C.
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2.4.7. Crystallization

To produce seedstock, 12 μL PYP (100 mg/mL) was mixed with 127 μL buffer H.
After combining both solutions, the mixture was stirred slowly overnight. The resulting
crystallization slurry was inhomogeneous, containing big and small crystals (Figure 6). The
crystals were crushed with seed beads and vigorous vortexing. The seedstock was then
diluted 1:3 with buffer H.

The crystal size can be modulated by varying the volume of added seedstock. For
the preparation of 2–3 μm sized crystals, 20 μL protein solution (100 mg/mL) was mixed
with 86 μL buffer H (final concentration: 3 M Na-Malonate) and 0.5 μL diluted seedstock
in a centrifuge tube. The mixture was instantly vortexed and incubated at RT. Crystals
appeared quickly and were fully matured within 1 h. Prior to use, the crystals were filtered
with a 30 μm gravity filter.

3. Results

3.1. Lysozyme

Lysozyme is a widely used standard sample in protein crystallography due to its
availability, reproducibility, and excellent diffraction quality [7–10]. Lysozyme crystals
serve as a benchmark for optimizing data collection strategies and refining crystallographic
methodologies. This report presents an optimized protocol for lysozyme crystallization,
final preparation for beamtime, and embedding in lipid cubic phase (LCP) to generate
high-quality samples suitable for various applications. Additionally, the protocol enables
controlled modification of the lysozyme crystals.

One important consideration is that the protocol for preparing lysozyme crystals of the
desired size should be optimized whenever new solutions (lysozyme and/or crystallization
solution) are prepared, as it is highly sensitive to any changes. Initial crystallization can be
conducted at room temperature, with subsequent adjustments made based on the observed
crystal size. As shown in Figure 1, higher temperatures (A, at 23 ◦C) produced larger
crystals (~14 μm), while lower crystallization temperatures (B, at 17 ◦C) resulted in smaller
crystals (~5–7 μm). The smaller crystals formed almost instantly, whereas the larger ones
took up to 10 s to form. The initial optimization volume was 500 μL + 500 μL, which was
later scaled up to 1.5 mL + 1.5 mL in a 5 mL centrifuge tube.

Figure 1. Microscope images of lysozyme crystals. (A) Produced at 23 ◦C (~14 μm); (B) produced at
17 ◦C (~5–7 μm) with vortexing first, then addition of crystallization solution; and (C) produced at
17 ◦C (~2–4 μm) with addition of crystallization solution first, then vortexing. Scale bars: 50 μm.
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In addition, as described in the Methods section, consistency in the mixing process is
critical for controlling crystal size. Figure 1B shows crystals formed by first vortexing the
protein solution, followed by the addition of the crystallization solution, whereas Figure 1C
shows crystals obtained when the crystallization solution was added first, followed by
vortexing. As shown, the crystals in Figure 1C (~2–4 μm) are smaller than the ones
in Figure 1B. This is likely due to more immediate nucleation caused by adding the
crystallization solution to the protein solution while it remains still.

The final step of sample preparation for beamtime depends on the sample delivery
method. One of the most common sample delivery methods at the European XFEL is
the liquid jet, using GDVNs (gas dynamic virtual nozzles) or DFFNs (double-flow focus
nozzles) [107,108]. In this application, a density of 15–18% (v/v) with 2–5 μm sized crystals
provided a stable jet (Figure S1A) with a reasonable hit rate [107]. For sample delivery using
HVE, the crystals were embedded in LCP, as described in the Methods section (Figure S1B,
Round A. et al., in submission). This highlights the versatile use of lysozyme crystals as a
standard sample for serial crystallography.

3.2. Myoglobin

Myoglobin crystals serve as a critical model system in serial crystallography due
to their well-characterized structural properties and their ability to undergo redox reac-
tions [48,109–111]. These crystals provide valuable insights into protein dynamics and
ligand interactions, making them a standard sample for evaluating new methodologies
in time-resolved crystallographic studies. In the Methods section, a reliable protocol is
described for myoglobin crystallization, enabling the production of high-quality sam-
ples for standard applications, as well as the deoxygenation process of the crystals for
time-resolved studies.

The crystallization process outlined in the Methods section employs an unconventional
ratio between the protein and precipitant (ammonium sulfate), which was determined
through experimental optimization. Initially, obtaining consistent crystal growth was chal-
lenging; however, this optimized ratio reliably produced crystals. Microscopic inspection
of the samples after overnight incubation revealed that some crystals formed in clusters,
requiring intense filtration prior to use (Figure 2). Filtration of the crystal slurry using a
40 μm frit filter effectively removed large aggregates. Due to the lower density of myo-
globin crystals compared to the crystallization solution, the crystals floated in the solution,
making the estimation of crystal density difficult. Therefore, we aimed to maintain the final
sample volume for the liquid jet at 2 times the original total volume used in crystallization,
which resulted in a stable and reliable liquid jet (Figure S1C).

Figure 2. Stereomicroscope images of myoglobin crystals. (A) Inhomogeneous large crystals were
obtained initially. (B) Crystals in (A) filtered with 40 μm filter and used for serial crystallography
experiment by liquid jet. Scale bars: 50 μm.
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Deoxygenation of myoglobin crystals was successfully achieved using the method
described here, yielding the deoxy-myoglobin state suitable for time-resolved studies of
oxygen binding dynamics. In control experiments, structural analysis of deoxygenated
crystals confirmed the absence of oxygen electron density at the heme site. Upon exposure
to oxygen during time-resolved SFX experiments, clear electron density corresponding
to bound oxygen was observed, confirming the suitability of the prepared crystals for
investigating oxygen uptake mechanisms (manuscript in preparation).

The oxidized myoglobin crystals remained stable over time under ambient conditions.
The optimized protocol, including crystallization, filtration, and deoxygenation steps,
produced crystals suitable for serial crystallography experiments. The reproducibility of
the method was confirmed through multiple independent preparations, emphasizing the
strength of the protocol.

3.3. Iq-mEmerald

There is an ongoing need for improving sample delivery methods for serial crys-
tallography and time-resolved experiments. As we needed a standard sample where
mixing could be observed via fluorescence quenching, iq-mEmerald, a GFP derivative, was
chosen [62].

The protein can be easily and quickly expressed and purified, leading to >100 mg
of pure protein per liter of cell culture. Crystals of different sizes and morphologies can
be produced in a reproducible manner by adjusting the concentration of the precipitant
and seedstock.

One critical factor for successful mixing and pump-probe experiments is the homo-
geneity of the microcrystal sample. Therefore, using seedstock is most often the preferred
method for producing reproducible, large batches of microcrystals.

A large seedstock was produced from an initially inhomogeneous batch crystallization
setup. Several rounds of vortexing were needed to obtain a suitable seedstock (Figure 3).
Only after vigorous vortexing for 20 min, a seedstock, not containing larger crystal frag-
ments, was produced. Seedstocks should be prepared in sufficient volumes so that a
single batch can be used for an entire experiment. The seedstocks were stored at room
temperature for several months without noticeable degradation.

