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Preface to “"Recent Developments on Protein-Ligand
Interactions: From Structure, Function to
Applications”

Protein-ligand interactions play a fundamental role in most major biological functions. The
number and diversity of small molecules that interact with proteins, whether naturally or not, can
quickly become overwhelming. They are as essential as amino acids, nucleic acids or membrane
lipids, enabling a large number of essential functions. One need only think of carbohydrates or even
just ATP to be certain. They are also essential in drug discovery. With the increasing structural
information of proteins and protein-ligand complexes, molecular modelling, molecular dynamics,
and chemoinformatics approaches are often required for the efficient analysis of a large number
of such complexes and to provide insights. Similarly, numerous computational approaches have
been developed to characterize and use the knowledge of such interactions, which can lead to drug
candidates. For instance, one main application is to identify tractable chemical startpoints that
non-covalently modulate the activity of a biological molecule. This new information brings questions
that affect chemistry, biology, and even poses specific computer problems.

“Recent Developments on Protein-Ligand Interactions: From Structure, Function to
Applications” was dedicated to the different aspect of protein-ligand analysis and/or prediction
using computational approaches, as well as new developments dedicated to these tasks.

The 15 published papers clearly show the extent of such a focus, ranging from general analyses
on a large dataset, to specific methodological developments, to applications of biomedical interest. It
will interest both specialists and non-specialists, as the presented studies cover a very large spectrum
in terms of methodologies and applications. It underlines the variety of scientific area linked to these
questions, i.e., chemistry, biology, physics, informatics, bioinformatics, structural bioinformatics and
chemoinformatics. I would like to use this editorial to thank all the researchers who submitted papers
for this Special Issue and made it a success with work of great interest.

In the context of applications dedicated to a specific system, Aguero and Terreux were working
on an explosive subject, 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX), an explosive that pollutes many
sites. In order to decontaminate these sites, bioremediation was a promising approach. They therefore
set out to improve a nitroreductase from Enterobacter Cloacaetowards HMX. With the Coupled
Moves algorithm from Rosetta, they redesigned the active site around HMX, and analysed the results
with Molecular Dynamics, showing encouraging results [1].

Bienboire-Frosini and co-workers were looking at cat allergies. The major cat allergen Fel
d1 was a tetrameric glycoprotein of the secretoglobin superfamily, but its biological function was
uncertain. They therefore used bioinformatics approaches to search for potential ligands and then
experimentally tested them. The specific affinity of Fel d1 to semiochemicals supports a function of
the protein in cat chemical communication, and pointed to a putative role for secretoglobins in protein
semiochemistry [2].

Dharmatti and colleagues focussed on folate receptor (FR), a major target for cancer treatment
and detection. They tried to enhance by click-reaction FR binding affinity by peptide conjugation.
After multiple optimisations, the designed peptides resulted in an increase in the number of
interaction sites, leading to potentially interesting drug developments [3].

Fan and co-workers worked on pimaricin, a polyene antibiotic of great pharmaceutical

ix



significance. Using Molecular Dynamics, they compared different stages of the molecules and
showed how pimaricin thioesterase-catalyzed macrocyclization evolved, as the protein-polyketide
recognition, and product release; they underlined potential residues for rational modification of
pimaricin thioesterase [4].

Kim and colleagues have looked at monoclonal antibodies (mAbs) potentially interesting in
cancer immunotherapy. mAb-based drugs have some drawbacks, e.g., poor tumour penetration.
BMS-8, one of the potent small molecule drugs inhibits PD-1. Using in silico simulation, they
optimized and successfully tested a derived compound five times more affine [5].

Nshogoza and co-workers analysed TDP-43, as an RNA-binding protein, implicated in
neurodegenerative and cancer diseases. By combining Nuclear Magnetic Resonance and in silico
approaches such as HADDOCK, they designed, tested and provided explanations of their binding to
RNA Recognition Motifs of TDP-43 [6].

Pal and colleagues worked on galectins, a family of galactoside-recognizing proteins involved in
different galectin-subtype-specific inflammatory and tumour-promoting processes. They synthetized
and assessed interest of 3-C-methyl-gulopyranoside derivatives as galectin inhibitors with good
affinity and selectivity [7].

Potthoff et al. applied molecular modelling approaches to build a structural model
of full-length procollagen C-proteinase enhancer-1 (PCPE-1), which was not experimentally
available. They characterized the interactions between the extracellular matrix PCPE-1 protein, and
glycosaminoglycans (GAGs). They predicted GAG binding poses for various GAG lengths, types and
sulfation pattern [8].

Reyes-Espinosa et al. focussed on an issue of economic importance, namely pesticide resistance.
To do so, they modelled the complex-ligands of nine acetylcholinesterase structures of Lepidopteran
organisms and 43 organophosphorus pesticides. The analysis of the complexes allowed a better
understanding of the specificities of the variants of each species [9].

The enzyme phospholipase C gamma 1 (PLC1) was a potential drug target of interest for various
pathological conditions such as immune disorders, systemic lupus erythematosus, and cancers.
Tripathi and colleagues targeted its SH3 domain and various binding partners. They identified with
molecular dynamic simulation the critical interacting essential residues leading to the possibility to
also identify new inhibitors [10].

Caspases not only contributed to the neurodegeneration associated with Alzheimer’s disease,
but also played essential roles in promoting the underlying pathology of this disease. Xue et al.
applied the Movable Type free energy method, a Monte Carlo sampling method extrapolating the
binding free energy by simulating the partition functions for both free-state and bound-state protein
and ligand configurations, to the caspase-inhibitor binding affinity study. They tested more than a
hundred active inhibitors binding to caspase-3 on one side, and smaller well-characterized datasets
on the other side. These studies revealed how small structural changes affected the caspase-inhibitor
interaction energies [11].

Major difficulties for comparing docking predictions with experiments mostly came from the
lack of transferability of experimental data and the lack of standardisation in molecule names.
Gheyouche and colleagues have conceived the DockNmine platform to provide a service allowing
an expert and authenticated annotation of ligands and targets. Researcher incorporated controlled
information in the database using reference identifiers for the protein and the ligand, the data and
the publication associated to it. It allowed the incorporation of docking experiments using forms



that automatically parse useful parameters and results. Pre-computed outputs to assess the degree of
correlations between docking experiments and experimental data were also provided [12].

Polishchuk and co-workers analysed the fact that pharmacophores derived from molecular
dynamics simulations were more relevant than those just taken from rigid structures, but also
generated a strong redundancy. They therefore proposed an approach to limit the number of
pharmacophores, and showed its relevance [13].

Conserved three-dimensional (3D) patterns among protein structures provided valuable insights
into protein classification, functional annotations or the rational design of multi-target drugs.
Valdés-Jiménez and colleagues developed 3D-PP, a new free access web server for the discovery and
recognition all similar 3D amino acid patterns among a set of protein structures independent of their
sequence similarity. This new tool did not require any previous structural knowledge about ligands,
and all data were organized in a high-performance graph database [14].

Finally, the number of available protein structures in the Protein Data Bank (PDB) had
considerably increased in recent years. Here, with Nicolas Shinada and Peter Schmidtke, we
presented a specific clustering of protein-ligand structures to avoid bias found in different studies.
The methodology was based on binding site superposition, and a combination of weighted Root
Mean Square Deviation assessment and hierarchical clustering. Defining these categories decreased
by 3.84-fold the number of complexes, and offered more refined results compared to a protein
sequence-based method [15].
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Abstract: Explosives molecules have been widely used since World War 1I, leading to
considerable contamination of soil and groundwater. Recently, bioremediation has emerged as an
environmentally friendly approach to solve such contamination issues. However, the 1,3,5,7-tetranitro
-1,3,5,7-tetrazocane (HMX) explosive, which has very low solubility in water, does not provide
satisfying results with this approach. In this study, we used a rational design strategy for improving
the specificity of the nitroreductase from E. Cloacae (PDB ID 5]J8G) toward HMX. We used the Coupled
Moves algorithm from Rosetta to redesign the active site around HMX. Molecular Dynamics (MD)
simulations and affinity calculations allowed us to study the newly designed protein. Five mutations
were performed. The designed nitroreductase has a better fit with HMX. We observed more H-bonds,
which productively stabilized the HMX molecule for the mutant than for the wild type enzyme. Thus,
HMX’s nitro groups are close enough to the reductive cofactor to enable a hydride transfer. Also, the
HMX affinity for the designed enzyme is better than for the wild type. These results are encouraging.
However, the total reduction reaction implies numerous HMX derivatives, and each of them has to be
tested to check how far the reaction can’ go.

Keywords: bioremediation; High Energy Molecules; HMX; protein design; molecular dynamics;
nitroreductase; flavoprotein; substrate specificity

1. Introduction

High Energy Molecules (HEMs) is a term that stands for the class of materials known as explosives,
propellants, and pyrotechnics. HEMs are required for a wide range of purposes in the fields of
construction, engineering, mining, quarrying, space sciences (propellants), pyrotechnics, and currency
production. They are also known for their military purposes [1]. The large-scale manufacturing
and extensive use of HEMs for military purposes since World War II (WWII) have contributed to a
high level of environmental pollution [2]. Contaminated sites are not easy to identify because they
are not only located in present and former war zones but are also present among the military firing
ranges; manufacturing, handling, and storage sites; and areas where they are used for industrial
purposes [3]. In Australia, Canada, and the US, most of these sites have been located, and a minimal
clean-up is in process. In Germany, the situation is more confusing because many of the explosive
manufacturing facilities were demolished at the end of WWIL. In other countries worldwide, the extent
of contamination by explosives is either undetermined or not available to the public [4]. Moreover,
some wars are still ongoing at present. Therefore, the environmental issue due to explosives remains a
hot topic [5].
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Decontamination solutions exist. The first treatment process in use was the incineration of
explosive-contaminated soils. This method had the advantage of offering a high level of process
control and efficient destruction and removal. However, burning was relatively expensive and also
polluting due to the production of ashes. Then came biochemical solutions such as composting, the first
biological treatment process to be tested and approved for military sites [4]. Composting requires the
addition of bulking agents, increasing the volume of material. Unlike the ash created by incineration,
composted material can support vegetation and is less expensive. Bioslurry is another soil treatment.
In this process, contaminated soil is mixed with water and nutrients to create a slurry that can be
combined in a bioreactor and treated with various bio-organisms. However, these treatments are ex
situ and require additional costs regarding the equipment and process controls. A solution to ex situ
bioremediation is the phytoremediation, which explores the ability of plants to remove pollutants
from contaminated soils. The main limitations of this method are the toxicity of the contaminants:
treatments are possible only if toxicity is not a factor with the candidate species. Moreover, absorbed
pollutants and their metabolites must move from the bulk soil to the zone of influence near the roots
for phytoremediation to occur. This requires a good solubility of the toxic waste.

Among  different forms of chemical explosives, 2,4,6-trinitrotoluene  (TNT),
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX)
are the most common (Figure 1). These explosives are highly stable compounds. They tend to
blend with organic matter of soil and thereby to contaminate it [2]. Studies of toxicology on various
organisms including bacteria, algae, plants, invertebrates, and mammals [6] have identified toxic and
mutagenic effects of these common military explosives as well as their transformation products [4].

CHs O,N NO e
o,N NO, “U“’ PooN N

N N
I N —_— NO,
NO, /

NO, O,N

a b C
Figure 1. Two-dimensional chemical structures of (a) 2,4,6-trinitrotoluene (TNT), (b)

hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and (c) 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX).

Research on TNT and RDX detoxification is still going on, and various phytoremediation-based
approaches look encouraging. Recently, green grass was created to degrade TNT efficiently [7,8],
and a field-applicable grass species capable of both RDX degradation and TNT detoxification has
also been engineered [9]. Phytoremediation of TNT is very well studied, and the results look
promising. However, phytoremediation remains more complex for RDX and even more so for HMX.
HMX and RDX are nitramine compounds. Nitramines are less stable compared to aromatic nitro
compounds such as TNT. Recently, several studies involving different microbes have been carried out
to determine RDX degradation potential. There is, however, a lesser number of studies on aerobic and
anaerobic microbial degradation of HMX. Despite being a close homolog to RDX, HMX shows more
resistance to chemical and biological degradation than RDX, due to its very low solubility [10].
Recently, a study investigating the HMX degradation potential of the native bacterial isolate
Planomicrobium flavidum strain S5-TSA-19 was conducted under aerobic conditions [11]. This bacteria
strain showed efficient degradation, although some secondary metabolites (like methylenedinitramine
and N-methyl-N,N’-dinitromethanediamine) formed during biodegradation of HMX are toxic or have
unknown toxicity.

Over the past few years, the NAD(P)H-dependent bacterial nitroreductases (NRs) have received
particular attention for their potential use in biodegradation and bioremediation of nitroaromatics [12].
NAD(P)H-dependent bacterial NR, also named nfsB enzymes, are capable of using either NADH or
NADPH as reducing equivalent, in opposition to nfsA, which only uses NADPH. The nfsB enzymes are
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dimeric proteins and encompass two flavin mononucleotide cofactor (FMN). Both types of NR reduce
a broad range of nitroaromatic substrates [13]. Reaction kinetic studies of NR have shown a simple
ping-pong mechanism (Figure 2) without gating steps able to enforce specificity [14]. Electrons are
transferred pairwise from the NADH cofactor to the oxidized flavin, and from reduced anionic flavin
to nitroaromatics substrates [14,15] (Figure 2a,c).The substrate reduction has been proposed to occur
via hydride transfer where two electrons and one proton are transferred in a common way [16]. It has
also been proposed, in the case of NRs, that protons were transferred as solvent-derived protons
via electron-coupled proton transfer [17]. The occurrence of a hydride transfer is dependent on the
distance between the N5 atom of the reduced flavin and the atom donating or receiving the proton
(Figure 2b). A distance of 3.8 A between the two entities is optimal [18]. It has also been shown that
upon reduction, FMN adopts a butterfly-like bending of the isoalloxazine ring system [19].
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Figure 2. (a) Kinetic mechanism of the nitroreductase (NR) from Enterobacter Cloacae. NR is oxygen
insensitive and involves two electron transfers at each reduction step. (b) Atom numbering of
oxidized form of flavin mononucleotide (FMN). (c) FMN and reduced form of flavin mononucleotide
(FMNH2) structures.

The reduction of nitro groups usually leads to hydroxylamines (Figure 2) and requires the transfer
of four electrons. The two-electron nitroso reduction intermediate is not observed because the second
two-electron reaction has a much faster rate than the first two-electron transfer [20,21]. It has been
shown that the well-characterized NRs from Escherichia Coli and Enterobacter Cloacae (EcNfsB and
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EntNfsB, respectively) were able to reduce nitroaromatics into the corresponding hydroxylamines,
but not into the amines [14-21]. However, aromatic reduction to amine has been observed: two NRs
from B. subtilis [22] and more recently one NR from Gluconobacter oxydans 621H reduce TNT into the
corresponding amino products [23]. The advantage of using these enzymes, apart from their ability to
reduce a broad range of nitro compounds including the explosive TNT, is that the reduction of the
nitro group into amine buries any toxicity issues.

Miller et al. [24] have established a correlation between amine production and substrate properties,
indicating that the best choices will have large pi systems and electron-withdrawing substituents.
Likewise, they have shown that electron-withdrawing groups favor the reduction of nitro substrates.
Thus, they suggest that smaller nitroaromatics will be less likely to undergo full reduction. This is
why compounds as TNT undergo reductions to the corresponding amine. HMX has four nitro groups,
which are electron withdrawing, but doesn’t get a pi system. The pi system allows for pi stacking
between the substrates and the flavin, stabilizing the complex. Our challenge was to create a stable
complex without the solicitation of pi stacking.

We focused our research on the NAD(P)H-dependent bacterial NR from Enterobacter Cloacae [25].
The NO2 > NO reduction reaction has been observed in this NR on a similar substrate, the nitramine
RDX [13]. However, HMX is relatively insoluble in water, and much more stable than RDX.
Its metabolization by the same type of enzyme (for denitrification purposes) is therefore more
complicated. Residues 1-nitroso, 2-nitroso, and 3-nitroso HMX have already been observed, but the rate
of the reaction is lower than those observed for RDX. Thus, we computationally modified the structure
of the protein to generate a substrate specificity toward HMX. We worked on the PDB structure
5J8G [26] and rationally redesigned the active site of the NR on its reduced form by using protein
design methods (Figure 3). Then the mutated structure was pushed through molecular simulation
to evaluate the stability of the newly designed active site. Docking of cofactor confirmed that the
performed mutations did not alter the bonding of the FMN electron donor NAD(P)H. All the subtlety
of this work was to improve the specificity of an unspecific enzyme and to allow for the long-term
reduction of non-aromatic nitrated substrates into amine.
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Figure 3. Pipeline/workflow of the study.

2. Results

2.1. Design of the Active Site

The native structure 5]8G shows the familiar symmetric dimeric fold of NRs [15]. The protein is
composed of two intricated monomers. The H7 helix is central to the dimer interface. This configuration
stabilizes the dimer even when bound to FMN or to various substrates [26]. The active site is a cleft at
the protein surface. It is limited by helix 6 (amino acid 109-129) and 7 (134-148), strand 3, and helix 8
(156-175).

Multiple binding orientations have been observed in NfsB’s active site, based on the crystal
structure of the oxidized enzyme. However, there is a lack of information regarding the substrate
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binding to the reduced form of the NR. Drigger et al. [27] have shown that, for the SsuE FMN reductase,
a protein related to the flavodoxin-like superfamily, as well as the NR, a stacking of the NADPH on top
of the flavin was a non-productive mode of binding. Thus, a productive binding would be related to
the possibility of a hydride transfer. This transfer depends on the distance between the N5 atom of the
flavin and the atom donating or receiving the proton, with a distance of 3.8 A being optimal. Thus, we
decided to position one of the nitro groups of HMX close to the hydrogen bound to N5 at a distance
inferior to 3.8 A. Then, we selected, around the HMX molecule, every amino acid within a distance of
4.5 A presenting a lateral chain facing the active site. From this ensemble of amino acids, we excluded
Glul65 and Gly166, which support efficient hydride transfer from NADH to FMN. We also excluded
Asn71, Thr4l, and Phel24, which are involved in interactions between NADH and FMN [15-28].
Phe124 was also excluded, as the amino acid was identified as conferring NR activity [29]. Moreover,
the side chain of Phe124 interacts with the nicotinamide ring of NADP [26]. These particularities are
shared with several other NR homologs [17-30].

As a final verification, the remaining residues were cross-checked against a sequence alignment
clustering the 50 most similar protein sequences in the UniProt Database filtered according to a
UniRef90 BLAST Search. Highly conserved residues across the alignment were excluded. We finally
allowed the modification of Tyr68, Phe 70, Glu120, Tyr123, and Ala125 into every natural amino acid
(Figure 4). A restrained energy minimization was then performed to relax the structure in order to
keep the HMX molecule in a relevant position.

Figure 4. Target Residues for Design Trials. All the residues displayed in yellow are included in the
resfile. FMNH?2 cofactor is displayed in green, and HMX molecule in blue.

Then, we performed several trials using the Coupled Moves algorithm, using 30 identical starting
structures (see Supplementary Materials for script and param files). A total of 10,000 steps per structure
was conducted. Residues Tyr68, Phe70, Glu120, Tyr123, and Ala125 were allowed to be mutated into
any natural amino acid, including their associated side chain rotamers. The selection of amino acid
identity and rotamer at each step was based on the calculated ROSETTA energy scores and chosen
according to Boltzmann weighted probability. The simulation produced 6093 low-energy sequences.
The results of the trials are illustrated under a logo sequence (Figure 5). The logo depicts the amino
acid conservation among the sequences previously generated.
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Figure 5. Relative Amino Acid Proportions at Positions 68, 70, 120, 123, and 125 in Low-Energy
Structures. The relative size of each letter indicates their frequency in the sequences, and the total
height of the letters shows the information content of the position, in bits.

As shown in Figure 5, the occurrence of each amino acid within the sequences is depicted by the
total height of the letter. Biggest letters are identified as beneficial. Mutations G120D, A125G, Y68F,
and F70E were accordingly proposed to improve the stability of HMX in the active site. Mutations of
Y123 do not demonstrate clear results. The most frequently proposed mutation is the replacement of
the tyrosine by an arginine. Mutations G120D, Y123K, and A125G are located within the H6 helix.
It has been suggested that the substrate specificity was due to the plasticity of this helix. Indeed, H6
shows an elevated variability in amino acid and position for accommodating substrates of different
sizes. Mutations Y68F and F70E are located on H4.

When compared to p-NBA (the bound substrate of the NR in 5J8G crystal structure used for
mechanistic studies by Pitsawong et al. [26]), HMX shows a completely different structure: p-NBA is
planar, allowing binding via H-bonds and pi staking above the re face of the FMN, as for the other
substrates and analogs in the active sites of the NR and NfsB. However, the placement of p-NBA
is not optimal for reactivity, as the nitro group to be reduced is too far from the reduction center
(N5 of FMN). HMX does not have an aromatic structure. It consists of an eight-membered ring of
alternated carbon and nitrogen atoms, with a nitro group attached to each nitrogen atom. This means
that the molecule is not planar and can adopt four different crystalline conformations (alpha, beta,
delta, and gamma). Stabilizations by pi stacking interaction are no longer possible. Transformation of
one HMX conformation to another only occurs at high temperature. However, here, we consider the
four conformations as only one possible substrate with several conformers for simplicity.

As shown in Figure 6b for the mutant NR, K14 forms H-bonds bridges between the protein,
the FMNH2 cofactor, and HMX. This bridge maintains FMNH2 and HMX in close contact together.
Additionally, there is an H-bond between non-cyclic part of FMNH?2 and one nitro group of HMX.
Finally, HMX is stabilized in the active site because of the electrostatic repulsion of the mutated G120D,
which interacts with the hydrogens related to the carbon ring atoms. The rest of the molecule is
exposed to the solvent. The residues Phel24, Thr41, Glu70, and Asn71 exhibit a side chain and a
backbone segment, which are both very highly solvent exposed in the active site when HMX is not
present. The presence of the ligand greatly reduces the solvent accessible surface area. HMX fits in a
more homogeneous way in the active site of the mutant. Indeed, the WT NR stabilizes HMX with
Asn71 and Thr 41, but also through Gly166 and Glul65 H-bonds, in a way similar to the binding mode
of NADH to the NR (Figure 6a). The mutation G120D reduces the inner volume of the active site and
allows for a better fit of HMX. In the mutant, one of the nitro groups of HMX is close enough to the N5
atom (4.35 A) to allow hydride transfer. This first reduction step of HMX has been experimentally
observed [31]. This situation is not surprising. However, the design of the active site aims to allow for
both the experimental first step of the reaction and for the entire reduction of the nitro group.
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Figure 6. The Molecular Operating Environment software (MOE) Ligand Interactions application
allows for the visualization of the protein active site in complex with HMX, in diagrammatic form. The
diagram shows solvent interactions, H-bonds and surface of exposure. (a) Wild Type NR and HMX; (b)
Mutant NR and HMX.

After the design phase of the NR being completed (Figure 7), we needed to explore the time
dimension parameter of the 3D NR model. Thus, the behavior of HMX in the newly design active site
was investigated. The objective was to see if the generated structure could reach an energetic balance
and, if yes, in which way.

Figure 7. Mutated Residues after Design Trials. All the positions displayed in yellow were included in
the resfile. FMNH2 cofactor is displayed in green and HMX molecule in blue. Non-mutated residues
implied in H-bonds with the HMX are in cyan.
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2.2. Molecular Dynamic Simulations

2.2.1. Global MD Analysis

A first MD simulation of 130 ns was performed on the NR in a ligand-bound complex with p-NBA
(PDB ID: 5]8G). Pitsawong et al. [26] showed that the NR does not generate paminobenzoic acid and
thus does not appear to reduce nitro groups into amines [14-20]. p-NBA has been co-crystallized with
the NR from Enterobacter Cloacae. We used this crystal as a starting structure to understand how
p-NBA was stabilized in the active site. The dynamics show that the p-NBA is not stable in the active
site during the whole dynamic but moves in and out of the pocket. When in the pocket, the aromatic
ring of the p-NBA is stabilized against the flavin ring, probably involved in pi stacking interactions.
The nitro group is oriented in a non-productive way, meaning that the nitro group is too far from the
N5 atom of the flavin to trigger a hydride transfer. These observations are consistent with the crystal
description of Pitsawong et al. Affinity calculation of p-NBA/NR interaction were calculated (Table 1).

Table 1. Table of free-energy calculation of NR/ligand complex. MMGBSA is calculated as a sum
of a conformational energy terms supplemented with a solvation free-energy term calculated using
continuum electrostatics.

Complex NR/HMX mmGBSA (kcal/mol)
Wild Type NR/p-NBA -15.2117
Wild Type NR/HMX -11.8261
Mutant NR/HMX —29.0704

A similar molecular dynamic simulation of 130 ns was performed on the Wild Type NR in a
ligand-bound complex with HMX. We used the 5]J8G crystal structure as a starting point. The p-NBA
was replaced with HMX positioned in a productive way, according to the original p-NBA orientation,
with one of its nitro groups close to the N5 atom of the flavin at a distance of 3,8 A.

We observe that HMX doesn’t reach a stable position within the active site. It rolls in the space
delimited by H6 and FMNH2 and struggles to find a stable position. As a consequence, none of the
four groups is stabilized long enough within a radius of 3.8 A around the reductive N5 of FMNH2 to
consider a hydride transfer. Phe124 is positioned under one of the nitro groups and does not manage to
stabilize it. Phel24 also cannot prevent HMX from leaving the active site, and HMX ends up escaping
after 70.4 ns (frame 352) in one out of three simulations. During this particular dynamic, Tyr 123 failed
to catch and get HMX into the site.

As a result, the WT NR does not successfully stabilize HMX because these weak interactions are
not persistent in time and cause HMX to leave.

We did not use the docking method to place HMX in the NR active site because we had to dock
the HMX between FMNH2 and H6. However, H6 is greatly variable in terms of position [15]. Such a
variability, in terms of plasticity, may be directly related to the wide range of substrate accepted by the
NR. Thus, while moving, the helix allows for the accommodation of more or less bulky substrates. The
use of docking, even with induced-fit features, would not have given good results. By considering the
helix as non-flexible, the pose wouldn’t have reflected the reality of the NR flexibility. By using our
method, thanks to the dynamics, the helix rearrangement can be considered as accommodating our
large substrate, while respecting our positioning constraint.

Another 130 ns MD simulation was performed on the mutant NR previously designed, in a
ligand-bound complex with HMX. The input .pdb structure was directly extracted from the coupled
trials after the selection of the lower energy mutant. This mutant of Enterobacter Cloacae NR shows
the following mutations: G120D, Y123K, A125G, Y68F, and F70E. Throughout the simulation, HMX
remains trapped in the cleft formed by the active site. This cleft is delimited by Phe124 upstream.
Laterally, Lys123 blocks HMX and prevents it from leaving due to H-bonds connections through the
amine portion of its lateral chain and the hydrogens connected to the carbon atoms of the HMX cycle.
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Alternatively, it also establishes H-bonds with the oxygen of the nitro groups. Downstream, Asn117
also makes H-bonds through its amino lateral chain. Phe68 occupies steric space above HMX, and
places it against FMNH2. At no point during the dynamics does HMX go out of the molecule. It is
stabilized in a relative way since it is able to roll in the previously described space. Thus, the nitro
group presented at the reducing center N5 is never the same. This is partly due to conformational
changes in the HMX.

2.2.2. Stability Studies

RMSD gives an overall picture of how much the protein structure has changed throughout the
simulation. It provides an overview of protein stability over time. We captured RMSD of the protein,
of the cofactor FMNH?2 and each substrate (p-NBA and HMX). RMSD plots for all simulations are
shown in Figure 8.
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Figure 8. Root Mean Square Deviation (RMSD) plots over time of every simulation of both WT and
mutant NR. (1) RMSD plots of WT protein in complex with 4NB. (a) Protein, (b) cofactor FMNH2, and
(c) 4NB. (2) RMSD plots of WT protein in complex with HMX. (a) Protein, (b) cofactor FMNH?2, and
(c) HMX. (3) RMSD plots of mutant protein in complex with HMX. (a) Protein, (b) cofactor FMNH?2,
and (c) HMX. (4) RMSD plots of relaxed mutant protein without HMX (a) Protein, (b) cofactor FMNH2.

The first simulation captures the movements of the NR is complex with p-NBA, the initial structure
of the NR co-crystallized acid para nitrobenzoic (Figure 8.1). All along the 130 ns of simulations, the
WT NR protein is stable as shown by its low RMSD (2.2 A). FMNH2 shows more movement relative to
the protein (displacement of 3.5 + 1.00 A). This is because the cofactor is not covalently bound to the
NR protein but through H bonds. This mode of binding allows for a certain flexibility of the structure,
depending on the inner movements of the protein backbone and through lateral chains. p-NBA is
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not stable in the active site as it moves in and out. RMSD translates these movements by showing a
broad variability.

In comparison, the WT protein in complex with HMX shows similar stability (Figure 8.2).
The protein exhibits a RMSD value of 2.00 + 0.15 A, whereas the FMNH2 gets a higher RMSD value at
3.25+ 1.50 A. However, HMX goes out of the active site in one simulation, but not in the two others.
In the first one, HMX exhibits a RMSD value of 18.73 + 1.19 A. It seems to be stable in the first few
ns but finally goes out, to the same extent as p-NBA. HMX gets lowers RMSD values for the two
other simulations (respectively 8.52 + 3.57 A and 7.21 + 1.19 A). HMX behavior is not similar among
the three MDs. In the first one, residues F124 and K123 of H6 do not manage to lock HMX in the
pocket. As a result, the molecule leaves the active site. In the two other ones, due to a slightly different
orientation of their lateral chain, residues F124 and Y123 prevent HMX from escaping the active site.
As a consequence, HMX manages to establish transient H bonds with K41. However, these H bonds
are not sufficient to stabilize HMX, which rolls in the pocket.

Our design project aimed to create an NR able to stabilize and thus make possible the reduction of
HMX nitro groups. The designed NR displays comparable stability (Figure 8.3) when compared to the
WT NR (2.25 + 3.05 A for the protein, 3.25 + 0.75 A for the cofactor). HMX reaches a stable state when
complexed with the mutant enzyme. Indeed, even if some artifacts are observed due to the periodicity
of the solvation box, the global RMSD is quite stable, regarding the complexed WT NR: 6.41 + 1.20 A,
435+ 197 A, and 5.11 + 1.76 A for the triplicate MD. In the mutant NR, HMX is more stable in the
active site and is adequately positioned. The mutations Y123K and G120D (H6) stick HMX against
the re face of the flavin, establishing H bonds with the nitro groups of HMX. Y123K mutation plays a
crucial role in maintaining HMX in the active site. In the WT NR, Y123 did not manage to stabilize
HMX through H bonds. As a consequence, HMX escapes or is pushed in the pocket without reaching
a stable state. In the mutant NR, K123 catches and stabilizes HMX through H bonding when the
molecule moves away from the active site. G120D mutation also provides better stabilization through
H bonds between the nitro groups of HMX and its two oxygens. F124 prevents HMX from leaving to
the same extent as in the WT NR. Moreover, this optimal support is reinforced by K41, which forms H
bond bridges between the protein, the FMNH2 cofactor, and HMX. Finally, HMX is stabilized at the
required distance to observe the hydride transfer.

As a final verification, an additional simulation was launched to verify whether the designed
active site conserves its stability in the absence of HMX. As shown in Figure 8(4), both FMNH2 and the
protein maintain their stability with an RMSD even more stable than those with HMX (respectively
(3.88 + 0.38 A for the protein and 1.88 + 1.23 A for the cofactor). The flat RMSD means that the designed
protein is stable, with and without HMX bound to the active site. The absence of high variations
may be due to the lack of HMX above H6, which is known to show a high flexibility to accommodate
different substrates.

2.2.3. Affinity Studies

Once the MD simulations of ligand recognition upon binding of HMX to the NR were performed,
we also calculated the ligand-binding affinity.

The calculated binding free energies of each substrate for the WT and mutant NR were computed
using the ensemble-average molecular mechanics energies combined with the generalized born and
surface area continuum solvation (MM/GBSA) rescoring. MM/GBSA are popular methods used to
estimate binding energies of small ligands to biological macromolecules. They are based on molecular
dynamics simulations of the receptor-ligand complex. Each calculated binding free energy is averaged
from snapshots extracted from the last four ns MD trajectories. The results are shown in Table 1.

We observed that the binding free affinity of the mutant NR and HMX complex is lower than
those of the WT NR/HMX complex. This affinity value is also stronger than the WT NR/p-NBA
one. These results tend to ensure that the designed enzyme complexed with HMX offers better
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stability compared to the WT NR. These calculations are confirmed by the structural study of the
complex interaction.

2.2.4. HMX Behavior during the Simulation

The distance between each oxygen from the HMX nitro groups and the reductive N5 of FMNH2
has been calculated during the 130 ns simulation. As previously described, HMX does not stay bound
in the active site of both WT and mutated NR. While HMX leaves the WT NR after several rolls in
the active site, it remains trapped in the mutated NR active site. However, it does not keep a stable
position and also rolls under FMNH2, exposing different nitro groups to the reductive N5.

A graph showing the medium distance between each oxygen from HMX (01, O2 ... O8) for the
complexes WT NR/HMX and mutant NR/HMX is shown in Figure 9. As previously mentioned, the
possibility of hydride transfer depends on the distance between the flavin N5 atom and the atom
donating or receiving the hydrogen, 3.8 A being optimal [18].
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Figure 9. Average distance between each atom of oxygen from HMX and atom N5 of the FMNH2 in
(a) the WT and (b) the mutant NR.

In the WT NR (Figure 9a), the distance to observe the reductive reaction is only inferior to 4 A
during the start of simulation. However, this distance is almost always inferior to this value for our
mutant NR (Figure 9b).

These observations, combined with the affinity calculations, tend to prove that the mutant
NR/HMX complex is more stable and that there is a higher probability of observing a hydride transfer
between the mutant NR and HMX than between the WT NR and HMX.

2.3. Docking Studies

Our results show that the designed enzyme is able to better stabilize HMX than the WT NR, and
that the affinity between the mutated NR and HMX is stronger than for the WT NR/HMX complex.

However, a specific point still needs to be clarified: is the mutant NR flavin still able to be reduced
by NADPH? To answer this question, in silico docking of the NADPH co-factor to the predicted mutant
NR structure was performed.

The last frame of the MD simulation for the mutant NR/HMX complex was extracted as .pdb.
Prior to the docking, HMX, water molecules, and ions were removed. The docking zone was defined as
follows: the FMN cofactor, H5 and H6 (residues 94 to 129), the loop between H3 and H4 (residues 67 to
74), the loop from amino acid 40 to 43, H7 (residues 138 to 142), the loop between H1 and H2 (residues
nine to 22), and the loop between strand4 and H9 (residues 197 to 207). This zone spatially defines the
active site. It also includes amino acids known to be involved in weak and dominant interactions with
the NAPDH analog nicotinic acid adenine dinucleotide (NAAD). Indeed, Pitsawong et al, 2017 have
shown that the nicotinic acid ring of NAAD stacks against the re face of the flavin over the uracyl and
diazabenzene. They have also shown that weak interactions with the backbone of Gly120 and Thr67,
and with the side chain of Asn71, engage the ribose hydroxyls. The dominant interactions stabilizing
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the phosphates are observed with the conserved side chains of Lys14 and Lys74. Also, the side chain of
Phe124.B interacts with the nicotinamide.

A total of 150 docking poses were generated using the triangle match placement method associated
to the London dG scoring function. Then, 25 top scoring poses were refined using the induced fit
refinement scoring function GBVI/WSA dG with the generalized born solvation model (GBVI).

The top five scoring poses were evaluated. Three conformations of NADPH bound into the active
site of the protein and interacting with FMN were observed. The ranking was based on the GBVI/WSA
score and the maximum number of favorable non-bonded interactions between the mutant protein and
NADPH. Configuration number 4 had the maximum number of protein-substrate—cofactor interactions
and was hence considered to mimic the actual protein-ligand complex: carboxyl group of His11 forms
one H-bond bridge between the protein, the phosphate group on NADPH, and the cofactor FMN atom
02 (Figure 10). The nicotinamide is not involved in pi stacking interactions with FMN, but it sits deep
in the pocket, which contains the flavin rings, and which is stacked against the re face of the flavin over
the uracyl and diazabenzene rings. Our observations are in good agreement with the crystal structure
5]8D of the NR bound in a complex with NAAD, an analog of NADPH [26]. The distance between the
transferable hydrogen and the N5 of the flavin is 2.88 A, allowing for a hydride transfer.
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Figure 10. NADPH bound into the active site of the mutant NR. Protein backbone are shown in grey.
Residue interacting with NADPH is shown as sticks. FMN is shown in green. The distance between
the N5 of the flavin and the transferable H of NADPH is depicted.

3. Discussion

In this study, we designed the NR from Enterobacter cloacae to facilitate the reduction of a specific
substrate: the high energy molecule HMX. This design is more likely a redesign of the active site,
since only a few positions were mutated to allow a better stabilization of the ligand in the pocket.
Indeed, in vitro studies have shown that HMX does not undergo full reduction. Different causes are
possible—HMX has a very low solubility, and the NR is a soluble enzyme. Also, nitroaromatics are
more likely to be stabilized in the active site, thanks to the pi stacking interactions with FMN, which is
not the case of HMX.

The challenge here was to use a different way to stabilize HMX. The design allowed for the
creation of various H-bonds with HMX (Figure 6), and the ligand fits more homogeneously in the
mutant active site than in the WT NR. However, the model has been designed using a relatively rigid
structure as a starting point. This is why we used MD simulations to allow for the relaxation of the
complex and affinity calculations. RMSD calculations showed that the designed NR has a stability
comparable to the WT NR. However, HMX reaches a more stable state when complexed with the
mutant enzyme (Figure 9). Affinity calculations also indicate an improved affinity. As shown in Table 1,
HMX and p-NBA contain oxygens with partially negative charges, suggesting electrostatic interactions,
which should be a critical factor in the binding affinity. HMX has four nitro groups. Each of them
has two H-bonds acceptors. As H-bonds and pi stacking are weak interactions, the presence of eight
oxygens could compensate for the absence of the aromatic group and the subsequent absence of pi
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stacking for HMX. This also could explain the remaining of HMX in the WT NR active site during the
start of the simulation. The escape of the ligand outside the pocket could be due to the size of HMX
and the nature of the molecule, which presents inner movements, resulting in a larger occupied space
than the one held by p-NBA.

This work also allowed us to show that the mutated NR is able to use NADPH in conjunction with
oxidized FMN. In this regard, we performed a docking study. The optimal pose was selected among
the top five scoring poses, according to the maximum number of protein-substrate-cofactor interactions.
It has been shown that Asn71, Lys14, and Lys74 make polar contacts with the sugar-phosphate portion
of the bound nicotinic acid adenine dinucleotide (NAAD), a precursor of NAD and NADPH [26]. It has
also been shown that the NAAD binds the NR in an extended conformation [32] with its nicotinic ring
against the face of the flavin. This is consistent with observations in other flavoenzymes [33]. These
residues, identical or similar in NR homologs, suggest that NADH binding is similar among the family
members. As none of the three conserved residues have been mutated during the design phase, we
suppose that NADPH could adopt a stable conformation in the designed active site. However, our
selected docking pose does not show the same interactions. NADPH is stabilized by a bond bridge
between His 11, the phosphate group of NADPH, and the FMN atom 02. This configuration locks
NADPH in the pocket. Also, we did not observe the interaction between the nicotinamide ring of
NADPH and the backbone of Phel24, which was identified as conferring NR activity [34]. However,
we observe the same position of the nicotinamide stacked against the re face of the flavin. Regarding
the reaction, the hydride transfer is possible if the C4 of NADPH is 3.0A from the flavin N5. This
position promotes orbital overlap between the nicotinamide C4 hydrogen of NADH and the N5 of the
isoalloxazine ring [18]. The selected pose of our study shows a distance of 2.88 A between the FMN N5
and the hydrogen donor, which allows for the hydride transfer. Consequently, MD simulations would
be relevant, as the structure, even minimized, could be trapped in local energy minimum. Indeed,
docking was performed with an induced fit model could observe a rearrangement of the NADPH after
a relaxation phase.

One last question still needs to be answered: does the mutant NR accommodate intermediate
HMX derivative structures? Our work aimed to design an enzyme able to reduce the nitro groups
of the explosive HMX specifically. In the process, the design was performed with HMX as a starting
substrate. However, HMX contains four nitro groups, and the affinity of the intermediate structures,
shown in Table 2, must be studied. The point is to understand how far the reduction could go, and
how much we could detoxify the molecule. In 2014, Pitsawong et al. [14] showed that the WT NR does
not generate p-aminobenzoic acid from p-NBA and therefore appears to not reduce nitro groups into
the corresponding amine. The chemical explanation of this limitation was brought by McCormick et
al. [35], who showed that the reduction rate of the nitro group increases with the groups present in
the para position (with the following priorities: NH2 <OH <H <CH3 <COOH <NO2). It could be
interesting to evaluate whether our mutant NR could overcome this condition.

The interest in going beyond the hydroxylamine state lies in the fact that HMX derivatives are
also considered toxic. Indeed, we understand that the toxicity of HEMs is highly connected to the
presence of the nitro groups. However, the hydroxylamine derivative is also known to interact with
biomolecules, including DNA, and thus causing toxic and mutagenic effects. The toxic effects are
related to the electrophilic character of these derivatives, whereas the mutagenic effects are mainly due
to the formation of hydroxylamine moiety adducts through esterification with guanine [36]. This is
why it would be interesting to perform a docking study of the HMX derivatives on the designed NR to
investigate if the docking poses could promote hydride transfer. Also, these results would have to be
confirmed by MD simulations and affinity calculations to confirm the stability of these molecules in
the active site.
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Table 2. HMX derivative molecules.

HMX Derivative Molecule Name
po:
’ \NKNJ\N\NO 1,3,5,7-tetranitro-1,3,5,7-tetrazocane
' \NKNJN\NO 1,3,5-trinitro-7-nitroso-1,3,5,7-tetrazocane
. NJ\‘N\N . 1,3-ditrinitro-5,7-dinitroso-1,3,5,7-tetrazocane
ozN\"L")N\NO 1,5-ditrinitro-3,7-dinitroso-1,3,5,7-tetrazocane
O'N\”LN)N\N:(, 1-Nitro-3,5,7-trinitroso-1,3,5,7-tetrazocane
o
LN)NW . 1,3,5,7-tetranitroso-1,3,5,7-tetrazocane
o N\N/_N . . .
[N N-(3,5,7-trinitroso-1,3,5,7-tetrazocan-1-yl) hydroxylamine

N-[3-(hydroxyamino)-5,7-dinitroso-1,3,5,7-tetrazocan-1-yl]
hydroxylamine

- A )\ N-[5-(hydroxyamino)-3,7-dinitroso-1,3,5,7-tetrazocan-1-yl]
pr e hydroxylamine
°:”\Nﬁ"l§ N-[(8,5-bis(hydroxyamino)-7-nitroso-1,3,5,7-tetrazocan-1-yl]
k,NJN\ o hydroxylamine
\NL/TJN\ N-[3,5,7-tris(hydroxyamino)-1,3,5,7-tetrazocan-1-yl] hydroxylamine

N1,N3,N5-trihydroxy-1,3,5,7-tetrazocane-1,3,5,7-tetramine

N1,N3-dihydroxy-1,3,5,7-tetrazocane-1,3,5,7-tetramine

N1,N5-dihydroxy-1,3,5,7-tetrazocane-1,3,5,7-tetramine

N1-hydroxy-1,3,5,7-tetrazocane-1,3,5,7-tetramine

From a technical point of view, it is important to address two points. Regarding the design phase,
the choice of the algorithm depends on the protein design problem: given a desired structure, can
we design an amino acid sequence capable of assuming a target structure? The goal of a protein
design algorithm is to search for all the possible conformations of a sequence that could match a target
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fold. Then it must rank the sequences accordingly to the lowest energy conformation of each one, as
determined by a protein design energy function. This ranking is highly connected to the optimization
problem consisting of finding the conformation of minimum energy. A bunch of algorithms have
been developed to solve the protein design problem. They are divided into two broad classes—exact
algorithms, such as dead-end elimination (DEE), that lack runtime guarantees but guarantee the quality
of the solution; and heuristic algorithms, such as Monte Carlo, that required fewer computational
resources than exact algorithms, but have no guarantees for the optimality of the results. Regarding
our starting protein, a NR able to metabolize, even incompletely, nitro compounds with experimental
validation, the limited number of positions to design, and our computational resources, we chose to
use a heuristic algorithm, and to enforce the resulting design results by MD simulation, allowing us to
solve Newton’s equations of motion and thus to gather dynamical information.