Figure 3. Iq-mEmerald seedstock preparation. A large-scale, homogeneous seedstock was obtained
after vortexing a mixture of different-sized crystals with glass beads. (A) Inhomogeneous batch
crystal suspension; (B) after 5 min of vortexing; (C) after 10 min of vortexing; (D) after 20 min of
vortexing. Scale bars: 50 μm.
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The size and morphology of the crystals influence mixing dynamics and diffusion time
scales. Iq-mEmerald crystal slurries can be reproducibly prepared in various morphologies,
including needles, rectangular nuggets, and cubes, with various sizes, making them an
ideal standard sample for applications such as nozzle design and jetting tests.

For iq-mEmerald, a lower (NH4)2SO4 concentration leads to the formation of needle
crystals. The process is independent of adding seedstock. The transition of the crystal
morphology happens between the addition of 2 M and 2.5 M (NH4)2SO4 crystallization
solutions (Figure 4).

The size of cubic crystals can be adjusted by varying the concentration of (NH4)2SO4

without altering the protein concentration. The crystals mature overnight and remain stable
at ambient temperature over extended time periods.

Fluorescence quenching in iq-mEmerald crystals was observed upon mixing them us-
ing a mix-and-inject nozzle [63]. To quench the fluorescence of iq-mEmerald microcrystals,
a 20 mM CuCl2 (in 50 mM Tris, pH 8.0) solution can be used. The quenching can be used to
study different nozzles or the diffusion time in various media using a high-speed camera.
For the analysis of a mixing HVE nozzle, iq-mEmerald needle crystals were embedded in
LCP and the injection was stable with a clear fluorescence signal from crystals (Figure S1E).
A 20 mM CuCl2 solution, also embedded in LCP, was used to assess successful mixing
using the mixer at different flow rates/mixing times.

For the injection of the sample using a DFFN, 15% (v/v) cell pellet in the crystallization
solution was used and a stable jet was produced (Figure S1D), leading to a reasonable
hit-rate (not published). The flexibility of crystallization morphologies and the ability of
fluorescence quenching in crystals make iq-mEmerald a potentially useful new standard
sample for various applications.

Figure 4. Iq-mEmerald crystal morphology is dependent on the (NH4)2SO4 concentration. The
depicted values above the respective images relate to the respective precipitant solutions, not the
final (NH4)2SO4 concentrations of the crystallization setups. Scale bars: 10 μm.

3.4. PYP

Photoactive Yellow protein (PYP) from Ectothiorhodospira halophila is a well-studied
photoactive protein used in many early time-resolved experiments using pump-probe
approaches [66,73,112,113]. PYP is dynamic, showing a reversible photocycle in crystals,
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and does not need to be produced or handled in the dark. This makes it an ideal standard
sample for SFX experiments.

Our protocol is on the basis of Schmidt et al. (2019) and Kim et al. (2013) [105,106] but
with modifications, leading to higher quantities (over 50 mg/L from 1 L cell culture) as
reported before [114,115]. We also adapted the production of the chromophore (pCA) from
Thomson et al. (2019) [116] and Kim et al. (2013) [106] to streamline the production and
purification time to two days (excluding expression).

For crystallization, the use of seedstock leads to the rapid production of large quantities
of highly homogeneous microcrystals, usually within a few hours.

3.4.1. Upscaling of Protein Production

As huge amounts of protein are needed for a conclusive time-resolved experiment
with several time-points, a robust, high-efficiency expression and purification protocol is
important for standard samples. As the purification of PYP is rather cumbersome, it was
optimized where possible.

The growth curves of Rosetta(DE3)-PYP and BL21(DE3)-PYP revealed that after in-
duction with IPTG, the growth of BL21(DE3)-PYP was slowed down, leading to lower cell
volumes in comparison with Rosetta(DE3)-PYP (Figure 5A). Higher gene expression values
in Rosetta(DE3)-PYP cells were also visible on SDS-PAGE analysis (Figure 5B). Hence,
Rosetta(DE3)-PYP was used as the expression host.

Figure 5. Recombinant expression of pyp in different E. coli expression strains. (A) Growth curves of
Rosetta(DE3)-PYP and BL21(DE3)-PYP. For each strain, two single colonies were used to inoculate a
pre-culture each. From each pre-culture, three main cultures were inoculated, respectively, with a start
OD600 of 0.1. The OD600 was measured 60 min and 30 min before the induction, as well as 1 h, 2 h,
3 h and 4 h after induction with 1 mM IPTG. The lines depict the OD600 averages for each expression
strain, whereas the standard deviations are given in the shaded areas. (B) SDS-PAGE comparison
of recombinant PYP (~14 kDa) expression. M: Marker, 1 h, etc., depict the time of sampling after
induction with 1 mM IPTG, b.i.: before induction with IPTG. The raw SDS-PAGE image is provided
in Figure S2.

3.4.2. Seedstock Preparation and Crystallization

To make the crystallization quick, efficient and robust, seedstock was produced, as
our initial crystallization trials led to inhomogeneous crystal slurries.

A large volume of seedstock was produced from an inhomogeneous batch crystal-
lization setup. Several rounds of vortexing were needed to achieve a suitable seedstock
(Figure 6).
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Figure 6. PYP crystals. (A) Inhomogeneous large crystals were obtained and used as a starting suspen-
sion for the preparation of seedstock. (B) Homogeneous PYP microcrystals obtained using seedstock.

Using different seedstock volumes, we could modulate the size of the crystals and
crystals were ready in 1 h after crystallization was setup, allowing modifications of crystal
size even during an ongoing experiment.

The crystals float on top of the solution due to the higher density of the crystallization
solution, making it difficult to accurately estimate the crystal density. To generate a stable
liquid jet, the sample volume was adjusted to 1.5 times compared to the total volume used
in crystallization (Figure S1F).

The optimized expression and purification protocol, as well as the crystallization
using seedstock, led to a reliable and reproducible production of PYP microcrystals in large
amounts, making them a useful standard sample for pump-probe experiments.

4. Discussion

In this review, we present detailed and reproducible protocols for the preparation and
crystallization of lysozyme, myoglobin, iq-mEmerald, and PYP, specifically adapted for SFX.
These standard samples were chosen for their straightforward crystallization properties,
well-characterized structural data, and relevance to a wide range of SFX applications,
including time-resolved studies and instrument commissioning.

Each protein system required specific modifications to optimize crystal quality and to
make suitable sample delivery methods. Lysozyme, as a widely used benchmark sample,
was crystallized under controlled conditions to ensure consistent size and density. The
size of the crystals can be easily modulated by using different temperatures, without
the need to change the concentration of precipitant solutions or Lysozyme. Myoglobin
crystallization was refined by precise adjustment of precipitant concentrations and, where
necessary, deoxygenation steps to support studies of redox-state and ligand binding. The iq-
mEmerald system, with its intrinsic fluorescence, provided real-time monitoring of sample
injections and diffusion in mixing nozzles as well as the ability to easily produce crystals
with different sizes and morphologies. Lastly, we provided a PYP preparation protocol of
improved yield and shortened purification and crystallization times. The crystallization of
PYP required using a seedstock, which significantly improved crystal homogeneity and
growth reproducibility.

All four standard samples, lysozyme, myoglobin, iq-mEmerald, and PYP, exhibit
stable crystal suspensions for a minimum of six months when stored at room temperature.
To ensure optimal sample quality prior to use, an additional filtration step is performed
immediately before injection to remove any large particles or aggregates that may have
formed during storage. This approach maintains consistent crystal size distribution and
preserves sample homogeneity, critical for reliable serial crystallography experiments. This
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long-term also benefits their use as convenient and reliable standard samples for serial
crystallography experiments.