Second, the MD conclusion was based on the RMSD method. RMSD has the advantage of quickly
translating into the stability of a protein. Nevertheless, it is essential to take this data with some
hindsight. First of all, the main problem of the RMSD is closely related to the amplitude of error.
Indeed, two identical structures could not be perfectly superimposed due to the movements of a single
loop or a flexible terminus. In this case, such structures have a large global backbone RMSD and cannot
be effectively overlapped by any algorithm that optimizes the global RMSD. The variations observed
between our structure could be related to the high flexibility of H6, which is known to accommodate
various substrates, in spite of their size. H6 is situated under FMNH2 and is connected to the rest of
the protein through two loops. This unique situation allows, despite the mechanical rigidity of the
helix, for a relative flexibility of the overall structure [37].

A similar approach has been performed in 2003. Loren et al. [38] computationally designed a
receptor and a sensor protein with novel functions by using a DDE algorithm to construct efficient
soluble receptors that binds TNT with high selectivity affinity. These designed receptors illustrate
potential application of computational design and validate our approach.

Nonetheless, we only provided in silico results here. It would be interesting to produce the mutant
and to proceed in vitro tests and calculations to get a better feedback on our work.

4. Materials and Methods

4.1. Workflow

The protocol aims to generate mutants and to computationally validate our model by performing
MD simulations aiming to provide information on the free binding energy and on the stability of our
newly designed structure. Each run was repeated iteratively until we get satisfying results in terms of
structure, stability, and affinity (Figure 3).

4.2. Computational protein engineering

4.2.1. Protein Preparation

A19A protein crystal structure (PDB ID: 5]8G [26]) of the bacterial NAD(P)H NR from Enterobacter
cloacae in a ligand-bound complex with acid para nitrobenzoic (p-NBA) was obtained from the PDB [39]
for use as a starting structure for computational modeling. This structure was examined and prepared
for manipulation using the Structure Preparation feature in the Molecular Operating Environment
software (MOE) [40]. Acid para nitro benzoic was removed and the structure was minimized using the
Amber14 force field [41] to reach an energetically favorable conformation. Then all the unbound water
and cofactor FMIN molecules were removed from the structures.

4.2.2. Cofactor Preparation

FMNH?2 structure file was built from 4PUQ [27] crystal structure and then converted into the
appropriate conformer with MOE confsearch feature. FMNH2 was then superimposed to the oxidized
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FMN into the 5]J8G crystal structure and the coordinates were converted into .mol files. The .mol files
were then parameterized by Rosetta31 (molfile_to_params.py script) to produce a parameter file and a
new .pdb file.

4.2.3. Ligand Preparation

HMX structure was downloaded from Chemspider [42]. Then, HMX was minimized and placed
into the active site of the protein structure 5]8G, in superposition of the acid para nitro benzoic position
and in a way that the nitro group to be reduced was at a distance of 3.8 A from the N5 atom of the
flavin. HMX was then converted into a .mol file using MOE. Partial charges were corrected using MOE
features. The .mol file was then parameterized by Rosetta (molfile_to_params.py script) to produce a
parameters file and a new .pdb file.

4.2.4. Generation of HMX Rotamer Library

An HMX rotamer resource file was generated by random sampling using the searchconf function in
MOE. This rotamer library was completed with crystal structure of HMX retrieved from the Cambridge
database [43]. The library was then used for all subsequent Coupled Moves protocol simulations that
used HMX as substrate ligand.

4.2.5. Resfile Generation

A 4.5 A space around HMX was then determined. All the amino acids with a lateral chain not
facing the active site were removed. Amino acid involved in the stabilization of the HMX cofactor or
in the catalytic activity of the protein were also removed. The remaining amino acid were put in a text
file named “resfile.” This resfile gives information on which positions we want to design. Each target
residue was allowed to mutate into rotamers of every amino acid (“ALLAA”).

4.2.6. Design Method

The computational protocol used in this study redesigns enzyme active site. Coupled Moves
algorithm primarily focuses on the optimization of side-chains for ligand binding and allows for a
certain backbone flexibility [44].

The NAD(P)H NR protein structure prepared in the Structure Preparation section was split into
separate .pdb files, consisting of the apo-protein, the HMX substrate and the FMNH2 cofactor. Small
molecule structure files (HMX and FMNH2) were converted into .mol files. The .mol files were then
parameterized by Rosetta (molfile_to_params.py script) to produce a parameters file and a new .pdb
file for each structure. Then, we combined the protein, HMX, and FMNH?2 structure files into a single
.pdb input file for coupled moves command.

The substrate parameters files were edited to include the path to the HMX rotamer library file
described in the “Generation of HMX rotamer library” section. The resfile including all the positions to
be designed was created. FMNH2 and the apo-protein were allowed to use sampling rotamers of their
current identity. HMX was supplemented with the rotamer library previously generated. The design.sh
script was used to call all the prepared input files. It contains the variables and instructions for the
Coupled Moves method simulation run.

4.2.7. Model Evaluation (Data Analysis)

Low-energy sequences generated by the Coupled Moves protocol were discarded to remove
redundant sequences across multiple protocol runs, with the lowest energy rotamer conformations
saved for each unique sequence. Then, all the sequences were aligned, and the results were compiled to
form a logo sequence. For each designed position, the overall height of the stack indicates the sequence
conservation at that position, while the height of symbols within the stack indicates the relative
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frequency of each amino or nucleic acid at that position. The sequence with the most conserved amino
acid at each designed position were retrieved and pushed through a molecular dynamics simulation.

4.3. Molecular Dynamics Simulations

4.3.1. MD Methods

All the simulations were performed using the molecular dynamics program AMBER [41] using
the Amber ff14SB force field for proteins, and the TIP3P model for all the water molecules in the
system. The force field parameters for FMNH2 and HMX were provided by the General Amber Force
Field (GAFF) [45]. Simulations were performed with the ligand bound to the protein with a cap
comprising two layers of water molecules (TIP3PBOX) surrounding the complex within a distance up
to 10 A. The simulations systems were kept under isothermal/isobaric (NPT) conditions except for the
heating phase.

Energy minimization was performed to obtain a low energy starting conformation for the
subsequent MD simulation. The solvated complexes were minimized for a total of 5000 cycles,
using the steepest descent method for 2500 cycles, followed by 2500 cycles of conjugate gradient.
Then, a 1ns heating phase was performed from 0 to 300K at constant pressure and temperature.
The equilibration/production was performed for 100 ns. Finally, the sampling phase was carried out at
300K for 30 ns. The time step of the simulations was 0.002 ps. Each MD simulation was performed
in triplicate.

4.3.2. Trajectory Analysis

The VMD software [46] was used to visualize trajectories generated during the simulation. Root
Mean Square Deviation (RMSD) was used to determine structure stability. RMSDs were calculated for
every simulation.

4.3.3. Binding Free Energy Calculation

An ensemble average molecular mechanics energies combined with the generalized born and
surface area continuum solvation (MM/GBSA) binding free-energy calculation was performed on the
snapshots from the MD simulation to compare the binding affinity of HMX for the mutant and the
WT NR. A total number of 200 snapshots were taken from the last 4 ns of the MD trajectory with an
interval of 20 ps (only for all the trials where the ligand was successfully kept within the active state).
The calculations were rendered by the MMPBSA..py [47] module of AMBER14. The MMGBSA method
can be conceptually summarized as

AGMM/GBSA = Gcomplex - Greceptor - Gligand: AEmm + AGgp + AGnp — TAS

where AEpqy is the molecular mechanics interaction energy between the protein and the inhibitor,
AGgp and AGp are the electrostatic and nonpolar contributions to desolvation upon inhibitor binding,
respectively, and —~TAS is the conformational entropy change.

4.4. Docking Studies

Docking studies were performed with the MOE software. The last frame of the MD simulation
involving the mutant NR complexed with HMX was extracted as .pdb. HMX, water molecules and
ions were removed. The NADPH 3D conformer was downloaded from PubChem (PubChem CID:5884)
and minimized in MOE using the AMBER14ff. A collection of poses was then generated from the pool
of ligand conformations using one of the Triangle matcher placement methods. A total of 150 poses
were generated. Each of the generated pose was attributed a London dG score. Poses generated
by the placement methodology were then refined using the induced fit refinement scoring function
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GBVI/WSA dG with the generalized born solvation model (GBVI). Twenty-five top scoring poses were
sorted out. The top five scores were then evaluated.

5. Conclusions

Explosives contamination has become a major environmental issue during the past few years.
The pollution with energetic material started with WWII and is still going on, due to manufacturing
industries, conflicts, military operations, armed forces training activities, dumping of munitions, etc.
Different strategies have been studied to remediate contaminated sites: burning, bursting, or chemical
destruction. However, such methods are either costly or environmentally damaging. Bioremediation
has recently emerged as an alternative way to detoxify soils from HEMSs by using bacteria or plant
metabolic pathways. Still, the rate of detoxification is highly variable from one HEM to another.
The high energy molecules HMX is particularly problematic, as its solubility in water is lower than the
one of other HEMs like TNT or RDX. Degradation of HMX by bacteria has been observed for a few
strains: Methylobacterium, K. pneumonia, C. Bifermentans, and Phanerchaete chrysosporium. However, the
degradation of the molecule is either incomplete, questioning the toxicity of these intermediates of
degradation or occurs at meager rates.

To overcome these limitations, we rationally designed an enzyme known for its ability to reduce a
broad range of nitro substituted compounds—the NR from Enterobacter cloacae. From structural data,
we redesigned the active site specifically around HMX with the coupled moves algorithm of Rosetta.
The mutated NR was then studied through MD simulations. Stability and affinity were calculated.
HMX fits the designed active site in a better way than in the WT NR. The molecule makes more
H-bonds, stabilizing the molecule, and exposing its nitro groups at a distance allowing for a hydride
transfer from the FMNH2 cofactor. The distance remains acceptable for hydride transfer, and thus for
the nitro reduction all along the 130 ns of the dynamics. Even if HMX is mobile in the active site, one
of its eight oxygen atoms always remains close enough to the reductive N5 of the flavin to allow the
hydride transfer. These results are encouraging, but further investigations need to be done. The basic
functionality of the protein has to remain intact. Also, the total reduction reaction implies numerous
HMX derivatives. Each of them has to be tested to check how far the reaction could go. Finally, it
would be interesting to perform hydride quantum mechanics/molecular mechanics (QM/MM) studies
to validate the reaction on an extended atomistic level.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/22/
5556/s1.
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Abbreviations

HEM high energy molecule

WWIIL world war II

NAD(P) oxidized form of nicotinamide adenine dinucleotide phosphate

NAD(P)H reduced form of nicotinamide adenine dinucleotide phosphate

NR nitroreductase

FMN oxidized form of flavin mononucleotide

FMNH2 reduced form of flavin mononucleotide

TNT 2,4,6-TriNitroToluene

RDX hexahydro-1,3,5-trinitro-1,3,5-triazine

HMX octahydro-1,3,5,7-tetranitro- 1,3,5,7-tetrazocine

p-NBA acid para nitro benzoic

NAAD nicotinic acid adenine dinucleotide

MD molecular dynamics

MMGBSA molecular mecha.nics energies .Combined with the generalized born and
surface area continuum solvation

OM/MM quantum-mechanics/molecular-mechanics

RMSD root-mean-square deviation

WT wild type

DEE dead end elimination

ALLAA All amino acids

PDB Protein data bank

MOE molecular operating environment

AMBER Assisted Model Building with Energy Refinement
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Abstract: The major cat allergen Fel d 1 is a tetrameric glycoprotein of the secretoglobin superfamily.
Structural aspects and allergenic properties of this protein have been investigated, but its physiological
function remains unclear. Fel d 1 is assumed to bind lipids and steroids like the mouse
androgen-binding protein, which is involved in chemical communication, either as a semiochemical
carrier or a semiochemical itself. This study focused on the binding activity of a recombinant model
of Fel d 1 (rFel d 1) towards semiochemical analogs, i.e., fatty acids and steroids, using both in
silico calculations and fluorescence measurements. In silico analyses were first adopted to model
the interactions of potential ligands, which were then tested in binding assays using the fluorescent
reporter N-phenyl-1-naphthylamine. Good ligands were fatty acids, such as the lauric, oleic, linoleic,
and myristic fatty acids, as well as steroids like androstenone, pregnenolone, and progesterone,
that were predicted by in silico molecular models to bind into the central and surface cavities of
rFel d 1, respectively. The lowest dissociation constants were shown by lauric acid (2.6 uM) and
androstenone (2.4 uM). The specific affinity of rFel d 1 to semiochemicals supports a function of
the protein in cat’s chemical communication, and highlights a putative role of secretoglobins in
protein semiochemistry.

Keywords: secretoglobin; odorant-binding protein; chemical communication; pheromone;
N-phenyl-1-naphthylamine; in silico docking; molecular modeling; protein-ligand interactions;
2D interaction maps; ligand-binding assays

1. Introduction

The major cat allergen Fel d 1 is a secreted globular protein belonging to the family of secretoglobins.
It is produced in large amounts in various anatomical areas of cats, such as the salivary, lacrimal,
and sebaceous glands from the facial area, skin, and anal sacs [1-4]. The secretion of Fel d 1 is under
androgen control [5]. Fel d 1is a 35-38 kDa tetrameric glycoprotein composed of two heterodimers with
a dimerization interface. Each heterodimer consists of two polypeptide chains encoded by independent
genes and linked by three disulfide bridges. Chain 1 is made of 70 residues, and chain 2 of 90 or 92
residues [4,6,7]. Chain 2 contains an N-linked oligosaccharide composed of triantennary glycans [8].
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Structural and immunological Fel d 1 polymorphisms have long been described in samples from
various origins [8-10]. Fel d 1 is a resistant protein easily airborne that is abundantly found in different
indoor environments [11,12]. Despite its high abundance and the serious health issues associated with
this protein, the biological function of Fel d 1 remains unclear [4].

For other members of the secretoglobin family, different biological roles have been suggested,
mainly related to immunoregulation [13-16], but also in chemical signaling [17-19]. Also for Fel
d 1, a role in intra-species chemical communication has been proposed based on the fact that the
protein is produced in the same areas known to release the cat semiochemicals, including the facial
area, the podial complex, and the perianal zone, which contain glands that secrete chemical cues
involved in cat territorial marking and/or social communication [20,21]. Besides, Fel d 1 immunological
features have been linked to cat sex and behavior [22]. From a structural perspective, Fel d 1
also displays interesting features regarding ligand binding capabilities due to the presence of two
internal cavities [23]. Structural similarities between Fel d 1 and another secretoglobin involved in
mice mate selection and communication, the mouse salivary androgen-binding protein (ABP) [18],
have been previously described [24,25]. Binding of some steroids to members of the secretoglobin
family was previously reported, involving interactions with their central hydrophobic cavity [19,23,26].
In particular, a recent paper extensively describes the evolutionary divergence, functional sites,
and surface structural resemblance between Fel d 1 and ABP, suggesting that the first protein could be
involved in semiochemical transport/processing in intra-species communication [25]. However, so far,
no experimental evidence has been provided on the capability of Fel d 1 to bind semiochemicals.

Production of recombinant Fel d 1 (rFel d 1) has been challenging in the past since the two chains
are encoded by two different genes, and attempts to refold them in a correct (i.e., with retained disulfide
formations) and stable way failed [4,27]. Hence, some authors proposed a rFel d 1 construct made of
chain 1 linked to chain 2 via a flexible peptide linker of the (GGGGS)n type [28], which minimizes
the steric hindrance between the two fusion partners, since the small size of these amino acids
provides flexibility, and allows for mobility of the connecting functional domains [29]. The rFel d 1
displayed similar biological and structural properties (notably the disulfide pairing) to its natural
counterparts [8,28].

In the current study, we have investigated the binding properties of this recombinant form of Fel
d 1 produced in a Pichia pastoris clone with the N-glycosylation site N103 mutated and commercially
available INDOOR Biotechnologies) [30]. As a first step to verify the hypothesis of a role of Fel d
1 in chemical communication, we focused on putative ligands that had already been described as
semiochemicals in the domestic cat [21,31], i.e., some fatty acids and their derivatives found in the
composition of the feline facial pheromone F3 and the maternal cat appeasing pheromone. The feline
facial pheromone F3 has been shown to promote calmness and reduce stress with its related undesirable
consequences in cats, such as urine spraying and marking behavior [32-35]. The maternal cat appeasing
pheromone has been shown to have appeasing effects and to facilitate social interactions in cats [36,37].
We have also tested some steroids since several secretoglobins have been experimentally shown to
bind steroid hormones, including pig pheromaxein, rabbit uteroglobin, mouse salivary ABP, and rat
prostatein [19,38-40]. To determine the affinity of these putative ligands and structurally characterize
their interactions with rFel d 1, we used a double approach combining in silico analysis (molecular
docking) with in vitro fluorescence binding assays.

2. Results

2.1. In Silico Molecular Docking of Fel d 1 with Putative Ligands

Asafirst approach to evaluate the binding properties of rFel d 1, we performed docking simulations
of flexible ligands into the binding pocket of a rigid binding protein, represented as a grid box [41].
The collected data are reported in Table 1.
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Among the 15 fatty acids tested with rFel d 1, lauric, myristic, oleic, and linoleic acids were the best
ligands based on their H-bond interactions, docking energy values, and binding frequency. In particular,
lauric acid showed the highest frequency of binding with a free energy of —5.84 kcal/mol. The same
compound also exhibited the lowest total intermolecular energy of —8.58 kcal/mol. Myristic, linoleic,
and oleic acids were moderate ligands with free binding energies of —3.35, —2.95, and —2.82 kcal/mol,
respectively. Furthermore, we observed non-bonded interactions (van der Waals and electrostatic),
and pi-interactions with all the fatty acids tested.

The second series of chemicals tested includes several steroids. Among these, androstenone
showed the maximum frequency of binding as well as the best free binding energy (—5.84 kcal/mol)
with one H-bond interaction (5138) in rFel d 1. The behavior of androstenedione was very similar,
with a binding energy of —5.83 kcal/mol, but this ligand exhibited a lower frequency of binding without
H-bond interaction. On the other hand, progesterone and pregnenolone showed approximately 60% of
the binding frequency, with binding energies comparable to those of androstenone and androstenedione.
Pregnenolone and progesterone exhibited similar H-bond interactions (Thr76) but different from those
of androstenone (5138). Furthermore, Tyr81 and Phe85 were often present as alkyl/pi-alkyl interactions
in the steroid compounds.

Finally, our docking simulation predicted high binding activity of the fluorescent probe
N-phenyl-1-naphthylamine (1-NPN) in the same range as those for fatty acids and steroids. Specifically,
this compound has two potential binding localizations, i.e., in the central and in the surface binding
cavities of rFel d 1. Conversely, some fatty acids and structurally related compounds (long-chain
alcohols, aldehydes, ester, and amides), as well as few steroids, did not qualify as good ligands in
docking simulations and fluorescent probe displacement (Table 1).

Overall, in silico screening indicated as the best potential ligands for the protein some fatty acids
and steroids, which were further tested in fluorescence competitive binding assays.

2.2. Fluorescence Binding Studies

The rFel d 1 binds the fluorescent probe 1-NPN, producing a blueshift in the emission spectrum.
Similarly to odorant-binding proteins (OBPs) and chemosensory proteins (CSPs) [42], the emission
maximum occurs at 407 nm and is accompanied by a strong increase in fluorescence intensity. Figure 1
reports the actual emission spectra obtained with a rFel d 1 concentration of 1 uM and the relative
binding curve obtained after processing the data with the GraphPad Software, Inc., giving a dissociation
constant of 5.8 pM. Scatchard analysis confirmed the presence of a single binding site on the protein
without any cooperativity effect and yielded a dissociation constant K;_npn value of 4.8 uM. We also
tested other fluorescent probes (2-NPN, 1-AMA (1-aminoanthracene), 1,8-ANS (8-anilinonaphtalene
sulfonic acid), but none proved to perform better than 1-NPN (data not shown).

a) b)
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Figure 1. 1-NPN binding to rFel d 1. To a 1-uM solution of the protein in 50 mM Tris-HCl, pH 7.4,
aliquots of 1 mM solution of 1-NPN in methanol were added to final concentrations of 1-20 uM. (a) The
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representative emission curves experimentally obtained. No significant fluorescence emission was
recorded in the same conditions with the protein alone (not shown). (b) The saturation binding curve
obtained from the average of three experiments. Data were analyzed with GraphPad software and gave
a value of 5.8 uM for the binding constant (SD 0.62). The relative Scatchard plot (inset) shows a linear
behavior, apparently indicating the presence of a single binding site without cooperativity effects.

Among the 28 putative ligands, 5 fatty acids and 9 steroids were predicted to possibly interact
with rFel d 1 based on the initial 1-NPN displacement screening (Table 1). These compounds were
therefore tested in competitive binding experiments with 1-NPN and their displacement curves are
reported in Figure 2. Table 2 lists the IC50 values for the best ligands, together with their dissociation
constants. These were calculated using the value for 1-NPN (Kp 5.8 uM; SD 0.62), obtained with
GraphPad software, more reliable than that evaluated from the Scatchard plot. Among the fatty acids,
lauric acid exhibited the best affinity to rFel d 1 (Kd = 2.6 uM), while oleic, linoleic, and myristic acids
displayed only moderate to low affinities, and palmitic acid proved to be the weakest ligand. Among
the steroids, the strongest ligand was androstenone (Kd = 2.4 uM), followed by progesterone and
pregnenolone. These results are in agreement with the in silico docking predictions.

a) b)
100 ® Oleic acid 100 ® Androstenone

o~ ®Linoleicacid __ ® Progesterone
£ ePalmiticacid % ¢ Estradiol

g 75 ® Myristic acid § 75 * Testosterone

8 e Lauric acid 8 Androstenedione

@ g ® Pregnenolone

g g * 17-OH progesterone
& 50 & 50 Estrone
E E * DHEA
b <
= -

25 1 25 -
0 T T T T 0 . : : .
0 4 8 12 16 0 4 8 12 16
[Ligand] uM [Ligand] uM

Figure 2. Competitive binding of selected fatty acids (a) and steroids (b) to rFel d 1. Fluorescence
emission spectra were recorded at 25 °C in the presence of 1 uM of rFel d 1 and 2 uM of 1-NPN;
excitation and emission wavelengths were 337 and 407 nm, respectively. Fluorescence of probe-protein
complexes in the absence of a competitor was normalized to 100%.

Table 2. Affinities of different ligands to rFel d 1, evaluated in competitive binding assays.

Ligand (ICs0) (uM) K4 (uM)
Lauric acid 3.3 2.6
Oleic acid 10.0 7.7
Linoleic acid 10.1 7.8
Myristic acid 144 11.1
Androstenone 3.1 2.4
Pregnenolone 13.1 10.1
Progesterone 13.6 10.5

2.3. Visualization of Molecular Interactions

To visualize the possible binding modes of the best ligands to rFel d 1, molecular models and
2D molecular interaction maps were built and are shown in Figure 3. Lauric acid is predicted to bind
in the central hydrophobic cavity of Fel d 1, where the strongest H-bond interaction occurs between
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the phenolic hydrogen of Tyr119 and the oxygen of lauric acid (Figure 3a). Androstenone, instead,
is predicted to bind on the surface binding cavity of Fel d 1 and shows an H-bond between the Ser138
OH and the carbonyl group of the ligand (Figure 3b).

a)

b)

Figure 3. Molecular residue interactions of Fel d 1 with the best ligands, lauric acid (a) and androstenone
(b). The interactions are shown in molecular ligand binding view (surface mesh) with a 2D-interaction
map of the selective best-fitting ligands to the central and surface binding cavities of Fel d 1. The 2D
map reports H-bond interactions in green color and hydrophobic interactions (van der Waals and
alkyl/pi-alkyl) in pink color. All the amino acid residue interactions within 4 A from the ligand
are shown.

3. Discussion

On the basis of ligand-binding experiments, using the displacement of a fluorescent probe, and in
silico docking simulations, we have shown that a recombinant form of Fel d 1 binds with good affinities
some fatty acids and steroids, the best ligands being lauric acid and androstenone (Kd = 2.6 and 2.4 uM,
respectively). Lauric acid is a component of the mixture of fatty acids described as the cat appeasing
pheromone having effects on cats’ social interactions [36,37], together with oleic, linoleic, and myristic
acids, which also showed some affinity to rFel d 1. Androstenone is a volatile steroid pheromone found
in high concentrations in the saliva of male pigs and triggers attraction/standing responses in estrous
females [43]. Interestingly, some authors have also characterized the binding of isoforms from both
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native and recombinant pig OBP to fatty acids with appeasing effects and some steroids, indicating
the biological relevance of these ligands in chemical communication [44,45]. Although the data here
presented were obtained with a recombinant form of Fel d 1, they still support a role of this protein
in the cat’s chemical communication, probably as a semiochemicals carrier, similar in its function to
OBPs [46].

From a structural perspective, molecular docking suggests that, among good ligands, fatty acids,
except for linoleic acid, bind in the internal/central cavity of rFel d 1, while steroids bind in the cavity at
the surface of the protein. 1-NPN, however, is predicted to fit into both cavities. This last observation
could explain how both fatty acids and steroids can displace the fluorescent probe. The same fact
might also account for the observation that lauric acid and androstenone, the two best ligands, fail to
completely quench 1-NPN fluorescence, showing asymptotic behavior at concentrations much higher
than zero. The same phenomenon might occur with other ligands but would not be clearly visible
due to their much lower affinities. The presence of two binding sites for 1-NPN might contrast with
the linear Scatchard plot. However, if the two sites present similar affinities for 1-NPN and there
is no cooperativity effect, the Scatchard analysis would still produce a linear behavior. Incidentally,
it is worth noting that, to the best of our knowledge, this is the first report of using a hydrophobic
fluorescent probe (1-NPN) to monitor the binding activity of a secretoglobin family member. This
probe, therefore, represents a useful tool for monitoring ligand binding properties with other proteins
of the family and investigating their putative involvement in chemical signaling [47].

Looking more closely at the residual interactions, the in silico predictions revealed that fatty acids
would mainly interact with the hydrophobic residues Vall0, Phel3, Leul4, Tyr21, Phe80, Phe84, Val87,
Met112, Tyr119, Asp130, and Met134. In the same way, the amino acids Glu75, Thr76, Pro78, Tyr81,
Asp82, Phe85, Gly131, Thr135, and Ser138 (all corresponding to only chain 2 residues of the natural Fel
d 1 [48]) displayed predicted hydrophobic interactions with the steroids. The present results are in
agreement with the few steroid interactions previously described in Fel d 1 [23]. In particular, Tyr21
was previously reported to be highly conserved in several secretoglobins [25] and possibly involved in
ligand binding [49,50]. Phe6 was also predicted to interact with ligands [50]. These previous reports
suggested that both these amino acids could be important for a function of the protein in chemical
communication. Likewise, in the present study, we predicted that Tyr21, Phe84, and Tyr119 could
interact with fatty acids, while Tyr81 and Phe85 could interact with steroids.

A limitation of the in silico study is that we used the docking protocol, which is a static or
quasi-static method, to obtain the structure of the various Fel d 1-ligand complexes. Using a scoring
function that is meant to reproduce the binding affinity in terms of free binding energy, these structures
are ranked to reveal the best-fit ligands in a way comparable to the rank based on experimental data [51].
Although the molecular docking free energy differences estimations are fast, simple, and useful for
the screening of ligands, they are not the most precise ones (compared to the free binding energies
determined by molecular dynamics simulations for instance) due to the absence of mobility or the
absence of an explicit solvation of the system [51]. Nevertheless, here, we also considered other
computational factors like binding frequencies and residue interactions before concluding about the
results of the in silico screening displayed in Table 1. Moreover, these results were further confirmed
by in vitro experiments.

A limitation of the in vitro study is that we used a recombinant model of the native Fel d 1, in which
a peptide segment was introduced as a linker between the two subunits in the place of disulfide bridges.
However, the recombinant and native Fel d 1 secondary structures were found to be similar based on
circular dichroism [52]. Most importantly, the disulfide pairing of recombinant Fel d 1 corresponds
with that of the native Fel d 1 [8,52]. Therefore, the peptide link in rFel d 1 seems not to introduce major
differences in the overall folding of the protein. Whereas the overall structures of native Fel d 1 and of
its recombinant are reasonably similar, differences in the flexibility and residual conformations can still
exist. Even minor changes may affect the binding activity of a protein: for instance, several authors have
shown that post-translational modifications, such as phosphorylation and O-glycosylation, influence
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the binding profiles of pig OBP isoforms, and phosphorylation can even enhance the binding affinities
for some compounds in native OBPs compared to their recombinant counterparts [45,53,54]. It was also
hypothesized that the glycosylation pattern of Fel d 1 might affect its structural features, notably by
reducing its cavity size, thus possibly altering/modulating its ligand-binding properties [23]. Therefore,
we cannot exclude that differences between natural and recombinant forms of Fel d 1 may affect the
binding properties of the protein. Confirming our results with the native Fel d 1 would be necessary to
definitely assess its putative function as semiochemical carrier.

The proteins that participate in chemical communication have complex roles, such as solubilizing,
transporting, serving as reservoirs, assisting in the controlled release of semiochemicals, or even acting
themselves as chemical messages (e.g., MUPs) [55,56]. The binding and controlled release of volatile
chemical cues via proteins are of particular interest for Felidae, which are mostly solitary carnivores
and use scent marks to delimit their territories of variable sizes according to ecological resources [57].
Domestic cats vary greatly in spatial organization, from being solitary in well-dispersed populations
at densities of a single individual per square km or lower to living in highly populated groups [58].
Whatever the cats’ social organization is, chemical communication mediated by scent marks is essential
to assess social and territorial relationships [59]. The chemical composition of the marks can also
provide physiological information in some cases, such as sex or sexual status [60]. Interestingly, other
Felidae species also secrete proteins similar to Fel d 1 [61], which might as well have the function of
extending the persistence of chemical cues in their environment. Because territory marking involves
high energy costs [62], it is important to keep the chemical message as long as possible in general and
specifically for Felidae [63].

In mammals, OBPs, sometimes referred to as pheromone-binding proteins (PBPs), are the main
proteins that have been reported to mediate chemical communication. These proteins belong to
the large family of lipocalins and bind semiochemicals and odorants representing various chemical
classes [46,64]. The cat lipocalin Fel d 4 was shown to be involved in chemical communication as
a kairomone by eliciting defensive behavior in mice [65]. The structure of secretoglobins (x-helix
bundles assembled in a boomerang configuration, creating a central hydrophobic pocket), to which Fel
d 1 belongs, is completely different from that of lipocalins (barrel of 3-strands with a central apolar
cavity) [64,66]. However, the binding data collected with a structural model of Fel d 1 suggest that
a function of semiochemical carrier could be considered also for secretoglobins. More experimental
evidence is needed, such as studying the expression of Fel d 1 in cat chemosensory organs, confirming
its binding activity with the native protein, and perhaps identifying its natural ligands. We hope that
our work can stimulate more research in the field of secretoglobins and confirm their putative role in
mammalian chemical communication.

Unveiling the ligand-binding properties of Fel d 1 towards semiochemical compounds supports
a function of this protein as a semiochemical carrier. As Fel d 1 is one of the most important
aeroallergens [4], it is possible that lipid binding might also affect the allergenicity of this protein.
Indeed, some authors have shown that another version of recombinant Fel d 1 was able to bind
lipopolysaccharides (LPS), enhance lipid cellular signaling through Toll-like receptors, and potentiate
the production of the pro-inflammatory cytokine TNF-« (Tumor Necrosis Factor-«), which could
eventually influence the allergic sensitization process [67]. In this respect, ligand binding characteristics
of Fel d 1 might help to understand the allergenic effects of the protein itself compared to that of
its complexes with ligands [68]. Besides, the binding of a ligand to Fel d 1 might affect the allergen
recognition by Immunoglobulin E (IgE) if the epitopes are altered through B-cell epitope conformational
changes induced by the ligand or if the amino acid residues involved in IgE binding are obscured in
the ligand-protein complex. Then, elucidating the ligand binding properties of Fel d 1 might provide
valuable insights into this putative phenomenon of ligand-induced epitope masking. Along the same
line, several approaches aiming at decreasing or controlling the cat production of immunologically
active Fel d 1 have recently been investigated in order to alleviate the symptoms suffered by allergic
cat owners [69]. In particular, the use of a diet supplemented with anti-Fel d 1 avian IgY [70] or the
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immunization of cats with a modified form of recombinant Fel d 1 to stimulate the production of
neutralizing antibodies [71] have been proposed. However, as the results of this study suggest that
Fel d 1 could play an important role in the cat’s chemical communication, our opinion is that any
attempt to alter the production of Fel d 1 should consider possible consequences that might affect the
cat’s biology.

4. Materials and Methods

4.1. System Configuration

All the computational analyses were carried out in a high-performance GPU workstation with
Cent OS V.7.6 Linux and the Windows OS. The hardware specifications of the workstation (Model:
LVX-1 x RTX-2080Ti) include a powerful Intel Core i9-9920X processor with 1GPU Nvidia RTX-2080Tj,
32GB RAM, running with a superfast boot-home 1 x M2-1TB NVME SSD and 2 x 8TB independent
hard disks. The workstation has passed all the validation tests by the Linuxvixion GPU certified system.

4.2. Collection and Structure Conversion of Ligands

Molecular structures of the 28 putative ligands (15 fatty acids and their derivatives (FA) and 13
steroids) and N-phenyl-1-naphthylamine (1-NPN) (fluorescent probe) were collected from PubChem
(https://pubchem.ncbi.nlm.nih.gov/). All the 2D structures of the ligands were converted into the
corresponding three-dimensional (3D) coordinates (sdf to mol2 format) using OpenBabelGUI tools
V.2.3.1 (http://openbabel.org). The selected compounds were used to obtain a drug-likeness score from
the Lipinski rule of five (RO5) webserver (http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.

jsp) [72]-
4.3. Physio-Chemical Properties Analysis

The physico-chemical properties of all putative ligands and 1-NPN were collected from various
chemical databases such as PubChem and ChemSpider. The compound properties were classified
as the chemical formula, molecular weight, H-bond donor, acceptor, topological polar surface area,
and ROS5 (Table 3).

4.4. Molecular Docking Analysis

4.4.1. Ligand Optimization

The retrieved molecular structures of the putative ligands and 1-NPN (.mol) were energy
minimized using the geometry optimization method (MMFF94 force field) with pH 7.0. The Gasteiger
partial charge was added to the ligand atoms and the MMFF94 energies were found to differ between
all the compounds. All the nonpolar atoms were merged, and rotatable bonds were defined.

4.4.2. Protein Grid Parameters

The 3D crystal structure of rFel d 1 (PDB ID: 2EJN) was retrieved from the Protein Data Bank (PDB)
(https://www.rcsb.org/). The protein dimer and ligand dataset were uploaded to the DockingServer
(https://www.dockingserver.com; Virtua Drug, Hungary), a web-based interface module consisting
of Gasteiger and PM6 semiempirical quantum-mechanical partial charge calculations to enhance the
accuracy of docking output utilizing the AutoDock 4 method [73]. The essential hydrogen atoms,
Kollman united atom-type charges, and solvation parameters were added to the 3D structure of rFel d
1. The Gasteiger charge calculation method was selected for the protein clean step. The 3D dimensional
grid box was constructed for permitting ligands to interact in the binding sites of Fel d 1. The affinity
grid parameters (nx = 23; ny = 23; nz = 23 and cx = —0.48; cy = 0.81; cz = 0.22) and 0.375 A spacing were
generated using the Autogrid program [74]. The total Gasteiger charge of rFel d 1 was —6.959 kcal/mol.
After completion of this step, the rFel d 1 structure was prepared for the docking simulation analysis.
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4.4.3. Semi-Empirical Calculations

The docking simulation was performed using the Lamarckian genetic algorithm (LGA) and
the Solis and Wets local search method to determine the optimum complex [75] in the AutoDock
method. The AutoDock parameter set- and distance-dependent dielectric functions were used in the
calculation of the van der Waals and the electrostatic terms, respectively. The initial position, orientation,
and torsion of the ligand molecules were set randomly, and all rotatable torsions were released during
docking. Each docking calculation was derived from 100 runs, which were set to terminate after a
maximum of 2,500,000 energy calculations (540,000 for a generation with a population size of 150).
A translational step of 0.2 A, quaternion, and torsion steps of five were employed as parameters for the
docking analyses. The AutoDock algorithms calculate the free binding energy to assess the orientation
of a ligand binding pose to a protein while forming a stable complex. The protein-ligand complex was
analyzed, and the molecular interaction poses of each compound were selected for the ranking of the
best-fit ligands according to the docking score with several docking parameters. The estimation of the
binding free energy was selected from the best- docked conformation of the protein-ligand complex
using docking simulation.

4.4.4. Molecular Visualization

The protein-ligand interactions were visualized using Discovery studio visualizer DSV 4.5
(Accelrys, San Diego, CA, USA), USCF Chimera (https://www.cgl.ucsf.edu/chimera/) and the LigPlot
V.4.5.3 program. The evaluation of semi-empirical docking values was computed regarding the score
of lowest binding energy, hydrogen bonding (H-bonding), and polar and steric interactions.

4.5. Fluorescence Measurement and Binding Assays

N-Phenyl-1-naphthylamine (1-NPN) was used as a non-polar fluorescent probe in competitive
binding experiments with the ligands (Sigma, France) to investigate binding efficiency of semiochemical
analogs with pure rFel d 1 (INDOOR Biotechnologies, UK) [30]. The fluorescence experiments were
performed on an FP-750 spectrofluorometer (JASCO, Japan) instrument at 25 °C in a right-angle
configuration with a 1 cm light path fluorimeter quartz cuvette and 5-nm slits for both excitation and
emission. The probe 1-NPN was excited at 337 nm and emission spectra were recorded between 380
and 450 nm, at 25 °C. The protein was dissolved in 50 mM Tris-HCl, pH 7.4, and ligands were added
as 1 mM methanol solutions.

The rFel d 1 intrinsic fluorescence was expected to be negligible since no tryptophan is present in
the sequences of both Fel d 1 chains [48], yet it was verified. The binding of 1-NPN to rFel d 1 was
tested at two protein concentrations (1 uM and 2 pM) by titrating the protein solution with aliquots
of a 1-mM solution of 1-NPN in methanol to final concentrations of 1-20 uM. The bound ligand was
evaluated from the values of fluorescence intensity assuming that the protein was 100% active, with a
stoichiometry of 1:1 protein: ligand. Dose-responses curves were performed in triplicate and linearized
using Scatchard plots to calculate the 1-NPN dissociation constant (Kd 1-npN)-

Semiochemicals were first screened for their capabilities to bind rFel d 1 using 1 uM of rFel d 1,
1 uM of 1-NPN, and 2 uM of a competitive ligand. Active compounds were then used to measure
their affinity to the protein, using a concentration range of 0-16 uM. The dissociation constants of
the competitor ligands (Kd) were calculated from the respective IC50 values (IC50: competitor’s
concentration halving the initial fluorescence), using the equation:

Kd = [IC50]/(1 + [1 — NPNJ/K; - nPN)

where [1-NPN] is the free concentration of 1-NPN and Kjnpy is the dissociation constant of the
complex rFel d 1/1-NPN. IC50 was graphically determined from the dose-response curve of each
competitor ligand.
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Abstract: (1) Background: The folate receptor (FR) is a target for cancer treatment and detection.
Expression of the FR is restricted in normal cells but overexpressed in many types of tumors. Folate
was conjugated with peptides for enhancing binding affinity to the FR. (2) Materials and Methods:
For conjugation, folate was coupled with propargyl or dibenzocyclooctyne, and 4-azidophenylalanine
was introduced in peptides for “click” reactions. We measured binding kinetics including the rate
constants of association (k;) and dissociation (k;) of folate-peptide conjugates with purified FR by
biolayer interferometry. After optimization of the conditions for the click reaction, we successfully
conjugated folate with designed peptides. (3) Results: The binding affinity, indicated by the equilibrium
dissociation constant (Kp), of folate toward the FR was enhanced by peptide conjugation. The enhanced
FR binding affinity by peptide conjugation is a result of an increase in the number of interaction sites.
(4) Conclusion: Such peptide-ligand conjugates will be important in the design of ligands with higher
affinity. These high affinity ligands can be useful for targeted drug delivery system.

Keywords: folate; folate receptor; peptide conjugation; click reaction; biolayer interferometry

1. Introduction

Traditional cancer therapy involves removal of tumor cells by surgery, radiation and non-selective
types of chemotherapy [1,2]. Surgery and radiation are often effective with tumors that are primary
or localized and have not metastasized to multiple sites throughout the body [3]. Chemotherapy is
effective in the treatment of metastatic cancers because typical chemotherapeutic agents focus on rapidly
growing tissues, which is a property common to cancer cells. Nonetheless, chemotherapy also often
has a high incidence of unwanted and damaging side effects in normal tissues because these tissues
are also undergoing growth [4,5]. Therefore, monoclonal antibodies against cellular targets that are
unique to cancer cells have been developed [4,6], and antibody-drug conjugates (ADCs) have also
been developed [6]. Targeted treatments exert their anticancer effects through multiple mechanisms,
including proliferation inhibition [6], apoptosis induction [7], metastasis suppression [8], immune
function regulation [9] and multidrug resistance reversal [5,10]. A few ADCs have been used successfully
in clinical trials [5,10,11]. However, there are several points to consider when using an antibody as
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a drug-transporter that targets tumors. Limitations owing to poor therapeutic efficacy of ADCs include:
(i) manufacturing procedures that create heterogeneous mixtures of ADCs with a number of drug
molecules conjugated inconsistently; (ii) the synthesis costs are extremely high with difficulties in quality
control; and (iii) the larger size of ADCs hampers penetration of ADCs into tumor tissue [12]. Small
molecules or peptides are potential therapeutic molecules that overcome these problems [2]. In contrast to
antibodies, these agents provide advantages such as reduced immunogenicity, quick clearance, increased
diffusion and tissue penetration, chemical stability and ease of synthesis [2,6].

Due to the remarkable expression of the folate receptor (FR) on the surface of tumor cells, the FR
can be exploited as a cancer diagnostic and therapeutic target [13]. Folate is an intrinsic ligand of the FR,
consisting of a pterin ring, a central p-amino benzoic acid and an L-glutamic acid tail [4,14,15], and has
been conjugated with anti-cancer drugs [4,16] and drug carriers [17-23] for targeted delivery of drugs to
tumor cells. For example, a peptide that binds to the « isoform of the FR, which is a subtype of FRs, was
selected by phage display; however, the affinity of this peptide was low when compared with that of
folate [24].