Each of these protein crystal samples has been validated through data collection at
the SPB/SFX instrument at the European XFEL. Under standard experimental conditions,
lysozyme, myoglobin, and iq-mEmerald crystals diffracted to approximately 1.7 Å, 1.6 Å,
and 1.8 Å resolution at 9.3 keV, respectively, while PYP crystals reached 1.3 Å at 11.56 keV.
These high-quality diffraction results confirm the suitability of these proteins as standard
samples for serial crystallography. It is noted that even higher resolutions may be attainable,
as the current limits were set by the used photon energy and detector distance rather than
intrinsic crystal quality. Together, these outcomes demonstrate both the practical reliability
and benchmarking value of the selected standards for SFX applications at XFEL facilities.

The standardized methods presented here not only facilitate accurate and reproducible
data collection but also support the broader adoption of SFX by lowering technical barriers
for new users and laboratories. By providing clear, stepwise protocols, this work contributes
to the harmonization of sample preparation practices across the SFX community, enabling
more consistent benchmarking and comparison of experimental results.

While our focus remains on lysozyme, myoglobin, iq-mEmerald, and PYP, we also
highlight other proteins and biological particles, such as thermolysin, glucose isomerase,
proteinase K, trypsin, other GFP derivatives, thaumatin, and granulovirus that serve as al-
ternative or complementary standards for SFX. These additional samples offer unique prop-
erties and extend the versatility of SFX for a wider range of structural biology challenges.

5. Conclusions

The protocols presented in this review provide a reliable framework for preparing
high-quality standard protein crystals suitable for SFX experiments. The standardized
methods contribute to the advancement of structural biology by enabling accurate and
reproducible data collection and facilitating proof-of-concept studies as well as instrument
commissioning. By streamlining such applications, these processes accelerate the genera-
tion of biologically meaningful structural insights and contribute to a deeper understanding
of biomolecular structure and dynamics.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biom15111488/s1.mdpi.com/article/doi/s1. Figure S1: Sample
injection images; Figure S2: The unprocessed SDS-PAGE image used in Figure 5. References [117,118]
are cited in the Supplementary Materials.
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Abstract: The conventional approach to investigating enzyme systems involves the simul-
taneous investigation of a large number of molecules and observing ensemble-averaged
properties. However, modern science allows us to study the properties of single molecules
and to obtain data on biochemical systems at a fundamentally new level, significantly ex-
panding our understanding of the mechanisms of biochemical processes. Imaging of single
biomolecules with high spatial and temporal resolution is among such modern research
tools. To effectively image the individual steps or intermediates of biochemical reactions in
single-molecule experiments, we need to develop a methodology for data acquisition and
analysis. Its development will make it possible to solve the problem of separating the static
and dynamic disorder present in the parameters identified by traditional proteomic meth-
ods. Such a methodology may be based on AFM imaging, the high-resolution microscopic
visualization of enzymes. This review focuses on this direction of research, including the
relevant methodological and practical solutions related to the potential of developing a
single-molecule approach to the study of enzyme systems using AFM-based techniques.
We focus on the results of enzyme reaction studies, as there are still few such studies, as
opposed to the AFM studies of the mechanical properties of individual enzyme molecules.

Keywords: atomic force microscopy; single-molecule enzymology; protein structure;
protein function; AFM imaging

1. Introduction

The study of kinetic processes at the single-molecule level is a relatively recent direc-
tion in modern biochemistry. According to statistics from the PubMed platform, more than
400 papers on this topic (retrieved using the keyword string “single-molecule enzymology”)
have been published worldwide in the last five years, which is an indication of its relevance.
This is a promising trend due to the potential to use the resulting knowledge to diagnose
diseases associated with enzyme dysfunction [1,2]. Research into kinetic activity lies at the
interface of different domains of science, from classical enzymology to single-molecule bio-
physics. The key advantage of using biophysical methods to study kinetic processes at the
single-molecule level is that they allow one to investigate the heterogeneity of free energy
states in molecular populations, which is generally a challenging problem for conventional
ensemble averaging approaches [3]. Brownian fluctuations and thermal forces are factors
playing an important role in molecular heterogeneity. They are the main source of noise
and variability in single-molecule experiments. In many cases, it is difficult to differentiate
between molecular heterogeneity and stochastic noise caused by thermal effects. A system
can be characterized by both temporal and spatial heterogeneity; single-molecule studies
allow these differences to be tracked. In cases when the ensemble methods allow one to
obtain mean values only, the techniques enabling single-molecule detection may eventually
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provide not only the mean value but also the probability distribution on both sides of this
mean value. The distribution of values with distinct clusters separated by gaps may indi-
cate different energy or conformational states, while the position of the mean value relative
to two distinct clusters may indicate that a certain state is preferred over another. The
probability distribution of values may detect deviations from the statistical mean behavior
and, with sufficient biological and physical insight, become a basis for investigating the
potential mechanism of the observed behavior that lies outside the scope of what can be
deduced from the simple average value obtained using the integral method [4].

Single-molecule studies of enzyme systems allow the observation of transient states
and intermediate products for which information can be lost during ensemble measure-
ments. It is possible to determine the dependence between the mechanistic movements of
a globule and the catalytic function within a single molecule. It is clear that in enzymatic
reactions for which the activity is measured using the conventional ensemble method (e.g.,
as the number of enzymatic cycles per unit of time), the functions of the molecules that
make up the system as a whole are not synchronized. In other words, at each specific
moment, each enzyme molecule can undergo a different stage of the reaction. In the
meantime, chemical reactions carried out in a single-molecule system give an idea of the
fluctuations in properties that are disguised when the properties of a molecular ensemble
are measured [5]. Thus, there are models that allow one to determine the distribution of a
property over time in simple extreme cases rather than an averaged value, as well as study
their sensitivity to the initial conditions [6]. The biochemical sense of a catalytic reaction at
the single-molecule level has been demonstrated by both computational and experimental
studies, which have shown that the Michaelis–Menten equation is still valid even for an
enzyme but has a different microscopic interpretation [7].

Advances in experimental and computational methods have spurred the emergence
of integrated tools that can be used in research related to stubborn biological problems.
Experimental progress has been achieved due to the enhancement of the sensitivity and
operating speed of sensors, the stability and efficiency of light sources, probes, and mi-
crofluidic devices, as well as important factors such as improvements in the mathematical
methods underlying the operation of the equipment [4]. Biophysical methods have already
been used in single-molecule studies from the perspective of common soft condensed
matter [8], as well as complex nanosized biomolecular machines [9] and features of the
behavior of individual molecules in living cells [10,11].

The key characteristics of enzyme-catalyzed reactions have been extensively studied
at the single-molecule level using a variety of physicochemical methods. Protein structures
and functions have been determined, but most of them have been reported for the static
molecular conformation. Thus, a lot of information on protein structure has been obtained
using techniques such as small-angle X-ray scattering [12] and nuclear magnetic resonance
(NMR) [12–14]. The dynamic investigation of the properties of analyzed molecules during
reactive events, both in simple single-step reactions and in complex multistep processes, is
a relevant problem. A large body of data has been obtained using techniques such as total
internal reflection fluorescence microscopy (TIRFM), confocal microscopy, single-molecule
fluorescence resonance energy transfer (smFRET), fluorescence correlation spectroscopy
(FCS), optical tweezers (OTs), and magnetic tweezers (MTs) [15].