In this report, we conjugate folate with peptides to enhance binding affinity toward the FR.
Previously, Li and Roberts [25] prepared a penicillin-peptide conjugate that has at least 100-fold higher
activity than penicillin. Wang et al. introduced aminophenylalanine coupled with purvalanol into
peptides to enhance the inhibitory activity of purvalanol against kinases [26,27]. Peptide conjugation
should increase the affinity between the target protein and ligand by increasing the number of
interaction sites, as shown in Figure 1.

Ligand .
P Peptide

Figure 1. Schematic showing how a peptide conjugated to a ligand (folate) enhances the affinity of the
ligand toward the target protein (folate receptor). The black arrowheads indicate molecular interactions.

For conjugation, we added propargyl or dibenzocyclooctyne (DBCO) to folate and 4-azidophenyalanine
(AzPhe) in the peptide for the “click” reaction, as shown in Figure 2, because it is possible to introduce
the azidophenyl groups into proteins by bio-orthogonal approaches [28,29]. The binding assay of the
synthesized folate-peptide conjugates with FR was performed by biolayer interferometry (BLI), and the
association rate constant (k,) and dissociation rate constant (kq) were determined. The study demonstrated
that the conjugation of folate with peptides enhanced the affinity of folate toward the FR.
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Figure 2. Schemes showing the synthesis of the folate-conjugated AzPhe-Fmoc. (A) The Cu(l)-catalyzed
alkyne-azide cycloaddition (CuAAC) click reaction between the propargyl group (green dotted circle)
and the azide group (cyan dotted circle) to conjugate folate via the triazole ring (red dotted circle). (B)
The strain-promoted alkyne-azide cycloaddition (SPAAC) click reaction between DBCO (green dotted
circle) and the azide group (cyan dotted circle) to conjugate folate via dibenzocyclooctyne triazole (red
dotted circle).

2. Results and Discussion

2.1. Folate-Phe Conjugation by Click Reactions

Two types of folate analogues were prepared by addition of the propargyl group (Figure 2A) and
DBCO (Figure 2B), and both were adjacent to the y-carboxyl group of folate. The additions enabled
confirmation of the click reaction between folate analogues and AzPhe-Fmoc. Folate-propargyl was
used for the Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC) click reaction with AzPhe-Fmoc.
To promote the CuAAC reaction, Cu(l) stabilizing ligands such as Tris (2-benzimidazoylmethyl) amine
(BimH3) and microwaves were also employed at 50 °C. However, absorbance from the triazole ring on
the target compound was not detected under the conditions shown in Table 1.

Currently, some groups have reported success of the CuAAC reaction between folate-propargyl
and polymers containing an azido group [30-34]. However, their folate-propargyl conjugates were
a mixture of propargyl groups bound to the C* and CY of the glutamic acid part of folate. The present
conjugate is the first example of a folate-propargyl with the propargyl group specifically linked to the
CY of folate. The results in Table 1 indicate that the CY-binding propargyl group shows low reactivity
in the CuAAC reaction. The other possibility is that coordination by the -N and -NH groups of the
folate-propargyl with Cu(I) interferes with alkyne-Cu(I) complexation.

In contrast, the strain-promoted azide-alkyne cycloaddition (SPAAC) “click” reaction between
folate-DBCO and AzPhe-Fmoc was successful (Table 1). The yield increased up to 88% by using
twice the molar ratio of folate-DBCO against AzPhe-Fmoc, and the reaction temperature did not affect
yields noticeably. Golas et al. [35] studied the substituent effect on azide reactivity in CuAAC using
various azide compounds with propargyl alcohol. The electronic properties and steric congestion
near end groups are major determinants for the reactivity of azide compounds. Azide with electron
withdrawing groups, such as ethyl azido-acetate, methyl 2-azidopropionate and azidoacetonitrile,
react faster than similar compounds with a neighboring aromatic ring (benzyl azide and 1-phenylethyl
azide). In addition, primary azides such as benzyl azide and ethyl azido-acetate react faster than their
secondary analogues, 1-phenylethyl azide and methyl 2-azidopropionate, respectively. In this case,
AzPhe is less reactive because the electron-withdrawing is affected by the aromatic ring. Nonetheless,
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AzPhe can be more reactive through SPAAC because DBCO enhances the reactivity by its resonant
structure [36].

Table 1. Reaction conditions of folate-propargyl or folate-DBCO with AzPhe-Fmoc.

R1
Conditions RL_N

‘ | + N3_R3 » ‘ \’N

AzPhe-Fmoc 2 "N
R? R R3

Folate-propargyl (9) or
Folate-DBCO (16)
Folate-alkyne ? Molar Ratio of Reaction Conditions Yield (%) P

Folate-alkyne: Azide

CuCl (0.1 mM), BimHj3 (0.1 mM), Na
9 1:1 ascorbate (0.1 mM), 11% (v/v) DMSO + 89% N.D.
(v/v) HyO, room temperature (RT), 12 h
Cu(Cl (0.2 mM), BimHj3 (0.1 mM), Na

9 1:1 ascorbate (0.2 mM), 11% (v/v) DMSO + 89% N.D.
(v/v) H,0, 50 °C, 10 h
CuSOy (0.1mM), BimHj3 (0.1 mM), Na
9 1:1 ascorbate (0.6 mM), 11% (v/v) DMSO + 89% N.D.
(v/v) HoO, MW €, 1h
16 11 10% (v/v) DMF + 10% (v/v) HyO + 80% (v/v) 60
’ MeOH, RT, 16 h
16 11 10% (v/v) DMF + 10% (v/v) HyO + 80% (v/v) 56
’ MeOH, 50 °C, 16 h
16 21 20% (v/v) DMF + 10% (v/v) HyO + 70% (v/v) 88
’ MeOH, RT, 16 h

2 The number corresponds the compound number in Figure 6. ® High performance liquid chromatography (HPLC)
yields; € Microwave conditions; N.D. Not detected.

2.2. Preparation of Folate-Peptide Conjugates by the SPAAC Click Reaction

Since folate-DBCO was demonstrated to conjugate efficiently to AzPhe by the SPAAC reaction,
the preparation of folate-peptide conjugates was performed by this reaction (Figure 3). Three peptide
sequences, GF[AzPhe]IQ, SE[AzPhe]KA and DSE[AzPhe]KAY, were synthesized. The folate-peptide
conjugates were designed by the program ICM-Pro (Molsoft L.L.C., San Diego, CA, USA). After
successful conjugation of folate with AzPhe by SPAAC, we considered the folate-conjugated AzPhe as
one unit and increased the length of the peptide by adding amino acids at N-terminal and C-terminal
of the AzPhe. This length was increased by trial and error procedure. The peptides were synthesized
by a conventional solid phase synthesis method. For BLI measurements, in which a biotin group
binds to streptavidin bound to coated sensor chips, the N-terminus of the peptides was modified with
biotin-(PEG;4)-NHS. The coupling was performed before release from the solid phase synthesis resin
(Figure 3A) [37,38]. The polyethylene glycol (PEG) linker functions as a spacer between the immobilized
and interaction sites and as a solubilizer of the folate-peptide conjugates in aqueous solutions.

The same coupling reaction conditions were used for peptide conjugation. After the click reaction and
purification, each folate-peptide conjugate was identified by matrix assisted laser desorption/ionization-time
of flight mass spectrometry (MALDI-TOF MS). From the mass spectra, folate was confirmed to bind
successfully to the side chain of AzPhe in the peptides.
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Figure 3. Synthesis procedure for peptide conjugates. (A) N-terminal peptide modification with
biotin-PEG,4 was achieved by reacting ester NHS (cyan dotted circle) and the NH, group of the peptide
(black dotted circle).The black wavy line between resin and peptide indicated various peptide lengths.
(B) After the N-terminal modification with biotin-PEGy4 the amide bond (red dotted circle) was formed.
Next, peptide was cleaved from resin (black dotted line). (C) The folate-DBCO-AzPhe containing
peptide was achieved by the SPAAC click reaction between DBCO (purple dotted circle) of the folate
and azide groups (green dotted circle) of the AzPhe in the peptide to form the folate-peptide conjugate
via the dibenzocyclooctyne triazole (blue dotted circle).

2.3. BLI Measurement

Table 2 and Figure 4 show the results of the BLI measurements to evaluate the affinities of the
folate-peptide conjugates toward folate receptor alpha (FRo).

Commercially available folate-PEGg-biotin was used as a control for BLI analysis. The equilibrium
dissociation constant (Kp) between FRx and folate was 1.14 nM. Wibowo et al. [39] and Chen et al. [14]
used a radiolabeled ligand assay and isothermal calorimetry for measurement of the Kp of folate
with FRa and yielded values of ~10 pM and ~190 pM, respectively. Combined with our results,
the differences in Kp values indicate that the method used to measure the Kp has a strong influence on
the outcome.

Table 2. BLI results for the binding affinity of folate and folate-peptide conjugates.

Ligands Kp (nM) ka M~1571) kq (s
Folate 1.14 6.74 x 10° 7.69 x 1073
GFZIQ 0.18 411 x 105 753 x 107>
SEZKA 0.90 8.91 x 10* 8.01 x 107

DSEZKAY 0.24 1.10 x 10° 2.65x 107

Z = folate-conjugated AzPhe.
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Figure 4. BLI data for binding of (A) folate-PEGg-biotin, (B) GFZIQ, (C) SEZKA and (D) DSEZKAY
with FR«. In all cases, analyte only data was kept as a reference and 1:1 local analysis was used. The
black curve lines are run data and colored curve lines are fitting data.

An advantage of BLI is evaluation of the k, and k4. The binding mode of folate to FRo shows
a non-equilibrium binding mode, in which the k4 (7.69 x 1072 s7') was ~10° times slower than that
of the association rate (6.74 x 10 M~! s71). This difference between the k, and kq corresponds well
with the scenario previously proposed for folate binding to FRx [39]. In crystallographic work that
compared the apo- and folate binding forms of FRs, large conformational changes around the folate
binding pocket upon folate binding were observed, i.e., from the relaxed (open) to tight (closed) forms.
In the closed form, the inhibitory loop, basic loop and switching helix around the binding pocket
cooperatively undergo conformational changes to bind the folate tightly. The bound folate in the FRs
then dissociates from the receptors after endocytosis of the FRs into cells, which is triggered by the
acidic environment of the cells. Such a non-equilibrium-binding mode promotes efficient uptake of
folate into cells. Thus, our BLI data provide the first indication that the proposed trafficking mechanism

of folate is valid by revealing the asymmetric binding kinetics of FRs.
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2.4. Interaction of Folate-Peptide Conjugates with FRa

By conjugation with peptides, the affinity increased to sub-nanomolar (~10~1° M) Kp values (Table 2).
The peptide-conjugates showed slower k, values that ranged from 8.91 x 10* to 1.10 x 106 (M1 s71).
Results presented in Figure 4B-D show significantly slow dissociation even after incubation in buffer.
As a result, the kg slows from 7.53 X 107° to 2.65 x 10~* s~1, which increases the Kp values. These
observations suggest that peptide modification further stabilizes the complex formed between the
peptide-conjugates and FRs, most probably by increasing the number of interaction sites between them.

In the peptide-conjugates, SEZKA and DSEZKAY share the common SEZKA sequence. Addition
of aspartic acid (D) at the N-terminus and tyrosine (Y) at the C-terminus leads to a 12-fold faster
association constant and 3-fold faster dissociation constant for the DSEZKAY peptide-conjugate,
resulting in a 4-fold lower Kp. This increase in affinity occurs by lengthening SEZKA to DSEZKAY.
This result indicates that we can alter the affinity of peptide-conjugate compounds by increasing
the length of the peptides at both the N- and C-termini. This may provide a way to manipulate
binding properties of peptide-conjugated compounds by increasing the length of the peptide part of
the conjugates, which may increase the number of interaction contacts with the target protein.

Figure 5 shows the results of the docking simulation, which demonstrates the interaction mode
of DSEZKAY with FRx. As expected in Figure 1, the structure of the complex shows an increase
in the number of interactions to FRx from the peptide portion around the folate-binding pocket.
Previous reports have demonstrated greater than 100-fold increases in binding affinity by peptide
conjugates [25-27], whereas the present result was lower than these previous increases in affinity.
However, the present investigation also revealed that peptide conjugation is a useful tool to enhance the
binding affinity to the target molecule. Future efforts will focus on using the folate-peptide conjugate
to target anti-cancer drug delivery.

DSEZKAY

Figure 5. Docking model of DSEZKAY (yellow) with the surface of the FR«x (blue). The gradation of
yellow and magenta colors on the surface of the FRx indicated the interaction between the ligand and
surface of the FRx. This figure was prepared by the program ICM-Pro. The left dotted box area of
interaction between DSEZKAY with FR« is zoomed in right dotted box. All the dotted lines in right
dotted box indicate an “increased” interaction of DSEZKAY with the FRa (except for the interaction of
folate with the FR«).

3. Materials and Methods

3.1. Materials

Fmoc-Phe(4-N3)-OH (AzPhe-Fmoc) was purchased from Watanabe Chemical Industries, Ltd.
(Hiroshima, Japan) to incorporate non-natural amino acids during the solid phase peptide synthesis
procedure. BimHj3 was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Biotin-PEGy4-
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NHS was purchased from Thermo Fisher Scientific (Waltham, MA, USA) for biotin-PEG,4 modification at
the N-terminus of the folate-peptide conjugates. For the activity assay, streptavidin (SA) biosensors were
purchased from ForteBio (Fremont, CA, USA). Folate-PEGg-biotin was purchased from Nanocs (New York,
NY, USA). Reagents used for reversed-phase high performance liquid chromatography (RP-HPLC)
were of HPLC grade. All other chemicals used were of biochemical research grade. MALDI-TOF MS
(Microflex, Bruker Daltonics, Billerica, MA, USA.) was employed for molecular weight measurement.

3.2. Synthesis of Folate-Propargyl and Folate-DBCO

Synthetic schemes of folate derivatives are presented in Figure 6. Each compound was synthesized
and confirmed as follows.
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Figure 6. Structures and syntheses of folate derivatives. (A) Structure of folate is modified with group
X', where X = propargyl or DBCO (the chemical structures was drawn in black box). The chemical
structures of propargyl and DBCO are drawn in black box. (B) Synthesis of pteroic acid, (C) synthesis
of y-propargyl glutamic acid, (D) synthesis of folate-propargyl, (E) synthesis of silyl protected glutamic
acid and (F) synthesis of folate-DBCO.

46



Int. J. Mol. Sci. 2019, 20, 2152

3.2.1. Compound 2

To a solution of folate 1 (10 g, 0.022 mol) and 100 mL anhydrous tetrahydrofuran (THF) in
a three-neck flask, 24 mL, 0.176 mol trifluoroacetic anhydride [(CF3CO),0] was slowly added at 0 °C
for 30 min. The dark brown homogeneous mixture was stirred at room temperature (RT). After 10 h,
the reaction mixture was filtered through a pad of celite to remove the small amount of solid residue.
The filtrate was concentrated under reduced pressure and the viscous liquid was dissolved with
a minimum amount of THF (5 mL), which was slowly transformed into a flask of well-stirred diethyl
ether (Et,O). The yellow precipitate formed in Et,O was collected by filtration and washed with Et,O
(25 mL x2) to yield the crude compound 2.

3.2.2. Compound 3

The crude compound 2 (6 g) was dissolved in THF (50 mL) followed by the addition of ice (~10 g)
with stirring for 5 h. The mixture was slowly transferred into stirred Et,O (200 mL). The yellowish
precipitate was collected by filtration, washed with Et,O (200 mL x3) and dried for 24 h under
vacuum. To the suspension of yellowish precipitate, conc. HCI (60 mL) was added and refluxed at
60 °C overnight and then 100 °C for 2.5 h. The reaction mixture was poured into water (100 mL).
The precipitate formed in the solution was collected by filtration and washed with Et,O to afford
compound 3 (75%). 'H NMR (DMSO-dg, 400 MHz): 4.60 [singlet (s), 2 H], 6.66 [doublet (d), ] = 8.8 Hz,
2 H],7.66 (d, ] = 8.8 Hz, 2 H), 8.68 [broad singlet (brs), 2 H), 8.78 (s, 1 H).

3.2.3. Compound 4

Compound 3 (3.0 g, 9.6 mmol), Et3N (5.36 mL, 38.0 mmol), and 1,1’-carbonyldiimidazole (CDI)
(6.2 g, 38.0 mmol) in 30 mL dimethyl sulfoxide (DMSO) was stirred at RT for 3.5 h. To the resulting
solution, 2-(trimethylsilyl) ethanol (11 mL, 76.8 mmol) was added. After 5 h stirring at RT, the reaction
mixture was poured into a mixture of water (330 mL), 9.6 mL acetic acid (AcOH) and Et,O (192 mL).
The resulting yellow precipitate was collected by filtration and purified on a silica gel column with
10% (v/v) methanol (MeOH) in CHCIj; to give a yellow solid, which was further washed with Et;O to
give compound 4 (2.14 g, 44%). H NMR (DMSO-dg, 400 MHz): 0.06 (s, 9H), 1.03-1.07 [multiplet (m),
2H], 4.28-4.32 (m, 2H), 4.66 (d, ] = 6.4 Hz, 2H), 6.79 (d, | = 8.8 Hz, 2H), 7.10 (s, 1H), 7.61-7.67 (m, 4H),
8.15 (s, 1H), 8.89 (s, 1H).

3.2.4. Compound 6

To compound 5 (800 mg, 2.6 mmol) in THF (20 mL), propargylamine hydrochloride (275 mg,
3.0 mmol), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (575 mg, 3.0 mmol)
and Et3N (575 mL) were added, and subsequently CH,Cl, (30 mL) and MeOH (10 mL) were added to
dissolve solids completely. After stirring at RT for 5 h the solvent was evaporated. The residue was
purified on a silica gel column to give compound 6 (620 mg, 91%). 'H NMR (CDCl3, 400 MHz): 1.46
(s, 18 H), 1.86 (s, CCH, 1 H), 2.12-2.31 (m, 4 H), 4.06 [quartet (q), 2 H), 4.16 (m, *CH, 1 H), 5.24 (s, NH,
1H), 6.52 (s, NH, 1 H).

3.2.5. Compound 7

Compound 6 (620 mg, 1.8 mmol) was dissolved in CH;,Cl, (5.4 mL) and cooled to 0 °C. To the
solution, 12.6 mL trifluoroacetic acid (TFA) was added while stirring. After stirring at RT for 4 h,
the solvent was evaporated under reduced vacuum. MeOH was added to dissolve the crude powder
and then solidification was performed by the addition of Et;O. The solvent was evaporated and the
precipitate dried to give compound 7 (340 mg, 100%). TH NMR (D0, 400 MHz): 2.00 (dd, 2 H), 2.30
(dd, 2 H), 2.45 (s, CCH, 1 H), 3.66 (t, *CH, 1 H), 3.81 (s, 2 H).
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3.2.6. Compound 8

Compound 7 (107 mg, 0.58 mmol), compound 4 (224 mg, 0.44 mmol) and 7-methyl-1,5,7-
triazabicyclo [4.4.0] dec-5-ene (MTBD) (0.2 mL) were dissolved in DMSO (5 mL) and the mixture was
stirred for 24 h under a nitrogen atmosphere. The solution was drop-wise added into a mixture of 1 M
AcOH (30 mL), MeOH (15 mL) and CHCl3 (30 mL). The solution was then washed with a AcOH:MeOH
(1:1, v/v) mixture once and with a HyO:MeOH (2:1, v/v) mixture twice. The organic layer was then
dried with MgSO, and evaporated. The solid was dissolved in a minimum volume of CHCl3 and
was solidified by the addition of Et,O. The precipitate was collected by decantation and the solvent
evaporated, and the precipitate dried under vacuum to yield compound 8 (263 mg, 95%). 'H NMR
(DMSO-dg, 400 MHz): 0.05 (s, 9 H), 1.05 (m, 2 H), 1.91 (m, 2 H), 2.20 (m, 2 H), 3.07 (s, CCH, 1 H), 3.83
(s, 2 H), 4.30 (m, 3 H), 4.60 (d, 2 H), 6.66 (d, 2 H), 7.03 [triplet (t), folate amine, 1 H), 7.65 (d, 2 H),
8.17 (br, folate amide, 1 H), 8.30 (br, amide, folate amide, 2 H), 8.84 (s, 1 H), 11.9 (br, folate OH, 2 H).
MALDI-TOF MS calculated for CogH34NgO7Si [M + H]" 623.239; obtained [M+H]*t 623.403.

3.2.7. Compound 9 (Folate-Propargyl)

To a solution of compound 8 (70 mg, 0.11 mmol) in DMSO (1 mL), 1 M tetrabutylammonium
fluoride (TBAF) in THF (1 mL) was added and then stirred. After 3 h stirring at RT, the mixture was
solidified by the addition of H,O:AcOH (2:1, v/v), and the material purified by centrifugation and
decantation. This procedure was performed three times. The compound was solidified by Et,O and
centrifuged once. The orange powder of compound 9 (53 mg, 98%) was obtained by drying in vacuo.
Figure S1 shows 'H NMR data of compound 9. 'H NMR (DMSO-dg, 400 MHz): 1.94 (m, 2 H), 2.21
(t,2H),3.07 (s, CCH, 1 H), 3.82 (s, 2 H), 426 (m, 1 H), 4.48 (d, 2 H), 6.64 (d, 2 H), 6.93 (t, folate amine,
1H),7.65(d, 2 H), 8.13 (d, folate amide, 1 H), 8.29 (t, folate amide, 1 H), 8.65 (s, 1 H), 12.0 (br, folate OH,
2 H). MALDI-TOF MS calculated for CpoHy3NgOs [M + H]t 479.179; obtained [M + H]* 479.310.