Combinations of methods such as correlative atomic force microscopy and fluores-
cence microscopy are often used for measurements in environments that are closest to
physiological ones. Single-molecule fluorescence analysis has provided valuable data on
the correlation between changes in the rate of a catalytic reaction and the conformational
fluctuations of the enzyme (e.g., [7]). Fluorescence microscopy techniques that are used for
the study of enzymatic reactions lie beyond the scope of this review. For fluorescence-based
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methods, it is required to insert specific labels in which dyes are covalently linked after
site-directed mutagenesis, which affects the native structure of protein molecules. Further-
more, the processes that occur during label staining limit the time range of any particular
experiment to three orders of magnitude or less, although single-photon detection has
a nanosecond temporal resolution, and fluorescence experiments can technically last for
hours [16,17].

The interactions between objects are force-driven, so they are key parameters in bio-
logical mechanisms ranging from physiological to cellular and molecular processes such
as cotranslational folding, sensory reception, adhesion, and cohesion [18,19]. Processes
such as protein folding, translocation, substance transport, and biomolecular interactions
involving rearrangements of molecular conformations cannot be observed using the con-
ventional biophysical tools such as nuclear magnetic resonance (NMR) spectroscopy, trans-
mission electron microscopy (TEM), circular dichroism (CD), or any type of fluorescence
spectroscopy, since the aforementioned technologies are not intended to apply force to
biomolecules, including for the study of elastic properties [20].

Combined molecular dynamics simulations have recently been widely used to study
the significance of the specific conformational rearrangements of enzymes during their
functioning (for example, [21]). Despite the improvement in modeling methods, important
limitations remain. The main limitation is that modeling cannot reach the time scales
of most enzymatic reactions. Therefore, it is necessary to develop new experimental
methods capable of investigating the dynamics of enzymes during catalysis, providing new
information that complements the results obtained using existing experimental approaches
and molecular modeling methods.

Contrariwise, the atomic force microscopy (AFM) allows the analysis of molecules
by imitating conditions close to the cellular environment, as well as the study of objects
in high nanometer-scale resolution [22]. The underlying principle of AFM enables the
high-precision control of applied forces and the monitoring of objects at the molecular level.
As for enzymes, they are a convenient system for observing the functional properties of
single-protein molecules, since most of them undergo conformational changes during a
catalytic reaction. Therefore, AFM enables monitoring the functioning of single-enzyme
molecules in a liquid medium (i.e., under conditions maximally close to the native ones).

2. The AFM Principle

The underlying principle of AFM measurements is based on the interaction between
the scanning element (a cantilever or probe) and the sample surface on which the ana-
lyzed bio-object is adsorbed. The necessary condition for using AFM is the adsorption of
the analyzed enzyme onto the atomically smooth surface, which implies that the protein
properties on the surface differ from those of a molecule in the solution. However, the
immobilized enzyme system is used in many biotechnological, biosensor, and medical di-
agnostic systems [23]. From the perspective of conformational characteristics and retaining
the functional properties of biomolecules, it might seem that the need to use the surface is a
drawback of AFM. However, numerous studies reporting the results of using such systems
to solve bioassay-related problems [24] confirm the stability of immobilized biomolecules
and the preservation of their structural and functional properties [25,26].

As mentioned above, in AFM, the surface is scanned using an AFM probe; in most
commercial AFM probes, the tip has the shape of a pointed pyramid. The size of the
sensitive zone of the probe (the tip curvature radius) is several nanometers, which is
comparable to the size of most globular proteins, including enzymes. According to TEM,
NMR, and X-ray data, the protein size ranges from 5 to 10 nm [27], while the minimum
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radius of curvature of the probe tip is 1 nm, providing high-resolution AFM imaging of the
surface with the adsorbed protein.

The tapping mode is traditionally used for biological objects. This is a measurement
mode based on the detection of changes in the characteristics of probe vibrations depending
on the surface topography, usually used for the visualization of fragile objects such as
proteins [28]. This measurement mode is preferred because it minimizes the impact of
the probe on analyzed objects, preserving their structural and functional properties. It is
also a mode that provides new structural and mechanical information about the enzymes
being studied. Thus, when using the harmonic oscillator model, the tapping mode based
on nonlinear properties can enhance the processes that are barely detectable in the static
(contact) mode [28].

The advances in AFM are the result of the optimization of sample preparation meth-
ods [29–31] and imaging [32], as well as the continued mastery of the methodology and
hardware [33]. At its early stages, AFM analysis could be performed only in the air. More
recently, a technique suitable for single-biomolecule analysis in physiologically relevant
solutions has been developed, making AFM a sought-after technique in the research into
enzyme systems.

The most recent key innovations include the optical positioning system and the
bio-AFM liquid cell, AFM based on the quantitative detection of parameters of the force–
distance curve (FD-AFM), and high-speed AFM (HS-AFM). Most of these modes are
mutually complementary and are used in combinations [34,35]. The AFM methods can
traditionally be divided into two large groups: AFM imaging and AFM-based force spec-
troscopy (AFM-FS). Table 1 summarizes the results of the study of enzyme systems using
AFM. Our focus is on the results of studies for enzyme reactions, since there are not many
such studies yet, in contrast to the AFM studies of the mechanistic properties of individual
enzyme molecules.

Table 1. Summary of the results of the studies of enzyme systems using AFM.

AFM Mode Enzyme System Parameter Reference

AFM-FS

Thioredoxin family Mechanism of reduction in disulfide bonds Alegre-Cebollada
et al. [36]

Cellulase (CBM 1, CBH I, and
Trichoderma reesei) The bond strength of individual molecules Arslan et al. [37]

Cellulase

Comparison of the adhesion forces between
cellulase and lignin with those between cellulase
and cellulose and the examination of the moiety
groups involved in cellulase binding to lignin

Qin et al. [38]

AFM imaging

Lysozyme Height fluctuations of lysozyme protein molecules Radmacher et al. [39]

P450 CYP102A1 Height fluctuations of protein molecules Ivanov et al. [40]

Lipase Layers degradation induced by the lipase enzyme Balashev et al. [41]

Lignin Layers degradation of lignocellulose films during
hydrolysis Lambert et al. [42]

AFM imaging
(HS-AFM)

Caseinolytic peptidase B protein
homolog (ClpB)

The dynamics of changes in protein globule
morphology and their relationship to
catalytic activity

Uchihashi et al. [43]

ATPase histone chaperone Abo1 Cho et al. [44]

V1-ATPase Maruyama et al. [45]

Laminin-111 and laminin-332 Akter et al. [46]

Cas9 nuclease Shibata et al. [47]
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3. AFM-Based Force Spectroscopy

AFM-FS techniques applied for mapping the interaction force under different load-
ing conditions are often referred to as dynamic force spectroscopy [48], which is a sep-
arate research area for studying the elastic, adhesion, and denaturation properties of
protein molecules.

Most studies focus on single-enzyme molecule systems using AFM-FS that deal with
protein folding/unfolding. The principle of plotting force curves is based on monitoring
probe deflection and piezoelectric element displacement during the cycle of the AFM probe
approach and release with respect to the sample surface [49]. Graphically (Figure 1), the
force curves show the applied force as a function of the distance between the probe tip and
the sample. The investigation of the dynamic sub-angstrom-scale rearrangements of atoms
involved in catalysis is an experimentally challenging problem [36].

 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Scheme of data acquisition during measurements in the AFM-FS mode. The probe
approaches and is retracted from the surface (green arrows). An enzyme is immobilized on the
surface, a substrate molecule is attached to the probe tip (a), or the probe is not modified and the
“force-clamp” technique is used (b). The dependence of the ‘lever deflection’ on the position of
the piezoelectric element is recorded, which ensures the convergence of the probe and the surface.
The “lever deflection” signal can be converted into a force value with high accuracy; the recording
“piezo-motion” parameters allow us to determine the time of approach and the retraction of the
probe from the object. The applied force, probe delay time, approach, and retraction speeds are
recorded with high accuracy. A schematic representation of the force–distance curve is shown in
(c). At large distances (A), the probe and the surface are far from each other, and, therefore, the
probe deflection is not measured. As it approaches, the probe begins to feel long-range interactions,
mainly of electrostatic and Van der Waals origin (B). The interaction of the surface and the probe tip
may be reflected as a jump to the contact (C) in the case of attraction. A further approach leads to
the deflection of the probe as it is physically in contact with the surface (D); further compression of
the probe on the surface leads to further probe deflection. During the reverse movement of the probe,
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hysteresis (F) is observed, since the probe tip interacts with the surface (or enzyme molecule).
Depending on the nature of the interaction and the presence of the different force levels of the
interactions, the critical adhesion force (F) changes, and characteristic steps appear in the region
(C–F). The careful processing of AFM data and a well-prepared experimental design allow obtaining
information about intermolecular interactions (in case (a)) or about enzyme globule folding/unfolding
and conformational rearrangements in the enzyme globule (b). Once the probe overcomes the
adhesive force, it detaches from the surface (G).

Due to the feasibility of modifying the AFM probe surface and immobilizing molecules
on it, AFM-FS can be used to investigate intermolecular interactions in the enzyme system
(Figure 1a). In paper [50], the results of the studies of the interaction between lignin and an
enzyme are considered. Lignin is a complex polymer that inhibits the enzymatic conversion
of cellulose to glucose in lignocellulosic biomass for biofuel production. Cellulase enzymes
irreversibly bind to lignin, deactivating the enzyme and reducing the overall activity of the
hydrolysis reaction solution [38]. One of the participants in the enzymatic reaction must be
attached to the tip of the AFM probe, while the other biomolecules are immobilized on the
substrate. The paper [50] summarizes studies using probe-attached receptor molecules to
study enzyme–lignin interactions at the single-molecule level.

Conformational rearrangements in the enzyme globule occur during the catalytic
cycle due to covalent bond formation/cleavage and atomic rearrangement [51] (Figure 1b).
The stiffness of a covalent bond is ∼10 nN/Å; the distance in the transition state for a
chemical reaction is typically a fraction of an angstrom, so a respective impact of the probe
(in the range of ~100 pN to ~1 nN) on the bond is required, which is applicable in the AFM
modes [36]. In the modes utilizing a “force clamp” immobilized on the object surface, the
force applied to the protein globule can be varied with an accuracy of several hundred
piconewtons [52]. The deflection of the probe and the applied force are kept constant by
a highly sensitive electronic feedback system [53]. In this approach, forces are applied
directly to the disulfide bond in the substrate.

Alegre-Cebollada et al. [36] demonstrated the feasibility of quantifying the effect of
the applied force on the enzymatic cleavage of covalent bonds (Figure 2). The results of
the application of AFM-FS in the study of the mechanism of disulfide bond reduction
by various enzymes of the thioredoxin (Trxs) family are considered. Thioredoxins are
reductases that catalyze cysteine–thiol–disulfide exchange reactions. There is evidence that
the thioredoxin system is involved in the processes of aging, carcinogenesis, the regulation
of proliferation, and apoptosis [54].

The article [36] considers in detail the specific requirements necessary for the ap-
plication of AFM to an enzyme system. The dependence of the reduction strength of
disulfide bonds has been studied for both various chemicals as well as for different Trxs.
The work [36] has shown that the enzymatic reaction depends on probe force, which is
related to sub-angstrom scale rearrangements in the thioredoxin enzyme and substrate
during catalysis [55,56]. To study the process of disulfide bond reduction, two measurement
schemes are used in which the applied force is varied. Applying a force of 160–190 pN for
0.3–1.0 s unfolds the domains of the polyprotein. Forces greater than 1 nN are required to
break covalent bonds. Therefore, individual unfolding events can be clearly detected as a
10.8 nm step increase in the length of the polyprotein, resulting in well-defined steps in the
length-time plot. The shape of the dependences serves as a well-defined fingerprint that
definitively distinguishes the polyprotein of interest from any other spurious interactions.
Successive unfolding events under the action of force allow the detection of disulfide bonds
that have been closed in the protein. The authors showed that the dependence of the
reaction rate on the force provides new knowledge into the dynamics of the enzyme and
substrate during catalysis. Using the parameter Δx (i.e., the distance to the transition state
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of the reaction), which can be determined from the obtained force–distance curves, it is
possible to assume the presence of the spatial rearrangements of the polypeptide chain
regions in the transition state of the reaction. The authors obtained information about the
geometry of the transition state by using chemical reagents to cleave the disulfide bond. The
authors suggest that the information obtained about the transition state is independent of
the lifetime of the enzyme in this state. The advantage is that no matter how short- or long-
lived the transition state is, it can always be detected by varying the strength of the impact.
The authors emphasize that these rearrangements can be determined on a sub-angstrom
scale only using AFM and are unattainable by other modern experimental techniques.

 
(a) (b) 

Figure 2. (a) At an applied force of 165 pN, a series of 10.8 nm steps is detected, reflecting the rapid
unfolding of the modules to the disulfide bond. If a reducing agent such as the Trx enzyme is present
in the solution (red curve), a second series of 13.2 nm steps is detected. These correspond to the
reduction in disulfide bonds and the subsequent release of residues 32 through 75. In the absence
of a reducing agent in solution, no reduction occurs (blue curve) [36]. (b) Diagram of the energy
landscape for the thiol/disulfide exchange reaction under force, where Δx is the distance to the
transition state of the reaction. Figures adapted from [36].

AFM has great potential to study the interaction between lignin and an enzyme under
conditions close to physiological ones. Due to the high molecular weight of cellulase, steric
hindrances for intermolecular interactions occur when modified on the AFM probe. Most
cellulases consist of two domains: the catalytic domain (CD) and the cellulose-binding
module (CBM), connected by a highly glycosylated flexible linker. CBM plays an important
role in the binding of lignin to cellulase, revealed by molecular dynamics simulations [57].
Since cellulase is not suitable for plate modification, CBM is commonly used to represent
cellulase enzymes and to functionalize AFM plates to study the lignin/cellulose-enzyme
system at the nanoscale. The authors of this work [50] point out that when studying the
force interaction for an enzyme to be immobilized on a probe, the choice of crosslinker is
critical. The modification of biomolecules should result in the fact that during the studies,
only one enzyme at the tip can contact another molecule modified on the surface [35].
Among the methods, using AFM-FS, which is capable of detecting the bond strength
of individual molecules, is often used. Arslan et al. conducted a series of studies [37]
on the nanoscale interaction between lignin and CBM (used as a representative enzyme
model) (Table 1). It was found that electrostatic and dipole–dipole forces mainly create
the interaction between CBM and lignosulfonates. Hydrophobic forces and Lifshitz–van
der Waals forces are characteristic of the interaction of kraft lignin and CBM. Organosolv
lignin showed the weakest non-productive bond with CBM. Qin et al. [38] studied the
interaction between lignin and cellulase based on the adhesion of a substrate-immobilized
enzyme to a substrate molecule immobilized on the probe. The immobilization must
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maintain sufficient mobility and freedom of orientation to facilitate recognition as well
as properly bind enzymes to the surface through covalent or noncovalent bonds. The
results of this study showed that the measured adhesive forces between lignin and cellulase
were, on average, 45% higher than those between hydroxypropyl cellulose and cellulase,
demonstrating the specific nature of the binding in the enzyme–substrate complex.