3.2.8. Compound 11

A mixture of compound 10 (3 g, 9.9 mmol) and CDI (1.60 g, 9.9 mmol) in CH,Cl, (30 mL) was
stirred at RT for 1 h, followed by the addition of 1.46 mL of 9.9 mmol tetramethylsilane ethanol (TMS
EtOH), and this sample was stirred for a further 18 h. H,O (150 mL) was added to the reaction mixture
and the resulting mixture was partitioned. The organic layer was dried with anhydrous Na;SO, and
the solvent evaporated under reduced pressure. The residue was purified on a silica gel column with
25% (v/v) ethyl acetate in hexane to give a colorless oil 11 (3.46 g, 87%). 'H NMR (DMSO-dg, 400 MHz):
0.05 (s, 9 H), 0.99-1.04 (m, 2 H), 1.44-1.45 (m, 18 H), 1.85-1.95 (m, 1 H), 2.07-2.16 (m, 1 H), 2.24-2.38
(m, 2 H), 4.20-4.30 (m, 3 H), 5.09 (d, ] = 8.4 Hz, 1 H).

3.2.9. Compound 12

A mixture of compound 11 (2 g, 4.9 mmol) and TFA:CH,Cl, (1:2, v/v) (15 mL) was stirred at
0 °C for 30 min. The reaction mixture was then allowed to acquire at RT for 4.5 h. while stirring.
The solvent of the reaction mixture was evaporated and the material purified on a silica gel column
with 20-35% (v/v) MeOH in CHCl; to give compound 12 (0.842 g, 69%, as a colorless semisolid). H
NMR (DMSO-dg, 400 MHz): 0.05 (s, 9 H), 0.99-1.03 (m, 2 H), 1.94-2.05 (m, 2 H), 2.36-2.48 (m, 2 H), 4.03
(t, ] =6.4Hz, 1H),4.22-4.26 (m, 2 H).

3.2.10. Compound 13

Compound 12 (1.75 g, 3.4 mmol), compound 4 (1.28 g, 5.2 mmol) and MTBD (1.48 mL, 10 mmol)
in DMSO (15 mL) were stirred at RT in a 100 mL two neck round bottom flask. After 21 h, the resulting
mixture was poured into a mixture of aqueous AcOH (1 M, 600 mL), MeOH (250 mL) and CHCl;
(600 mL). The organic layer was then washed with 1 M AcOH:MeOH (1/1, v/v) (400 mL) and H,O:MeOH
(2/1) (600 mL x2). The resulting organic solution was dried with anhydrous Na,;SO,4 and evaporated
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under reduced pressure. The crude mixture was purified on a silica gel column with CHCl3:MeOH:ethyl
acetate:AcOH (17:1:2:0.08, v/v/v/v) and then CHCl3:MeOH:AcOH (9:1:0.025, v/v/v) to afford a yellow
solid compound 13 (1.38 g, 58%). IH NMR (DMSO-dg, 400 MHz): 0.01 (s, 9 H), 0.06 (s, 9 H), 0.91-0.95
(m, 2 H), 1.03-1.07 (m, 2 H), 1.86-1.95 (m, 1 H), 1.99-2.06 (m, 1 H), 2.30-2.34 (m, 2 H), 4.09-4.13 (m, 2 H),
4.28-4.34 (m, 3 H), 459 (d, ] =6 Hz, 2 H), 6.65 (d, ] = 8.8 Hz, 2 H), 7.02 (t, | = 6.4 Hz, 1 H), 7.65
(d,J=84Hz 2H),822(d,] =7.6Hz 1H),884(s,1H), 11.88 (br, 4 H).

3.2.11. Compound 14

To a solution of compound 13 (1 g, 1.5 mmol) and 5 mL N,N-dimethylformamide (DMF), NHS
(202 mg, 1.7 mmol) and EDC (279 mg, 1.5 mmol) were added. The resulting mixture was stirred at RT
for 18 h. The reaction mixture was poured into water (300 mL) and the yellow precipitate was collected
by filtration to afford compound 14 (1.03 g, 90%). IH NMR (DMSO-dg, 400 MHz): 0.00 (s, 9 H), 0.06
(s,9 H), 0.91-0.95 (m, 2 H), 1.02-1.07 (m, 2 H), 2.04-2.16 (m, 2 H), 2.76-2.84 (m, 6 H), 4.09-4.15 (m, 2 H),
4.28-4.32 (m, 3 H), 4.59 (s, 2 H), 6.66 (d, ] =8.8 Hz, 2 H), 7.66 (d, ] =9.2 Hz,2 H), 8.32 (d, ] = 7.6 Hz,
1H), 8.84 (s, 1 H), 11.70 (br, 2 H).

3.2.12. Compound 15

Compound 14 (142 mg, 0.18 mmol), DBCO amine (50 mg, 0.18 mmol) and triethylamine (Et3N)
(0.04 mL, 0.29 mmol) in 3 mL CH,Cl, were added and stirred at RT for 3.5 h in a 20 mL round
bottom flask. The reaction mixture was diluted with CHCl3 (25 mL) and washed with water (25 mL
x2). The organic layer was dried with anhydrous NaySOy, evaporated and the sample purified on
a Sephadex LH-20 column with CHCl3:MeOH = 1:1 (v/v) to afford compound 15 (0.150 mg; 88%).
H NMR (DMSO-dg, 400 MHz): —0.007 (s, 9H), 0.054 (s, 9 H), 0.89-0.93 (m, 2 H), 1.02-1.06 (m, 2 H),
1.75-2.08 (m, 5 H), 2.36-2.43 (m, 1 H), 2.90-2.95 (m, 1 H), 3.04-3.12 (m, 1 H), 3.60 (dd, ] = 13.6 Hz,
] =6.8Hz,1H),4.07-4.11 (m, 2 H), 4.21-4.31 (m, 3 H), 4.59 (d, ] =5.6 Hz, 2 H), 5.01 (t, ] = 14.4 Hz, 1 H),
6.65(dd, ] =88Hz,]J=44Hz 2H),7.05(q,] =6 Hz, 1 H), 7.24-7.46 (m, 6 H), 7.52-7.66 (m, 5 H), 8.26
(d,] =7.2Hz,1H),8.84 (s, 1 H), 11,69 (br, 1 H). 13C NMR (DMSO-dg, 100 MHz): —1.5, 16.8, 17.0, 26.2,
31.6,34.1,35.0,46.0,52.4,54.8, 62.4, 64.6, 108.0, 111.2, 114.3, 121.3, 121.4, 122.4, 125.2, 126.8, 127.7, 128.0,
128.2,128.9, 129.0, 129.5, 130.0, 132.3, 132.4, 148.3, 149.2, 150.7, 151.4, 152.1, 155.0, 159.5, 166.3, 170.1,
171.3,172.3.

3.2.13. Compound 16 (Folate-DBCO)

To a solution of compound 15 (100 mg, 0.1 mmol) in DMSO (1 mL), TBAF [1.14 mL of 1 M in
anhydrous THF, 10 equivalent (eq.)] was added and then stirred at RT. After 10 h stirring, AcOH
(1.25 mL) was added and the mixture was poured into a mixture of CHCl3; and ethyl acetate (4:1, 25mL).
The yellowish precipitate formed in the solution was collected by filtration and then recrystallized
in a mixture EtOH:MeOH to give the yellow solid compound 16 (folate-DBCO). 'H NMR data is
displayed in Figure S2A. 'H NMR (DMSO-dg, 400 MHz): 1.77-2.04 (m, 5 H), 2.33-2.40 (m, 1 H),
2.88-2.92 (m, 1 H), 3.05-3.11 (m, 1 H), 3.61 (dd, ] = 14 Hz, | = 3.6 Hz, 1 H), 4.10-4.14 (m, 1 H), 4.47
(d,J=6Hz,2H),501(dd,]=144Hz, ] =84 Hz,1H), 6.63 (dd, ] = 8.8 Hz, ] = 2.8 Hz, 2 H), 6.91-6.94
(m, 1 H), 7.07 (br, 1 H), 7.27-7.48 (m, 6 H), 7.55-7.66 (m, 5 H), 7.94 (br, 1 H), 8.63 (s, 1 H). 13C NMR
data is displayed in Figure S2B. 13C NMR (DMSO-dg, 100 MHz): 27.4, 31.9, 34.1, 35.0, 46.0, 52.8, 54.8,
108.1,111.3,114.3, 121.4,121.8, 122.5, 125.3, 126.8, 127.7, 128.0, 128.2, 128.7, 129.0, 129.5, 132.4, 148.3,
148.5,150.6, 151.4, 154.3, 161.5, 165.7, 170.2, 171.7, 174.4. HRMS data is displayed in Figure S2C. HRMS
(QSTAR Elite, AB SCIEX, Framingham, MA, USA) calculated for C3yH33N9NaOg [M + Na]* 722.2446;
obtained [M + Na]*t 722.2445.

3.3. Click Reaction of Folate-Propargyl or Folate-DBCO with AzPhe-Fmoc

Reaction schemes for the click reactions of folate-propargyl and folate-DBCO with AzPhe-Fmoc
are shown in Figure 2. A 1 mM stock of folate-propargyl and a 10 mM stock of BimH3 were prepared
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in DMSO for CuAAC. A 10 mM stock of AzPhe, sodium ascorbate, 2 mM stock of copper (II) sulfate
(CuSO4) and copper (I) chloride (CuCl) were prepared in H,O.

A 10 mM folate-DBCO stock was prepared in DMF and a 10 mM stock of AzPhe-Fmoc was
dissolved in HyO for SPAAC. Several trials were performed for both compounds listed in Table 1.
RP-HPLC using an Inertsil ODS-3 column (Nacalai tesque Inc., Kyoto, Japan) at 25 °C for 55 min was
performed with HyO containing 0.1 % (v/v) TFA (solvent A) and acetonitrile containing 0.1 % (v/v)
TFA (solvent B) as a solvent system with a gradient from 0-0.10 min at 90% A, 5-40 min at 90-50% A,
40-45 min at 50-0% A and 45-47 min at 0-90% A, and flow rate of 1 mL/min. In some cases, a gradient
from 0-10 min at 90% A, 5-40 min at 90-30% A, 40-43 min at 30-0% A and 43-45 min at 0-90% A was
used, and a flow rate of 1 mL/min.

3.4. Synthesis and Purification of Peptides with N-terminal Biotin-PEGyy

The folate-peptide conjugates were synthesized by conventional Fmoc based solid-phase synthesis
methods using a high purity single peptide synthesizer MultiPep CF and micro-column (INTAVIS Co.
Ltd., Cologne, Germany). During synthesis, coupling and deprotection steps were carried out in the
peptide synthesizer. All peptides were synthesized at the 10 pmol scale. Peptide synthesis is as follows:

Preloaded 0.21 mmol/g of fmoc-GIn(Trt)-NovaSyn TGA (Novabiochem, Darmstadt, Germany),
0.19 mmol/g of fmoc-Ala-NovaSyn TGA (Novabiochem) or 0.24 mmol/g of fmoc-Tyr (tBu)-NovaSyn
(Novabiochem) was used for synthesis of GF[AzPhe]IQ, SE[AzPhe]KA and DSE[AzPhe]KAY, respectively.
Fmoc deprotection was performed by using 20% (v/v) piperidine in N-methyl-2-pyrrolidone (NMP) or 1%
(v/v) formic acid + 20% (v/v) piperidine in NMP, depending on the amino acid content of the peptide. For the
coupling step, the corresponding amino acid (5 times mol with respect to resin) was incubated with the
resin for 30 min in the presence of NMP (8 pL), 0.5 M (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (150 pL) and 4 M N-methylmorpholine (45 pL). AzPhe (65 ng) was used during
each synthesis. After confirming the mass of the synthesized peptides by MALDI-TOF MS, the beads
were incubated overnight on a shaker with a mixture of biotin-PEG,4-NHS (34 mg, 1.5 mol eq.),
hydroxybenzotriazole (8.3 mg, 0.6 mol eq.) with the addition of NMP (300 pL). The reaction scheme for
N-terminal peptide modification with biotin-PEG,4 modification is shown in Figure 3A. After confirming
the mass of the product with MALDI-TOF MS, the peptides were cleaved from the resin using a cleavage
cocktail [95.0% (v/v) TFA, 2.5% (v/v) triisopropylsilane and 2.5% (v/v) H,O]. Depending on the amino acid
content of each peptide, resins were incubated with the cleavage cocktail for 24 h in a light protected
container with intermittent shaking. The cleavage mixture was then filtered to remove the beads and
peptides were precipitated using cold Et,O. The resulting precipitate was centrifuged and washed three
times with Et,O. Et,O was removed by overnight vacuum lyophilization and peptides were obtained in
powder form. The products were further purified by RP-HPLC using the Inertsil ODS-3 column at 25 °C
for GFZIQ and SEZKA: 50 min with a gradient of 1-51% (v/v) acetonitrile in water containing 0.1% (v/v)
TFA. An Inert Sustain C18 column (Nacalai tesque Inc.) at 50 °C was used to further purify the DSEZKAY
peptide. The gradient was 25-55% (v/v) acetonitrile in water containing 0.1 % (v/v) TFA for 30 min. Peptides
were purified as shown in Figure S3 and analyzed by MALDI-TOF MS (Figure S4A-C) and the results are
summarized in Table S1. The purified peptides were lyophilized and stored until required.

3.5. SPAAC Click Chemistry to Conjugate Folate into Peptides

Folate-DBCO (3.55 mg) was dissolved in 1 mM DMSO (2.5 mL). Folate-DBCO was then diluted to
0.1 mM with MeOH [total DMSO = 10% (v/v)]. A 1 mM stock of ~50% purified peptide-PEGy4-biotin
was prepared in MeOH. 1 mol eq., 0.1 mM (1 mL) biotin-PEGy4-peptide was mixed with 2 mol eq.,
0.1 mM (2 mL) folate-DBCO in 7.14% (v/v) DMSO and 92.86% MeOH [40]. The mixture was constantly
rotated at 5 rpm and 25 °C on a rotator for 16 h under dark conditions. After the reaction, mixtures
were purified by RP-HPLC using the Inertsil ODS-3 column at 25 °C for 50 min with a gradient of
1-51% (v/v) acetonitrile in water containing 0.1% (v/v) TFA. Folate-peptide conjugates were analyzed
by MALDI-TOF MS analysis.
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3.6. Purification and Refolding of FRa

All steps performed for purification and refolding of FRx were carried out according to our
previous report [41]. However, some different reagents were used. For cell body washing, we used 4 M
urea instead of Triton X-114. The inclusion bodies were solubilized and purified with 8 M urea instead
of 6 M guanidine HCI. Purification and refolding data are shown in Figure S5, and Tables S2 and S3.

3.7. BLI Measurements

The binding affinity of refolded FR toward folate and folate conjugated peptide aptamers was
measured by biolayer interferometry at 25 °C using a BLItz system (ForteBio) with kinetics buffer
[10 mM PBS, pH 7.4, 0.5% (w/v) BSA and 0.01% (v/v) Tween 20]. The measurement procedure has been
reported previously [41]. Streptavidin-coated biosensors (SA sensors were hydrolyzed for 2 h in 250 uL
kinetics buffer and then soaked with 250 uL folate-PEGg-biotin (2.5 uM), or a variety of concentrations
of 250 pL folate-peptide-PEGy4-biotin conjugates at a stirring speed of 2200 rpm. Two baselines were
measured for each sensor in kinetics buffer for 30 and 300 s prior to the immobilization and association
step, respectively. Folate-PEGg-biotin or folate-peptide-PEGy4-biotin conjugates immobilized to SA
biosensors were dipped into FRa solutions for the association step. Dissociation was monitored in
250 puL immune assay kinetics buffer. To eliminate errors from non-specific binding of the analyte (FRx)
on the SA biosensor chips, reference data with the same concentrations of analyte were also measured.

The obtained binding data were analyzed using a 1:1 local analysis mode applied with association
and dissociation step corrections by the BLItz Prol.2 software (ForteBio). The reference measurements
were subtracted during data analysis to determine k,, kq and Kp.

4. Conclusions

By conjugation with peptides the affinities of folate to the receptor were enhanced. The conjugation
with designed peptides will be useful for enhancement of ligands affinities through the increase of
binding sites.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/9/2152/
sl.

Author Contributions: Y.I., HM., D.K. and M.Y. conceived the project. A.N., M.U. and K. K. synthesized the
organic compounds. H.M. designed the peptide sequences in the conjugates. R.D. and H.M. constructed the
protein overexpression systems and purified the proteins. R.D. and H.M. carried out the click reactions and
the subsequent HPLC assays. R.D. and H.M. measured the binding kinetics. R.D., H.M., M.U. and Y.I. wrote
the manuscript.

Funding: This project was funded by the Incentive Research Program of RIKEN (FY2016, H.M.) and JSPS-Turkey
(12016652, Y.I.). R.D. and A.N. were supported by the International Program Associate of RIKEN (IPA number:
151022) and SPDR (Grant number: 201801061156), respectively.

Acknowledgments: We thank the Support Unit for Bio-material Analysis, RIKEN CBS Research Resources Center
for peptide synthesis, N-terminal modification with biotin-PEG,4 and HPLC purification. We thank Kenji Suzuki
to help the computational design of the compounds. We are thankful to Katsunori Tanaka, Masashi Ueki and Yun
Heo for their input in CuAAC reaction. We are also thankful to Primetech Corp. for help with analysis of the BLI
data. We thank the Edanz Group (www.edanzediting.com/ac) for editing a draft of this manuscript.

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

51



Int. J. Mol. Sci. 2019, 20, 2152

Abbreviations

AcOH Acetic acid

ADC Antibody-drug conjugate

AzPhe 4-Azido phenylalanine

BimHj3 Tris-(2-benzimidazolylmethyl) amine
BLI Biolayer interferometry

BSA Bovine serum albumin

brs Broad singlet

CDI 1,1’-carbonyldiimidazole

CuAAC Cu(I)-catalyzed alkyne-azide cycloaddition
d Duplet

DBCO Dibenzylcyclooctyne

DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide

EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
eq Equivalent

EtOH Ethanol

Et,O Diethyl ether

Et;N Triethylamine

Fmoc 9-Fluorenylmethyloxycarbonyl group
FR Folate receptor

FRo Folate receptor alpha

ka Association rate constant

Kp Equilibrium dissociation constant

kg Dissociation rate constant

m Multiplet

MALDI-TOF MS

Matrix assisted laser desorption/ionization-time of flight mass spectrometry

MeOH Methanol

MTBD 7-Methyl-1,5,7-triazabicyclo [4.4.0] dec-5-ene
NHS N-hydroxysuccinimide

NMP N-methyl-2-pyrrolidone

PBS Phosphate buffered saline

PEG Polyethylene glycol

q Quartet

RT Room temperature

s Singlet

SA Streptavidin

SPAAC Strain-promoted alkyne-azide cycloaddition
TBAF Tetrabutylammonium fluoride

TFA Trifluoroacetic acid

THF Tetrahydrofuran

TMS Tetramethylsilane
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Abstract: As a polyene antibiotic of great pharmaceutical significance, pimaricin has been extensively
studied to enhance its productivity and effectiveness. In our previous studies, pre-reaction state
(PRS) has been validated as one of the significant conformational categories before macrocyclization,
and is critical to mutual recognition and catalytic preparation in thioesterase (TE)-catalyzed systems.
In our study, molecular dynamics (MD) simulations were conducted on pimaricin TE-polyketide
complex and PRS, as well as pre-organization state (POS), a molecular conformation possessing a
pivotal intra-molecular hydrogen bond, were detected. Conformational transition between POS and
PRS was observed in one of the simulations, and POS was calculated to be energetically more stable
than PRS by 4.58 kcal/mol. The structural characteristics of PRS and POS-based hydrogen-bonding,
and hydrophobic interactions were uncovered, and additional simulations were carried out to
rationalize the functions of several key residues (Q29, M210, and R186). Binding energies, obtained
from MM /PBSA calculations, were further decomposed to residues, in order to reveal their roles in
product release. Our study advanced a comprehensive understanding of pimaricin TE-catalyzed
macrocyclization from the perspectives of conformational change, protein-polyketide recognition,
and product release, and provided potential residues for rational modification of pimaricin TE.

Keywords: pimaricin thioesterase; protein-substrate interaction; macrocyclization; molecular
dynamics (MD) simulation; pre-reaction state

1. Introduction

Produced predominantly by the genus Streptomyces, polyene polyketides consist of a large
family of natural compounds [1,2], including pimaricin [3], amphotericin B [4], nystatin Al [5],
and candicidin/FRO008 [6]. The members of this class are widely used in clinical medicine for their
broad spectral antifungal properties [7]. With constant progress in scientific research, their potential
pharmaceutical values on antiviral, antiprotozoal, antiprion, and anticancer activity have been
progressively clarified [8,9].

As a potent polyene antibiotic produced by Streptomyces natalensis, pimaricin (i.e. natamycin)
primarily functions in the treatment of fungal infections caused by Candida, Fusarium, Penicillium,
and Aspergillus organisms [10]. It is also known as an additive in food industry [11]. Pimaricin
was approved by the Food and Drug Administration (FDA) as a drug for fungal keratitis in
1978 [12]. Ergosterol constitutes a major component in fungal and trypanosomatids plasma membrane,
while absent in animal cells [13]. Pimaricin serves to bind specifically to ergosterol, downregulate
vesicle trafficking, suppress membrane protein transport, and interfere with endocytosis, as well as
exocytosis without permeabilizing the membrane [14-16]. Its strong performance in clinical trials
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makes pimaricin appealing to researchers, and its biosynthetic pathway modification and drug design
have become new science hotspots [17].

Pimaricin is synthesized by type I polyketide synthases (PKSs), which consists of several
covalently-connected multi-domain “modules.” Each module contains a set pattern of domains,
with acyltransferase (AT) adding acyl-CoA building blocks, acyl carrier protein (ACP) carrying the
polyketide between modules, and ketosynthase (KS) accepting the growing chain from ACP [18].
An extra combination of domains, such as ketoreductase (KR), dehydratase (DH), methyltransferase
(MT) were responsible for the production of distinctive macrolactones [19-21]. Situated in the
last module, the thioesterase (TE) domain off-loads the ACP-tethered polyketide from PKS via
macrocyclization or hydrolysis.

Consistent with serine hydrolase, a two-step mechanism has been proposed for TE-mediated
catalysis of macrocyclic polyketides [22]. The first step is acylation of a universally conserved serine
residue in the catalytic triad, generating an acyl-enzyme intermediate and stabilized for a considerable
time [23]. The second step takes place with an intra-molecular hydroxyl group on polyketide which
initiates a nucleophilic attack and leads to cyclization, or hydrolysis of the acyl-enzyme intermediate
with no efficient intra-molecular nucleophile present.

In our previous work concerning 6-deoxyerythronolide B synthase (DEBS)-TE [24], a hydrogen
bond emerged between the polyketide chain terminal hydroxyl group Oy; and carbonyl oxygen O
(Figure 1), as accompanied by the swing of Cy; ethyl of substrate. This structure has been reported in
Trauger’s work in 2001, where it was referred to as the “pre-organization state” (POS). According to
Trauger [25], the “product-like” conformation might contribute to pre-organization of the substrate for
cyclization. The conformation with a hydrogen bond, forming between the O1; and Ne of His259 in
the catalytic triad, was defined as an active state in our study. This conformation maintained for ~100 ns
in our simulations with considerable steadiness. However, the distance of O1;-C; for nucleophilic
attack was larger than 6 A in active state. Finally, an advantageous conformer (the pre-reaction state,
PRS) was found [24] after ~270 ns MD simulation, which possessed both hydrogen bond O;1-Neps9
and an appropriate distance between O1; and C; to facilitate nucleophilic attack. Critical to mutual
recognition and catalytic preparation between TE and substrate, the PRS seemed decisive in the
occurrence of macrocyclization.

\\
Ci1

S142 @\“259 & "\{ ;j\
c‘{mw POS itive state u“ PRS

Figure 1. Structures of pre-organization state (POS), active state and the pre-reaction state (PRS) of

6-deoxyerythronolide B synthase (DEBS) thioesterase (TE) system.

To understand the molecular basis of pimaricin-TE (pima-TE) catalyzed macrocyclization,
MD simulations were employed on enzyme-substrate complex. POS, active state, and PRS were
discovered during 5 x 50 ns molecular dynamics (MD) simulations, and the conformational transition
between POS and PRS was explored. The structural characteristics of POS and PRS were uncovered
by conducting analyses of hydrogen-bonding and hydrophobic interactions. Additional simulations
on several mutants (including Q29A, M210G, R186F, R186Y and S138C) were carried out to validate
the functions of several key residues in substrate recognition and product release. At last, the binding
energies of enzyme-product complex were obtained through MM /PBSA calculations, and with critical
residues highlighted. We also provided an explanation on the departure of product from the active site.
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2. Results and Discussion

2.1. Key Structural Conformations in MD Simulations

Intrigued by the recognition mechanism of pima-TE, 5 x 50 ns MD simulations were performed
on constructed complex. Root-mean-square deviation (RMSD) analysis revealed that all five trajectories
attained equilibrium (Figure S1). The root-mean-squared fluctuation (RMSF) values highlighted six
parts on pima-TE. Firstly, the lid region was violently jacked up by the erected polyketide (Figure 2).
As a polyene molecule with 26-atom skeleton, pimaricin’s accommodation would require a larger space,
compared with pikromycin, a 14-membered ring. It was conceivable that the relaxation of the substrate
would incur close contact with the lid. Next, as components of the channel, xL.2, as well as loop /1 &
12, presented evident structural dynamism and various coiling states, while «L.3 exhibited negligible
fluctuation. Helix .2 was proposed to wield a larger influence on protein-intermediate recognition
than «L.3, and /1 and I2 were responsible for the exit and entrance size. At last, RMSF indicated that
loop 13 adopted larger fluctuations than loop /1 and I2, and the b-factor calculation [26,27] disclosed an
inherent mobility of loop 3.

1 | ]
0 50 100 150 200 250 300
Residue Number

Figure 2. Conformational change of pima-TE system during molecular dynamics (MD) simulations.
(a) Structural variations between post (opaque) and pre-simulation (transparent) complexes, with lid
region, polyketide chain, o-helix .2, «L.3 and loop /1, I2 & I3 colored in tv_blue, gray, yellow, cyan,
green, red and orange. (b) Root-mean-squared fluctuation (RMSF) of five trajectories with key structural
elements highlighted.

Next, conformational variations at active site in each trajectory were carefully studied. The entire
250 ns trajectory was divided into three categories, based on distance measurement. With a hydrogen
bond coming into being between terminal hydroxyl Oy and Nepg; (distance (O7-Neppe1) < 3.0 A),
the intermediate was regarded ready to be de-protonated by H261, namely, an active state. The active
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state was observed in all five trajectories (8.7, 3.1, 17.1, 79.5, and 23.4%, respectively), with the highest
proportion in md4 (Figure 3). Moreover, the terminal O; was proposed to be conducive for nucleophilic
attack onto carboxyl C; with distance (O7-C;) < 4.5 A. The PRS was defined as both criteria were met,
and was present in md4 for 4700 frames (18.8%, Figure S2); in other trajectories, PRS appeared with a
significantly lower frequency, testifying to its unsteadiness as a transient state.
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Figure 3. Classification of trajectory frames based on polyketide chain conformation. (a) Representative
structures of PRS, active state and POS extracted from clustering analysis. (b) Proportion of PRS,
active state, and POS in each trajectory.

Distinguished from PRS and active state that ultimately lead to macrocyclization, inactive
conformations are susceptible to hydrolysis. Notably, among inactive conformations, the POS, which is
characterized by a hydrogen bond between O and carbonyl oxygen O; of substrate, was also observed
within md1 for 11896 frames (47.6%, Figure 52), whereas it was nearly absent in others (3, 2, 20 and 0
frames in md2-5).

2.2. Conformational Transition between POS and PRS

Next, the transformation between POS and PRS was studied using dihedral angle C-Cg-C,-O7
as an indicator of polyketide terminal rotation. In PRS, bond C-Cp ran anti-parallel against C,-O;
(—180°), but in POS, the dihedral angle was altered to an acute angle fluctuating between (—30°, —70°).
The conformational flip took place in 18-22 ns of md1 trajectory, with conformation altering
progressively from PRS (—180°) to POS (—60°). As presented in Figure 4, terminal hydroxyl Oy firstly
swung up and disassociated from H261, followed by C-C, twisting clockwise and terminal methyl
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oriented towards the entrance (I—1II). Further, the intermediate swelled to diminish distance O7-O;.
After quick adjustment, POS came into being and maintained for rest of the trajectory (II-III).

Times (ns)
0 10 20 30 40 50

) — R — s TG
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Figure 4. Conformational transformation between PRS and POS. (a) Dihedral value representation of

md1 along with intermediate conformation change. (b) Presentation of dihedral angle C«-Cg-Cy-O7.

An energy calculation was also conducted to investigate the structural stability of aforementioned
conformations. As expected, POS harbored a lower energy than PRS by 4.58 kcal/mol, indicating
the steadiness of the O7-O; intra-molecular hydrogen bond. On the other hand, the active state was
calculated to be 0.18 kcal /mol less stable than PRS. The slight difference prompted that conformational
transition between active state and PRS would easily achieve through Cg-C,, bond rotation.

In conclusion, a conformational transformation between POS and PRS was accomplished through
dihedral flip and conformation adjustment, and the energies on POS, active state, and PRS were
computed to understand the reaction process.

2.3. Hydrophilic and Hydrophobic Interactions in Pima-TE System

Based on MD simulations, hydrogen bonding and hydrophobic interactions between pima-TE
and substrate were studied. As exhibited in Figure 5, in PRS, loop /1 (residue 170-177) played a
crucial part in fastening the substrate. The atoms O,, O3, O4 or O5 were anchored by H172 (13.35%),
T177 (15.20%) and Q174 (4.55%) without fixed pattern. Residue Q29, stretching downward from the
lid region, served as a crane to lift up Og and gave rise to an erected molecule (39.26%). The main
chain of M210 fixed Oy at the center of the molecule (28.56%), while its side chain laid parallel to
the hydrophobic area of conjugated polyene (99.92%). The hydrophobic segments of T73, L183 and
Y180 were also oriented towards the polyketide chain and worked jointly to conserve a water-free
sub-environment with frequencies of 94.88, 89.27 and 78.50%, respectively.

Under the circumstance of POS, Q29 (19.38%) and H172 (10.71%) assisted the intermediate
erection, except for this time the molecule slighted twisted to stabilize the intra-molecular hydrogen
bond, which enabled S33 from the lid region to contribute in the hydrogen bonding network (8.90%).
Identical to PRS, M210 again assumed the role of both a hydrophilic stake (56.98%) and a hydrophobic
driving force (99.28%). Besides Y180 (36.17%) and L183 (57.06%) as in PRS, L.213 also participated in
hydrophobicity maintenance (25.43%).
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Figure 5. Hydrogen-bonding and hydrophobic interaction network variations in PRS and POS.
(a) Proportion of top-ranked hydrogen bonding interactions. (b) Diagram of protein-substrate
interaction produced by ligplot* [28]. Backbone of the polyketide substrate was colored in yellow,
and residues providing hydrogen bonding and hydrophobic interactions in slate_blue and brown.

Hiel72

In a word, binding modes of pimaricin polyketide with TE shared considerable similarity between
PRS and POS, with Q29, M210 and residues on loop /1 interacting with the chain via hydrogen bonding,
and M210, Y180, and L183 contributing to hydrophobic network.

2.4. Key Residues Analyzed Via Mutant Simulations

2.4.1. Mutation 1-Q29A

According to the analyses of wild type simulations, Q29, located at lid region of pima-TE,
could mediate the distance Oy-Nepp41 within a favorable range through bonding with Og of substrate.
When mutated to Ala, with Q29’s side chain shortened and hydrogen bond abolished, it was speculated
that the substrate would fall off from its original position. Here, the distance between Og and C«x of
Q/A29 (designated as Og-Cq, a29) Was utilized to depict the substrate’s spatial displacement. As shown
in Figure 6, the distance Og-Cq/a29 fluctuated acutely in Q29A trajectory md2 and md3, with the
substrate either overlength (21, 31), hydrogen bonding to other residues (311), or drifting aimlessly (2,
3mm). The erratic change also decreased PRS formation by a large margin (4.37% vs. 0.54%, Table S1).
On the other hand, POS was observed in Q29A md1 with a frequency of 80.84% (11, 111).
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Figure 6. Instability of polyketide conformation. (a) Distance Og-Cgq/ 29 in wild type md4 and Q29A

31

md1-3 along with conformation transformation. (b) Diagram of distance Og-Cgq/a29.

From our perspective, Q29 could regulate hydrogen bond Oy-Nepy6; and PRS formation by
binding the substrate position with a hydrogen bond, while having little effect on POS.

2.4.2. Mutation 2-M210G

To validate M210’s function in hydrophobic interaction network, M210 was mutated into Gly.
The substrate backbone’s distance RMSD (dRMSD) was calculated with the first frame as a reference.
As seen in Figure 7, the larger dRMSD signified variation in substrate conformation, and its irregularity
suggested volatility. Furthermore, new patterns of hydrogen bonding were observed in mutant
(Figure 7): In md1, the polyketide chain leaned towards «L.3 and interacted with N214 (23.08%);
in md2 and md3, the substrate slightly rotated and bonded with D179 on L2 (76.35% and 87.10%).
Having lost M210 as a hydrophobic barrier, the polyketide chain would adjust its position, and M206
from the neighboring cycle of xL3 exhibited hydrophobicity. Owing to the altered interaction network,
it was hard for the substrate to attain PRS as in wild type complex (4.37% vs. 0.72%).

Specifically, the aforementioned conformational change of substrate also produced a similar
effect on loop /1 seeking hydrogen bonding, and gave rise to a shrinking channel exit, while a bigger
exit would be favored in product release. Taken together, M210 was crucial in maintaining the
polyketide chain in between «L2 and xL.3, which was conduced to protein-substrate interaction and
an advantageous channel exit shape.
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slate and tv_blue for M210G md1-3). (b) Diagram of the dominant structure in each trajectory.

2.4.3. Mutation 3-R186F & R186Y

As a residue containing multiple hydrophilic groups, R186 bonded with Oy for a rather high
probability in wild type complex simulations. As seen in Figure 8a, in md1-3, high frequency of
O7-NRriss bonding could account for the scarce existence of Oy-Nepyps; interaction. To promote PRS
formation, R186 was firstly mutated to Phe.

To our disappointment, the frequency of PRS formation did not improve (4.37% vs. 1.64%).
It was determined that E80 was coupled with R186 and R266, to pose a spatial barrier at the
entrance and prevent the admission of other substrate, while functionally maintaining the closure and
hydrophobicity of substrate pocket. Nevertheless, when R186 was mutated to Phe, a crack appeared
(Figure 8b), and frequency of E80-R266 interaction was lowered as well (Table S2). Worse still, lacking
the tying force, the distance Capig5-Caxpgo also increased, implying a larger entrance (Figure 8c).

Based on our findings, pima-TE was re-modified into R186Y mutant. This time, we endowed
a hydroxyl to the side chain of mutated residue to bond with E80, while the remainder stayed
hydrophobic. We were more than pleased to find a significant rise in PRS ratio (4.37% vs. 18.14%),
with Y186-E80 bonding partly restored (Table S3). Of particular note, a close-to-reaction PRS
conformation appeared in md3 and maintained for over 10 ns, with the terminal methyl oriented
towards the entrance and forcing O closer to C; (Figure 8d). We thus regard R186Y as a promising
modification towards pimaricin productivity advancement.
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2.4.4. Mutation 4-5138C

As presented by Koch et al. [29], compared with pikromycin synthase (PICS)-TEwr, PICS-TEg148¢
could promote macrocyclization efficiency by over 300%. Therefore, pima-TEgj3sc mutant were
subjected to MD simulations to study whether the superiority of Cys over Ser applied in pima-TE
as well. After the clustering analysis, the dominant polyketide structure of each S138C trajectory
demonstrated unbelievable similarity (Figure S3). As seen in Figure 9, S138C frames were significantly
more concentrated in the conducive range for reaction compared to wild type ones, suggesting potential
catalytic advantage. However, due to O—S atomic radius enlargement, bond length involving O/S
increased by 0.3 A, and 0.5 A, respectively, and distance O;-C; would mostly gather around 5.5 A in
mutated complex. The density of advantageous conformations in S138C system strongly suggested
the favorability of this mutation.

2.5. Study on TE’s Effect on the Release of Pimaricin Product

The binding energy between pima-TE and polyketide product was calculated with MM /PBSA
program (Figure 10a). In study of product (i.e., MOL) movement across the channel, distance between
its mass center and Cosi3gs was measured (Figure 10b). As a result, the product migrated towards the
exit for approximately 4 A in md1, while it hardly moved in others. Therefore, md1 was regarded to
have a tendency of product release, and the other two disclosed the stabilization effect produced by the
protein. Energy decomposition revealed residues around the exit to play key parts in protein-product
interactions (Figure 10c), and to assume important roles in product release. (Figure 54)
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Next, a careful analysis was conducted on the disengagement of product in mdl, and three
patterns of hydrogen bonding between Q29 and product were generalized (Figure 11). For the first
25 ns, the product remained its original state and Og from the product ring continued bonding to
Q29 (I). Afterwards, in cooperation with Q29’s side chain turnover (II), the ring lied down a little and
interacted with Q29 from the right (III). Then, the free hydroxyl on Q29 (OE;) grasped O; from the
other side of the molecule, further enabling the molecule to lie flat (IV). In a word, steps II-1II and
II-IV played decisive roles in altering the product’s layout and pulling the product farther away from
the active site. Due to distinguished distribution of hydrophilic and hydrophobic areas on protein,

rotation of the product might partly attenuate its interaction with peripheral residues, and impel the
product’s departure.

=
a. Og-Ngz9 MO;-O09 MO,-Op9 —~MOL-Casg) 55 7%

1l » I mie N

= M H187-MOL
-

S

~

o

=

= 124

@

<

=

=

2

8 81

0 10 20 30 40 50
Time (ns)

Figure 11. Diagram of product movement in substrate channel in md1. (a) Three hydrogen bonding
modes between Q29 and MOL and their transformation. (b) Spatial location of H187 with respect to
MOL. (c) Distance H187-MOL in md1.

On the other hand, H187 seemed to provide thrust towards the release of product (Figure 11).
Distance between the mass center of H187 and product ring shrank along the simulation, revealing
established hydrophobic interaction between the imidazole of H187 and terminal methyl on the
product (Figure 11).

Taken together, after cyclization, the product would stay in the vicinity of active site for a while due
to van der Waals (VDW) and electrostatic interactions from peripheral residues. Later on, the product
layout was altered by molecule rotation, varied hydrogen bonding, etc., which impaired the spatial

constraint, and caused the ring to gradually migrate towards the exit, with Q29 hydrogen bonding as a
driving force and H187 as a rear helper.

65



Int. J. Mol. Sci. 2019, 20, 877

3. Discussion

Due to the limitation of experimental instruments, present computational strategies combining
homology modeling, molecular docking, MD simulation, and QM/MM calculation have been
extensively utilized to provide insight into atomistic details in protein-substrate recognition and catalytic
mechanism. Over recent years, packages and software [30-32] to study protein- substrate interaction
have sprung up relentlessly, and MD simulation has become a regular routine herein [33-35].

In this work, MD simulations were carried out on pima-TE-substrate/product complexes.
Residues playing critical roles in product recognition, assembly, and release were uncovered through
hydrogen bonding and hydrophobic interaction network analysis, which could be obtained from
representative conformations of trajectories, as well as decomposition of MM /PBSA binding energy.
Q29 and M210 might contribute to tight binding effect, and the structural correlation between protein
and substrate was reduced once they were eliminated. R186 was uncovered to maintain pocket
hydrophobicity yet distract the substrate from a proper position, and its mutation to Tyr could benefit
macrocyclization by raising the proportion of advantageous conformation. The computer-aided
methods could provide theoretical basis to enzyme clarification.

Since the transition states of enzyme catalysis were hard to obtain in silico, we chose pre-reaction
state (PRS) as an evaluation indicator. According to our previous research [26,36], PRS was the very
prior stage of macrocyclization in terms of both structure and energy, and its formation was decisive
to TE cyclization. The proportion of PRS was regarded as the degree of reaction readiness. Besides,
PRS proportion was used in mutated systems as well to help elucidate the functions of these residues
and speculate their effect on TE activity. However, a more accurate account of the mutation required
explanation in energy and experimental verification as well.

To conclude, the study approach applied in our work involved protein-substrate interaction,
residue targeting, and mutation analyses with PRS occurrence as an indicator. The strategy could
provide structural rationale for TE-substrate complex and guide future experiments on design of
efficient protein mutants or novel compounds.

4. Materials and Methods

4.1. System Preparation

Given the unavailability of pima-TE crystallization data from Protein Data Bank (PDB), initial
structure of pima-TE was produced through homology modeling with PICS-TE [37] (PDB: 2H7Y) as a
template (sequence similarity: 48.1%). Twenty pima-TE models were generated in the discovery studio
3.5 [38]. The one with the lowest total energy was selected, and its stereochemical quality was further
validated by Procheck [39], with 93.7% of its residues falling in the most favored region.

Considering the extensively-acknowledged catalytic process of pimaricin PKS, the mature
pimaricin product was disconnected at carbonyl C;, and the lactonic ring as well as exocyclic
mycosamine were removed. Furthermore, carboxyl on Ci; was also substituted by a methyl.
The precursor was optimized with Gaussian09 [40] AM1 method [41], after which the buckled
conformation still sustained. The energetically-stabilized substrate was then covalently bonded
to active site Ser138 on pima-TE model, with a hydrogen bond forming between its terminal hydroxyl
and Ne of active site His261. Protonation state of His261 was altered to HID to facilitate PRS formation.
The polyketide-bound acyl-enzyme intermediate was utilized as the initial structure of MD simulations.

During the preparation of the system parameters, an N-terminal cap (-CO-CHj3) and a C-terminal
cap (-NH-CH3) were firstly added onto the Ser138 to block its ends. Conformational optimization at
the level of HF/6-31G(d) was then employed on the intermediate, and its electrostatic surface potential
(ESP) charge was computed. Afterwards, a two-step restrained electrostatic potential (RESP) model
was applied to determine charge distribution on the substrate. Finally, two prior-added caps were
removed, and parameters for the intermediate were generated by the Antechamber package, on the
basis of which topology files for protein-substrate complexes were prepared with tleap module in
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AMBER 14. Through tleap, pima TE-substrate system was placed in an octahedral TIP3P water box [42],
with 12 sodium ions added to maintain charge neutralization.

4.2. Molecular Dynamics Simulation

Starting from the solvated polyketide-bound acyl-enzyme intermediate, classical molecular
dynamics simulations were carried out utilizing AMBER14 [43] ff03.r1 force field [44]. The system
was firstly subjected to 10,000 steps of steepest descent energy minimization followed by 1000
cycles of conjugate gradient minimization with bonds involving hydrogen constrained by SHAKE
algorithm [45], and then another 10,000 steps of steepest descent energy minimization followed by 5000
cycles of conjugate gradient minimization with no constraint exerted. The system was then gradually
heated from 0 to 300 K through 25000 iterations. After a 200ps-equilibrium in NPT ensemble, five 50-ns
simulations (300 K, 1 atm) with different random seeds were conducted. The VDW interactions were
cut off at 10 A and long-range electrostatic interactions were calculated with particle mesh Ewald
(PME) method [46]. Analyses of trajectories were performed using cpptraj in Ambertools14.

4.3. Quantum Mechanics/Molecular Mechanics) Calculation

Quantum mechanics/molecular mechanics (QM/MM) calculations were performed with a
two-layered ONIOM method [47,48] in Gaussian09 program. Geometrical snapshots from the
dominant MD cluster were extracted as PRS, active state, and POS, and were further subject to
geometry optimization. The quantum mechanical (QM) layer consisted of side chains of active
site triad (Ser138, Asp166 and His261) and the polyketide chain, which added up to 96 atoms and bore
one negative charge. The optimization process was carried out under M06-2X [49] functional and basis
set 6-31G(d) [50].