Unfortunately, AFM-FS usually requires longer data acquisition time compared to AFM
imaging, thus limiting the wide use of this approach. Moreover, this mode is incapable of
detailing a region of the enzyme globule for which the parameter is recorded. As a result, AFM-
FS can provide additional information about the mechanism of an enzymatic reaction and
changes in the structural properties of a molecule during the reaction at the single-molecule
level, but the kinetic parameters of the reaction cannot be determined using this technique.

4. AFM Imaging

The investigation of enzyme systems based on the AFM imaging data (i.e., surface
topography measurements) was started quite a long time ago [39]. However, although
AFM has been successfully used to visualize protein structures, early studies focusing on
the dynamics of changes in protein globules during a reaction were hampered by the low
scanning speed of AFM.

The scan rate of standard equipment was, on average, one line per second, so it
took up to several minutes to acquire a single image of the desired resolution, whereas
biological reactions proceed at the millisecond and shorter time scales. Dynamic processes
in protein molecules occur at several time scales: from tens of femtoseconds to hundreds of
seconds [58]. Fluctuations or any other conformational motions in proteins are related to
time scale (e.g., vibrations occur within hundreds of femtoseconds, while large motions
such as domain motions in proteins occur at the millisecond time scale [58]).

Scanning speed is a significant factor affecting the research results and defining the
range of problems that can be solved. AFM scanning is accompanied by both sample
deformation and image displacement caused by the system drift, especially when scanning
in solutions. It is important to take into account data asynchrony, as the data for all the
pixels in the image are acquired not simultaneously but with a sequential time delay
upon the linewise movement of the probe (for probe scanning) or the specimen stage (for
specimen scanning). Accordingly, one can imagine that the slow scanning of a rapidly
changing object will result in low spatial resolution [59]. Biological molecules undergo
translational diffusion, rotational diffusion, and conformational changes related to their
functions, which affect the morphology of the observed objects and, therefore, the apparent
spatial resolution of the AFM image. Therefore, an improvement in the temporal resolution
of AFM is key to imaging dynamic and mobile biological molecules and clearly resolving
their detailed characteristics [60].

In the work [39], the height fluctuations of lysozyme molecules were studied using
AFM in the tapping mode in liquid (Figure 3).

The essence of this work [39] is that the height measurements were made by fixing the
probe on a lysozyme monolayer without scanning for 32 s. This method made it possible
to detect the vibrations of lysozyme molecules in the presence of a substrate in the system
at 1 nm, but vibrations were absent in other systems, such as a protein buffer solution,
a protein with an inhibitor, and a protein with an inhibitor and a substrate (Figure 4).
The authors of the article associate vibrations with possible conformational changes in
lysozyme caused by hydrophobic interactions during hydrolysis. It was calculated that
a force of 50 pN is required to bend the cantilever by 1 nm, and the energy associated
with this bending is approximately 0.1 eV. The enthalpy of hydrolysis is about 0.5 eV per
substrate molecule, which is sufficient to bend the cantilever. These measurements indicate
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that the observed jumps in the measured height in the presence of substrate are probably
due to the enzymatic activity of lysozyme.

 

Figure 3. The scheme of measurements in AFM imaging mode to observe protein height oscillations
during the catalytic activity of proteins, as proposed in [39]. The probe is installed above a selected
surface area containing a layer of enzyme molecules. In the first stage, the height of the objects
is recorded under the conditions of an enzyme reaction without the necessary component—the
substrate (left panel); the initial level of oscillation of the height of the molecule is measured. In the
second stage, the substrate is added to the liquid medium, the enzyme reaction is initiated, and the
level of oscillation increases (middle panel). For control, an inhibitor is added to the system, and the
enzyme reaction does not proceed; the level of the height oscillation remains at the background level
(right panel). These measurements indicate that the observed jumps (middle panel, plot image, small
blue arrows) in the measured height in the presence of substrate are probably due to the enzymatic
activity of lysozyme.

  
(a) (b) 

Figure 4. (a) Monolayer height variations in lysozyme molecules adsorbed on mica measured by
AFM. The data were recorded on mica or on lysozyme in buffer, on lysozyme in buffer containing
the substrate 4-methylumbelliferyl-N,N′,N′′-triacetyl-chitotriose (~10 μM), in buffer containing the
inhibiting substance N,N′-chitobiose (~20 μM), and in buffer containing both substances. Spikelike
jumps appear in the height signal. The apparent height of these jumps is on the order of 1 nm.
(b) Comparison of a dataset of 271 points from six different preparations. The graph shows the points
that exceeded the mean value of the data by more than 0.5 nm. The mean and standard deviation are
indicated by the filled circle and vertical line. Figure adapted from [39].
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In paper [40], cytochrome P450 activity was studied using the measurement principle
similar to that reported by Radmacher et al. An approach (Figure 5) has been developed
to measure the activity of the single oligomers of the heme-carrying enzyme, cytochrome
P450 CYP102A1, based on the AFM imaging data. The amplitude of the height oscillations
of single-molecule enzymes involved in the catalytic cycle was shown to be twice as high
as the height oscillation amplitude of the same enzymes in the inactive state. It was also
demonstrated that the amplitude of the height oscillations of the CYP102A1 protein globule
is temperature dependent, and the peak in this curve was observed at 22 ◦C. The activity
of a single CYP102A1 molecule expressed as a unit amplitude of the height oscillations of
the protein globule per unit of time was 5 ± 2 Å/s. This process was recorded based on
changes in heights (Oz axis, labeled height in schematic Figure 5c) over the observation
time for each molecule (Oy axis, labeled time in schematic Figure 5c).

 

 

(a) (b) 

 
(c) 

Figure 5. AFM data for the registration of molecular height oscillations during functional activity; an
approach was applied in [40]. The height oscillations of individual molecules can be recorded at each
stage of the catalytic cycle of the enzyme. (a) The first step is the registration of surface topography.
The area of interest for the visualized object is selected; (b) the second step is topography registration
along Ox, and the slow Oy axis was turned off; (c) 3D visualization of the second-step results. The
Oy axis corresponds to a time of observation for each molecule. The trajectory of the fluctuations of
the maximum height of this molecule as a function of time, hmax(t), may be determined in the image
of the sections of a single molecule.

The kinetics of the enzymatic reaction were also studied by Balashev et al. using the
AFM measurements of the topography [41]. This study was based on the evaluation of
the occurrence and the growth rate of the defects of the dipalmitoyl phosphatidylcholine
(DPPC) degradation layers induced by the lipase enzyme. It was demonstrated that an
analysis of sequential AFM images allows one to assess the degradation rate of the adsorbed
bilayer, which was attributed to the formation of a product of enzymatic hydrolysis. In this
study, the authors relied on an assessment of the changes in the heights of the substrate
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layers over time, which is not quite suitable for studying the enzyme systems conventionally
using low-molecular-weight substances, which are difficult to detect by AFM as substrates.

Also, in our review, it is worth mentioning that one of the articles cited in [50] is
devoted to the structural changes in the lignocellulosic substrate in situ during the en-
zymatic reaction. Lambert et al. proposed using in situ AFM to visually determine the
enzymatic hydrolysis of lignocellulosic films with different lignin contents [42]. This paper
proposes a strategy to gain insight into the resistance of lignin to enzymatic hydrolysis.
Cellulose nanofibril (CNF) lignocellulose films with increased lignin content (up to 40%)
were prepared. In situ measurements were performed in real time using atomic force
microscopy (AFM) during hydrolysis, and the results were compared with biochemical
analyses. Based on the results of the work, the authors emphasized the importance of lignin
content and the mutual orientation of CNF and lignin for the efficiency of hydrolysis. An
original quantitative analysis of in situ measurements with time-lapse measurements is
proposed to visualize the in situ deconstruction of complex lignocellulosic substrates.

A significant breakthrough in the study of biological processes was made as a set
of tools has been achieved with the development of a number of tools and the design of
high-speed AFM-based (HS-AFM) systems. Several improvements aimed at rapid scanning
while focusing on the investigation of biological specimens have been implemented [61–63].
It should be noted that when discussing the speed of HS-AFM imaging, several possible
definitions of speed have to be distinguished, such as (a) the image acquisition time
(frames/s) and (b) the scanning speed of a probe (m/s). Since we further discuss the use
of HS-AFM to study the dynamics of changes in protein globule morphology and their
relationship to catalytic activity, the lag time between image acquisitions is more significant
than the scanning speed of a probe [64].

The use of small probes with resonant frequencies lying in the megahertz range was
one of the key technical solutions [65]. The design of rigid and compact piezoelectric
scanners in combination with the development of control techniques has significantly
improved the AFM imaging technology [66]. The HS-AFM equipment currently allows
scanning at a frame rate of ~33 frames/s and temporal and spatial resolutions comparable to
the dynamic analysis of biospecimens [67,68]. The details of the setup and the improvement
of its components have recently been thoroughly reviewed in detail in [69,70].

HS-AFM imaging is an approach that has enabled the real-time visualization of
biological macromolecules during their functioning. The temporal resolution is typically
less than 100 ms; the lateral and vertical spatial resolutions are 2–3 nm and ∼0.1 nm,
respectively [60]. However, the level of detail obtained in HS-AFM experiments is critically
dependent on the spatial and temporal resolutions of the system. HS-AFM has been used
to directly observe reactions, such as the formation of the enzyme–substrate complex
and protein folding by chaperones, to study caseinolytic peptidase B protein homolog
(ClpB) [43], ATPase histone chaperone Abo1 [44], and V1-ATPase [45]. HS-AFM made it
possible to detect conformational changes in a molecule upon visualization in solutions,
but it is worth mentioning that all the proteins were well immobilized on the mica surface.
The choice of an immobilization method is of crucial importance for imaging molecules
while preserving their actual structural and functional features and not preventing their
conformational changes.

An example of employing HS-AFM is the study of the structural dynamics of laminin-
111 and laminin-332 under physiological conditions [46]. The results demonstrate that
the coiled-coil domain of laminin-332 is highly dynamically bent around a defined central
molecular hinge, whereas the coiled-coil domains of laminin-111 retain their relatively sta-
ble S-shaped configuration. Furthermore, structural fluctuations in the cluster of C-terminal
LG domains of laminin-111 and laminin-332 between the compact and open conformations
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were detected, which may play a role in the regulation of the binding of adhesion recep-
tors. Thus, it was demonstrated that HS-AFM can reveal isoform-specific conformational
changes occurring in different laminin domains, thus providing new insights into the
dynamic structure and specific assembly of laminin affecting the functional properties of
the chain.

Another example of using HS-AFM is the visualization of target DNA cleavage by
the CRISPR/Cas9 complex during the life cycle [47]. The AFM data have provided data
about the functions of the CRISPR/Cas9 complex, including complex assembly, target DNA
search, chain cleavage, and product release, which have improved the understanding of the
mechanism of action of the gene-editing tool. Of particular interest is that this study has
demonstrated the oscillation of the Cas9 nuclease HNH domain, which is responsible for
site cleavage, upon binding to the target DNA, and showed differentiation between active
and stable closed conformations of a single Cas9 molecule and the Cas9–RNA complex on
the mica surface (Figure 6).

  
(a) (b) 

  
(c) (d) 

Figure 6. (a) Complex assembly of Cas9–RNA–DNA; the scale bar is 20 nm. (b) Close-up view
of a representative HS-AFM image of Cas9–RNA–DNA. The scale bar is 10 nm. (c) Time courses
of correlation coefficients for the individual domains between the sequential HS-AFM images of
Cas9–RNA–DNA in the absence of MgCl2. The HNH domain fluctuations are indicated by magenta
arrows. (d) The time courses of the correlation coefficients for the individual domains between
the sequential HS-AFM images of Cas9–RNA–DNA in the presence of MgCl2. The HNH domain
fluctuations are indicated by magenta arrows. The release of the cleavage product is indicated by a
blue line. Figure adapted from [47].

Special attention should be paid to the analysis of the data obtained by high-speed
AFM imaging. There exist several methods for analyzing the morphology and motion
of a protein globule according to the AFM data (Figure 7). The overall conformational
changes for the observed molecules can be determined from their size (e.g., by calculating
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their circumference), a parameter indicating how circular the contour of the observed
molecule is, which is defined as Equation 4πS/L2, where L and S are the contour length
and the area enclosed by the contour, respectively [43,71]. When molecule parts change
their shape and/or mutual arrangement, conformational changes can be detected by
tracking the motion trajectory of a certain section of the moving domain(s)/cluster(s) [68,72].
The histograms of the distances traveled by certain domains allow one to estimate how
significant the conformational changes that a molecule undergoes during the observation
period are [72]. In all cases, mathematical and statistical analyses based on the observations
of a large number of molecules (usually hundreds of molecules) are required to verify the
objective conclusion. For example, it has been demonstrated that HS-AFM imaging of
single ERdj5 molecules revealed multiple cluster orientations and the highly mobile nature
of the C-terminal cluster compared to the N-terminal cluster [72]. The authors analyzed
the movement of ERdj5 clusters by tracking trajectories and plotting a histogram of their
travel distances. To assess the conformational diversity of ERdj5 molecules, Okumura
et al. [73] calculated the circularity for each observed molecule and plotted a histogram.
They demonstrated that the average circularity of the wide-type ERdj5 wild type (WT) (0.67)
was lower than that for the mutant proteoforms in which the cluster orientation was fixed
as form I (0.76) or form II (0.71), and the half-width of the Gaussian fitting curve for WT
was the largest among these three variants. This indicated highly dynamic conformational
changes for WT and the most circular shape for the mutant proteoform I, as evidenced by
the cyclicity revealed by tracking the cluster trajectory [72].

 
(a) 

 
(b) 

Figure 7. Scheme of interpretation of data obtained using high-speed AFM imaging (HS-AFM).
During the catalytic cycle, a series of images is recorded, the target object—an enzyme molecule
or some domain—is isolated, and the morphology of the object is analyzed. There are several
methods for analyzing the morphology and motion of a protein globule using AFM data. General
conformational changes for the observed molecules can be determined from their size (e.g., by
calculating their circumference, a parameter indicating how circular the contour of the observed
molecule is) (a) or by observing the trajectories of the target structures (b).

The analysis of the AFM imaging data acquired by HS-AFM differs significantly from
the analysis of the previously used data obtained using the standard equipment. For
example, in the study mentioned previously [40], the oscillations of the height of individual
CYP102A1 molecules were recorded at each stage of the catalytic cycle of the enzyme
during lauric acid hydroxylation using the adapted method described in ref. [39]. The
principle of AFM data acquisition is shown in Figure 4. The AFM images of at least ten
different molecules of the enzyme were recorded at each stage. First, the surface topography
(Figure 5a) was recorded by selecting an object in the image whose height corresponded
to that of a protein globule. Then, during AFM visualization, scanning along the slow
Oy axis was turned off (Figure 5b). Hence, an image was obtained as “sections” for each
visualized molecule (Figure 5c); i.e., a time sweep of one line of a topography image section
was recorded. The trajectory of fluctuations of the maximum height of this molecule as a
function of time, hmax(t), was determined in the image of the sections of a single molecule.
For a comparative analysis of the trajectories of different molecules, their linear fitting
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was performed. The value (the amplitude of height fluctuations for a single molecule
over a time interval) was calculated using the result of such an action. Unfortunately,
the observation time for each molecule did not exceed 30–40 s. It was not possible to
record the signal from a single molecule for a longer period of time, presumably due to
substrate drift. Therefore, it was impossible to detect changes in molecule height for a
single molecule throughout all the stages of the catalytic cycle, so the data averaged with
respect to the results of measuring different molecules at different stages of the catalytic
cycle are presented in this study.

In the work [40], measurements were conducted using a Dimension 3100 atomic force
microscope (Bruker, Santa Barbara, CA, USA). Today, there is a novel modification of the
equipment, the Dimension FastScan atomic force microscope (Bruker, USA), having a
unique NanoTrackTM positioning function. The scan area can be positioned and retained
for individually selected objects within a single AFM image (Figure 8a). A collection of
images is acquired; their analysis for each scan allows one to determine the parameters of a
visualized enzyme globule during its functioning. Thus, it is possible to highlight the tip of
the molecule (Figure 8b) or an area of interest for the visualized object, which is presumably
related to the active site of an enzyme molecule. It is possible to track the maximum height
of a protein globule over a long period of time [74] by registering the height of each pixel
and determining the ratio between them.

 
(a) (b) 

 
( ) 

Figure 8. AFM data for recording molecular height variations during functional activity using the
NanoTrackTM positioning feature. (a) The first step is to register a collection of images for individually
selected objects. A collection is created for each catalytic cycle study. (b) The second step is to select
a region of interest for the visualized object (marked with a green outline). (c) The third step is
data processing. The height of each pixel and the relationship between them can be determined
using a dedicated script [74]. Only the tip of the molecule is considered, and the height of pixels
above a certain level (light area in (c)) is used for the calculation. It is assumed that the ratio of the
height of the pixels in the image of a single molecule can be related to the activity of the molecule
during operation. A comparison of data obtained for different catalytic studies allows us to obtain
relationships between height and activity at the single-molecule level.

5. Combining AFM with Infrared Spectroscopy

The enhancement of AFM with additional techniques such as infrared spectroscopy
(IR) is effectively used to characterize the structural properties of biologically significant
materials at the nanoscale. For example, the combination of IR with AFM (IR-AFM) has
been successfully used to study amyloid aggregation processes [75], the local broadband
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spectra of ferritin complexes and insulin aggregates, which can be interpreted in terms of
their α-helical and/or β-sheet structure [76].

IR-AFM methods such as scanning Near-Field Scattering Optical Microscopy (s-
SNOM) and Peak Force Infrared Microscopy (PFIR) take full advantage of the reduced
tip–sample interaction region, achieving a spatial resolution of 10–20 nm without the use
of specialized labels. The advantage of these methods is that the spatial resolution is not
limited by the diffraction limit (as in classical IR) but by the geometry of the AFM tip and
its radius of curvature. In addition to high spatial resolution, the strong near-field enhance-
ment of the tip also provides chemical sensitivity. However, when analyzing complex
biological samples containing complexes and groups of biomolecules, the IR spectrum may
be a mixture of all the signals obtained [77]. This factor complicates the registration of a
signal at the level of single molecules. The isolation of the target spectrum from the general
spectrum may require the use of IR labels, which can affect the functional activity of biolog-
ical objects, in particular, during the catalytic cycle of enzymes. Another disadvantage of
IR-AFM methods is that most studies in biological systems have been carried out in the
air using dried samples, which limits the space for studying enzymes during the catalytic
cycle. It is due to the fact that the implementation of IR-AFM in an aqueous environment is
limited to strong signal attenuation in liquid in the mid-IR range [78].

However, the technologies for using IR-AFM in liquids (fundamental, biological,
and medicinal) are actively developing and are quite promising. For example, in [79],
the authors demonstrated the potential for nanoimaging of s-SNOM in the liquid and
conformational identification of catalase nanocrystals, as well as the spatial and spectral
analysis of biomimetic peptoid sheets with monolayer sensitivity and chemical specificity at
the few-zeptomoles level by additional plasmon field enhancement using metal nanoplates.
Also, the successful implementation of the IR-AFM method in liquid is described in [80],
where nano-FTIR spectroscopic imaging in liquid was experimentally demonstrated.

In addition, the development of IR-AFM methods can be facilitated by combining mid-
IR spectroscopy with high-speed AFM. Since HS-AFM usually uses a shortened cantilever
with high resonant frequencies (for example, in MHz), this can potentially contribute to
improving the resolution. It is expected that the chemical visualization of the rapid changes
in enzyme function in a physiological environment can be successfully implemented and
will help to provide additional data for the study of enzyme systems.

It is possible that the development of new technologies in the field of IR-AFM in
liquids, will lead to more work being devoted directly to the study of enzymes during the
catalytic cycle at the level of individual molecules.

6. Conclusions

The results obtained by various research groups confirm the possibility of using AFM
for the visualization, functional, and mechanistic properties of enzymes. Depending on
the task, different measurement modes can be used. The need to immobilize the target
objects on the surface limits but does not fully restrain the scope of this technique. The
results of many studies show that the functional properties of molecules on the surface are
preserved. Moreover, the immobilized enzyme system in some cases can become an object
of study, since it is used in biosensors or biotechnological workflows. To date, there are
not many examples of studying enzyme systems, i.e., the parameters of kinetic processes
and not the properties of individual enzyme molecules. Particular attention is paid to the
use of HS-AFM, but this equipment, unfortunately, is quite unique and complex. However,
this review has shown that standard equipment can be successfully used to study enzyme
systems. Understanding the mechanism at a new level of individual molecules is also very
important for the development of the industry of producing synthesized enzymes, which
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are intended to reduce the cost of biotechnological processes. But, as a rule, synthesized
enzymes have lower activity than natural analogs. Perhaps the answer to this question can
be obtained using AFM as well.
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