4.4. Simulation of Site Mutation Proteins

Based on the analyses, M210 and Q29 were selected as key residues in protein-substrate interaction.
Considering the optimization of pima-TE, R186 was mutated to Phe and Tyr in succession to reduce its
interference against PRS formation. In accordance with a previously published article of Koch et al. [29],
5138 was also mutated to Cys to examine pima-TEg;33c’s effectiveness. Single site mutation was
employed directly on the initial structure of wild type pima-TE, and all mutants (M210G, Q29A, R186F,
R186Y, 5138C) went through 30-50 ns simulations following identical procedures as mentioned in
Section 4.2.

4.5. Free Energy Calculation and Conformational Stability Analysis

The polyketide chain, which was extracted from dominant structure in wild type md4,
was manually rang up and subjected to conformational optimization with Gaussian 09 AM1 method.
The optimized product was then docked into the channel with C; adjacent to the active site. After the
model construction, 3 x 50 ns MD simulations was carried out with AMBER14 program.

After clustering analysis in cpptraj, a 20 ns segment with dominant conformation was extracted
from each trajectory, and was further subject to a molecular mechanics Poisson-Boltzmann surface
area [51] (MM/PBSA) calculation to estimate the free energy difference (AG'*!) between bound and
detached states of product-protein complexes in solution. The MMPBSA..py program in AMBER14
was performed, and the free energy discrepancy was decomposed to peripheral residues in terms of
hydrophobic and electrostatic forces. Table 1 lists the number and duration of all MD simulations
utilized in the study.
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Table 1. List of MD Runs Performed.

Substrate Name Svstem No. of Runs Length Per
Type y Per Complex Run (ns)

wild type pima-TEwrt + polyketide chain 5 50
M210G pima-TEpp10G + polyketide chain 3 30
Polyketide Q29A pima-TEqgp + polyketide chain 3 30
Chain R186F pima-TER1gsr + polyketide chain 3 30
R186Y pima-TER;gsy + polyketide chain 3 30
5138C pima-TEg;3sc + polyketide chain 3 50
Product ring pima-TEwrt + product 3 50

5. Conclusions

In this paper, MD simulations were utilized as a primary tool to explore pimaricin TE catalysis on
an atomic level. Firstly, 5 x 50 ns trajectories on polyketide were conducted in search of pre-reaction
states (PRS), and transformation between POS and PRS were examined. POS was found to bear lower
energy, yet less mature conformation in comparison with PRS. Protein-polyketide hydrogen bonding
and hydrophobic interactions were deciphered, with several key residues subjected to mutations.
As discovered, Q29 was responsible for holding a polyketide hydroxyl and controlling the substrate
position, and M210 contributed to favorable protein-ligand interaction by virtue of its hydrophobicity.
R186Y might promote productivity by reducing the interference on PRS formation, and S138C could
effectively enhance the proportion of required conformations. Ultimately, the MM /PBSA program
was employed to unveil residues mediating product release, and the postulation of a mechanism of
polyketide product departure from the active site was proposed. We gave a comprehensive overview
on pima-TE catalysis, with computational methods, and offered opinions for protein engineering.
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Abstract: Cancer immunotherapy has been revolutionized by the development of monoclonal
antibodies (mAbs) that inhibit interactions between immune checkpoint molecules, such as
programmed cell-death 1 (PD-1), and its ligand PD-L1. However, mAb-based drugs have some
drawbacks, including poor tumor penetration and high production costs, which could potentially
be overcome by small molecule drugs. BMS-8, one of the potent small molecule drugs, induces
homodimerization of PD-L1, thereby inhibiting its binding to PD-1. Our assay system revealed
that BMS-8 inhibited the PD-1/PD-L1 interaction with ICsy of 7.2 pM. To improve the ICsq value,
we designed and synthesized a small molecule based on the molecular structure of BMS-8 by in silico
simulation. As a result, we successfully prepared a biphenyl-conjugated bromotyrosine (X) with
ICs5¢ of 1.5 uM, which was about five times improved from BMS-8. We further prepared amino acid
conjugates of X (amino-X), to elucidate a correlation between the docking modes of the amino-Xs
and ICsj values. The results suggested that the displacement of amino-Xs from the BMS-8 in the
pocket of PD-L1 homodimer correlated with ICsy values. This observation provides us a further
insight how to derivatize X for better inhibitory effect.

Keywords: PD-1/PD-L1; immune checkpoint inhibitors; biphenyl-conjugated bromotyrosine; amino
acid conjugation; amino-X; in silico simulation; ICs

1. Introduction

Immunotherapy has recently emerged as a fourth modality for cancer therapy, together with
surgery, chemotherapy, and radiation therapy [1-4]. The immunotherapy promotes T-cells to kill cancer
cells by the blockade of immune checkpoint pathways [5,6]. One of the major immune checkpoint
pathways is inactivated by the binding of programmed cell-death 1 (PD-1) [7], which is largely
expressed on T cells, and its ligand PD-L1 [3,8,9], which is mainly expressed on antigen-presenting
cells under physiological conditions but is upregulated on cancer cells [10]. PD-L1 binding to PD-1
suppresses T-cell function, including cytolytic activity, leading to downregulation of the anti-tumor
immune response [2,5]. Another immune checkpoint is mediated by binding of the ligands B7-1/2
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(CD80, CD86) on activated antigen-presenting cells or cancer cells to cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) on T cells, which also suppresses T-cell activity [11,12]. Identification of
these immunosuppressive pathways led to the development of monoclonal antibody (mAb)-based
cancer therapies that inhibit PD-1/PD-L1 or CTLA-4/B7 pathways, thereby reinvigorating the host
anti-tumor immune response [2,13-17]. Among the therapies currently approved for clinical use
are the anti-CTLA-4 mAb ipilimumab (Yervoy®), which was the first immune checkpoint inhibitor
to demonstrate an anti-cancer effect [18,19], and the anti-PD-1 mAb nivolumab (Opdiv0®) [20].
In addition to these and other approved mAb-based immune checkpoint inhibitors [21], many others
are currently in clinical trials for various cancers and immune-based diseases [22-25].

Protein-based drugs such as mAbs have some important drawbacks, such as high production
costs associated with the preparation of biologicals [26], poor tumor penetration due to their large
molecular weights (~150 kDa) [27], and unexpected post-translational glycosylation patterns [28].
Small molecule drugs, which are generally orally active and can overcome many of the challenges
associated with protein drugs, are therefore being pursued as attractive alternative immune checkpoint
inhibitors [28,29].

Until now, Bristol-Myers Squibb (BMS) has disclosed the patent claim [30] with structures of a
number of BMS compounds, which are the potential inhibitors of the PD-1/PD-L1 pathway. Previous
works have shown that one of the BMS compounds, BMS-8, binds directly to PD-L1 and induces
formation of PD-L1 homodimers, which in turn prevents the interaction with PD-1 [31]. In the patent
claims, the homogenous time-resolved fluorescence (HTRF) assay report that BMS-8 has a sub uM
order of ICsg, 0.146 uM [30], with other BMS compounds [32]. In this study, however, our amplified
luminescence proximity homogeneous assay (Alpha) measured the ICsy of BMS-8 as 7.2 uM. Therefore,
we aimed to prepare higher affinity compounds by taking the advantage of the complex structure
of BMS-8/PD-L1 [31] with in silico simulation [33-35]. Figure 1 shows our strategies to improve the
affinity of BMS-8. We used fragmented structures of 3-hydroxymethyl-2-methylbiphenyl (1) and
3-bromotyrosine (2). After conjugation of 1 and 2, a biphenyl-conjugated bromotyrosine (denoted
as X) was synthesized. Because an amino and carboxyl group included in X, it could be conjugated to
various amino acids. [36,37]. During the procedures, we employed in silico simulation and ICs; assay
to reveal molecular mechanism of the inhibition.

wﬁg

l Fragmentatlo
OH BrWOH
HO NH,
1 2

l Conjugation

wﬂ@'

! Addition

Figure 1. Strategies to improve inhibitory effect of BMS-8. 3-hydroxymethyl-2-methylbiphenyl (1) and
3-bromotyrosine (2) were selected as fragmented structures. A biphenyl-conjugated bromotyrosine X
was synthesized after conjugation of 1 and 2. We conjugated a variety of amino acids as additions,
to the amino- and carboxyl-groups of X to reveal molecular mechanism of the inhibition.
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2. Results

2.1. In Silico Docking Simulation and Organic Chemistry Synthesis of a Biphenyl-Conjugated Bromotyrosine

We designed a biphenyl-conjugated bromotyrosine (denoted as X), based on the BMS-8.
We docked X into the crystal structure of BMS-8/PD-L14p complex (PDB ID: 5]80) [31] using
ICM 3.8-7 software (Molsoft L.L.C., San Diego, CA, USA) [33-35], without guidance and induced
fitting to avoid over-fitting. We obtained the docking score of —42.96 for X, which was the
same order of BMS-8, —49.5 (Table 1). Based on the scores, we confirmed the potential of X for
inhibition. Therefore, we synthesized X by the organic chemistry procedures. Scheme 1 shows
the synthetic route for a biphenyl-bromotyrosine 6. Full synthesis details are provided in Materials
and Methods. The C- and N-terminals of 3-bromotyrosine (2) were first protected by tert-butyl and
fluorenylmethyloxycarbonyl (Fmoc) groups, respectively, to produce the amino acid 4, which was
then reacted with 3-hydroxymethyl-2-methylbiphenyl (1) through the Mitsunobu reaction to yield
compound 5. Deprotection of the tert-butyl group in compound 5 produced the Fmoc-protected
amino acid 6. Deprotection of the Fmoc group in 6 yielded the compound X. Peptide conjugates were
obtained by solid-state peptide synthesis using compound 6. 'H NMR spectra of the compounds are
shown in Figures S1-54. A summary of the analytical data for the synthesized compounds is given
in Table S1. The analytical data indicate the successful synthesis of X and 29 amino-X derivatives
consisting of 2-mers (GX, XG, XS, XR, XA, XW), 3-mers (YXC, WXG, QXQ, CXA, RXN, SXR, NXR,
CXR, GXG, XNL, XNH, XHP, XGG), 4-mers (XCSE, XGGG), 5-mers (WRXNN, ERXNK, WRXNQ,
XRRRR, XGGGG), 6-mer (XGGGGG), and 7-mers (CERXNKM, FWRXNNI).

Br.

0 Hclo, B o J<
OH )CL J< 25°C, 24 h R o
NH + ) ) NH
HO 2 47 % HO 2
2 3
0
O Br oJ<
0 o . NaHCO,, acetone, H,0 N
3 g 25°C,15 h HO H j&o
* N-O O 84 % 0
° ’ o
0 J<
Ph,P, DIAD, THF O B'Wo
0°C,12 h
4 + O - O o H'N\(O
o)

O OH 66 %
5
1 0D

(o}
O Brj©/\‘)‘\0H
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Scheme 1. Synthetic scheme for the biphenyl-conjugated bromotyrosine 6.
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Table 1. Docking simulation and IC5y measurements of BMS-8 and amino-Xs.

Amino Acid Length  Sequence Score RMSD (A) ICs (uM)

- BMS-8 —49.5 - 7.2

1 X —42.96 0.40 1.5
GX —41.0 0.52 448.5

XG -46.9 0.28 21
) XS —42.1 0.60 2655.0
XR —45.7 0.37 892.0

XA -43.1 0.47 22.3
XW —43.3 0.51 845.0
YXC -37.1 0.46 465.0
WXG -50.6 0.48 404.8
QxQ =377 0.73 1961.0
CXA —42.0 0.48 665.0
RXN —40.3 0.63 405.3
SXR -36.7 0.58 796.0
3 NXR -50.3 0.46 982.0
CXR —41.5 0.54 550.0
GXG —43.6 0.39 676.0
XNL —43.0 0.58 855.0
XNH —40.7 0.50 313.0
XHP -33.5 0.55 359.0
XGG -36.1 0.57 6505.0
4 XCSE -32.6 0.45 1555.0
XGGG -53.3 0.51 6766.0
WRXNN -38.1 0.38 157.4

ERXNK -21.3 0.48 15.6

5 WRXNQ -19.4 0.49 163.2
XRRRR -28.3 0.45 435.6
XGGGG —41.8 0.75 647.5
6 XGGGGG —45.3 0.48 846.0
. CERXNKM 4.65 1.80 308.2
FWRXNNI -7.30 0.41 311.8

2.2. Inhibition Assays of PD-1/PD-L1 Binding by BMS-8 and X

To evaluate the binding affinities of the compounds for PD-L1, we used the amplified luminescence
proximity homogeneous assay (Alpha) by using the AlphaLISA® assay kit [38]. This assay is based
on photoinduced energy transfer between donor and acceptor beads conjugated to PD-1 and PD-L1,
respectively (Figure S6).

The AlphaLISA® assay revealed that the intermediates of X, compounds 1-6, showed a few
hundred uM or weaker ICsj values (Figure 3). BMS-8 inhibited the PD-1/PD-L1 interaction with ICs
of 7.2 uM (Figure 2), which was weaker than that previously reported, ICsq of 0.146 uM [30]. On the
other hand, nivolumab showed nano-molar order of inhibition (ICsy = 5.1 nM, Figure 2), corresponding
to the previously reported value [39], which suggests the validity of our assay system.
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Figure 2. Inhibition of PD-1/PD-L1 interaction by BMS-8 and nivolumab measured by the
AlphaLISA® assay.

2.3. Fragmentation of BMS-8 and Conjugation of Compounds to Prepare X

To prepare higher affinity compounds based on BMS-8, we first considered a scenario that smaller
groups of BMS-8, compounds 1-6 (Scheme 1), showed better inhibitory effect for PD-1/PD-L1 PPI.
The docking scores of the compounds, however, were larger than that of BMS-8 (—49.5), suggesting
Actually, AlphaLISA assay revealed that the IC5¢ values were a few
hundred uM, which were much weaker than that of BMS-8 (7.2 uM) (Figure 3).

pooper inhibition effect.
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Figure 3. Docking scores, ICs5y values and measurements of compounds 1-6. All compounds showed
larger scores than that of X (score = —42.96) with a few hundred uM of ICs values.

Therefore, we considered the next scenario of conjugation of compounds; we conjugated compound

4 and compound 1 to prepare biphenyl-bromotyrosine (X), which resembled BMS-8 except the terminal
amino- and carboxyl-groups. In turn, X showed a docking score of —42.96, comparable to that of
BMS-8 (—49.5). In fact, X inhibited PD-1/PD-L1 PPI with IC5y = 1.5 pM (Figure 4), which was five

times better than that of BMS-8 (7.2 uM).
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Figure 4. AlphaLISA assay of X. X shows IC5¢ = 1.5 uM with docking score = —42.96.

2.4. Docking Simulation and Inhibition Assay of Amino-Xs

The binding mode of the BMS compounds and derivatives to PD-L1 has previously been revealed
by X-ray crystallography [31,40-42]. BMS compounds induces transient homodimerization of PD-L14p
on the binding, which masks the binding site for PD-1 located in the homodimerization interface.
We docked amino-Xs to the crystal structure of BMS-8/PD-L1 5 complex (PDB ID: 5]80) [31], using
ICM 3.8-7 software (Molsoft L.L.C., San Diego, CA, USA) [33-35], without guidance and induced
fitting to avoid over-fitting. After the docking, we calculated the root mean square deviation (RMSD) of
distances between atoms in compound BMS-8 and X, excluding Cx, NH;, and COOH atoms (Figure 5).

/2 BMS-8

w7 s

I R

Figure 5. Root mean square deviation (RMSD) calculation between amino-X and BMS-8 bound to
PD-L14g homodimer. After docking of amino-X (in this case, WXG), we calculated RMSD between a
part of WXG (excluding Cx, amino-group and carboxyl-group) and the corresponding part of BMS-8,
as shown by the red dotted-rectangle.

Table 1 shows the docking scores and RMSD values for amino-Xs docked to PD-L1ap. Also,
the ICsg values for the amino-Xs are listed in Table 1. As a result, they suggested some positive
correlations. The ICsy values of the 1-2-mer amino-Xs showed moderate correlations with both the
RMSDs (CC 0.67, Table 2) and the scores (CC 0.40, Table 2). However, these correlations weakened as
the number of conjugated amino acids increased (RMSD from 0.67 to 0 and CC 0.40 to —0.20, Table 2).
These results suggest that the current in silico docking worked better for amino-Xs conjugated with
shorter amino acids.

Table 2. Correlation coefficients (CC) for ICsg vs. Score and ICsy vs. RMSD.

Length CC of Score/ICsyg  CC of RMSD/IC5¢

1-2 0.40 0.67
1-3 0.35 0.37
1-4 0 0.28
1-7 -0.20 0

CC values were calculated by the Microsoft Excel.
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To discuss the correlations further, we compared the docking structures of X (ICsg = 1.5 uM),
XG (IC5p = 2.1 uM), and GX (IC5¢ = 448.5 uM).

We compared the binding modes of BMS-8 and X in the pocket of PD-L1 g homodimer (Figure 6).
BMS-8, with ICsqg of 7.2 uM (Figure 2), binds the pocket with a hydrogen bind to Q66 and a
hydrophobic interaction with V684 (Figure 6A), respectively. On the other hand, X forms a hydrogen
bond with the hydroxy group of the side chain of Y564, which stabilizes the binding (Figure 6A), with
ICsg of 1.5 uM (Figure 4). The superposition of X onto BMS-8 showed an RMSD displacement of 0.40 A
(Figure 6B) We conclude that binding of X would not markedly impede PD-L1 homodimerization,
which is consistent with its relatively low ICsy value of 1.5 uM (Figure 4). These results suggest
that we can improve an ICsy value by substituting the six-membered group of BMS-8 with some
proper groups, leading to rearrangement of interactions around it. Besides, smaller displacement of
biphenyl-bromotyrosine portion shown by RMSD is preferable for higher affinity.

A V68, Q66,, B BMS-8
> N\ V68A =

Q66 YSlpvs-s
\/\\J\i 54,

7 X
|5iA ;?y/vsm
D12 '
Y L = R ‘
& = Y
ol R1 | ‘\ - 0
RMSD =0.40 A
BMS-8 HO

& G am>

Figure 6. Docking conformations of BMS-8 and X. (A) The docking modes of BMS-8 and X were
revealed by the X-ray crystallography and in silico docking simulation, respectively, which the 2D
binding pictures. The 2D figures show that biphenyl portions of the ligands bind into the pocket by
hydrophobic interactions shown in light-green color. In contrast, the amino cation at the six-membered
ring of BMS-8 makes a hydrogen bond with the sidechain of Q66,4 in cyan color. In addition,
the six-membered ring makes hydrophobic interaction with V68,4. On the other hand, amino-group
of bromo-tyrosine in X makes a hydrogen bonding to the hydroxyl group of Y56, colored in cyan,
without other hydrophobic interaction, as shown in the 2D picture. (B) BMS-8 and X without Cx, NH,
and COOH superposed each other with RMSD of 0.40 A.

Modeling of XG identified two potential hydrogen bonds between the N-terminal of XG and the
side chain of Q66 and between the carboxyl group of Gly and R125p in the side chain (Figure 7A).
The RMSD between XG and BMS-8 was 0.28 A (Figure 7B), which suggested that the IC5( value of
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XG would be similar to that of X. Indeed, XG had a measured ICs; for PD-1/PD-L1 binding of 2.1 uM
(Figure 7C). X and XG potentially have the inhibitory effect for PD-1/PD-L1 interaction because Kp
between PD-1 and PD-L1 are reported as 6.4 uM [43].

B Bms-s C XG ICsp = 2.1 uM

300000

200000+

Intensity

100000

0 — T T T T T I 1
107 10 105 104 102 102 10" 10° 10°

RMSD =0.28 A XG (mM)

Figure 7. In silico binding mode of XG. (A) Behavior of XG in the binding pocket of the PD-L14p
homodimer. (B) Superposition of XG onto BMS-8. The RMSD for displacement was 0.28 A. (C) IC5 of
XG for PD-1/PD-L1 binding.

GX docking into the binding pocket of the PD-L1 homodimer revealed two hydrogen bonds
formed between GX amino groups and carbonyl group of Y123 (Figure 8A). As a result, the calculated
RMSD between GX and BMS-8 was 0.52 A (Figure 8B), which was larger than the RMSD of X and
XG. This observation suggests that GX binding might sterically hinder PD-L1 homodimerization,
leading to poorer inhibition of PD-1/PD-L1 binding. Consistent with this, the measured ICs; for GX
was 448.5 uM (Figure 8C), which was several hundred times higher than those for X and XG ( Figure 4;
Figure 7C). It is possible that the larger displacement of X of GX caused to deform the pocket of the
PD-L1 homodimer, leading to the weaker inhibition of GX than those of X and XG.

A B BMms-8 C

\_‘\ > GX ICSO = 448.5 uM
\ / 150000
|54A >\ L] <
\ GX 2 100000+
\\r a | i Y123B Pﬂ548 E 50000
W >~
AT s N
P G B . 107 16*3 16-5 1(;*‘ 16-3 16-2 1t|r1 15“ 1(')1
RMSD =0.52 A GX (mM)

Figure 8. In silico binding mode of GX. (A) Behavior of GX in the binding pocket of the PD-L14p
homodimer. (B) Superposition of GX onto BMS-8. The RMSD for displacement was 0.52 A RMSD.
(C) IC5¢ of GX for PD-1/PD-L1 binding.

The X portion of BMS-8 without Ca, NHp, COOH atoms formed hydrophobic interactions in
the crystal structure (PDB ID: 5]80), with residues 1544, Y565, V68a, M1154, 11164, S1174, A1214,
D122 4, 154g, Y565, M115g, 11168, 51175, A121g, D122g, and Y123 of the PD-L1 homodimer (Figure 9A).
The space-filling representation of X shows the adherent interaction mode to the binding pocket
(Figure 9B,C). The intermediate compounds of BMS-8, compounds 1-6 (Scheme 1) showed a poor
ability to inhibit PD-1/PD-L1 binding (Figure 3), which was probably due to insufficient hydrophobic
filling of the compounds in the binding pocket.
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Figure 9. Schematic drawing and space-filling representation of BMS-8 binding in the binding pocket
of the PD-L1 homodimer. In (A-C), violet represents X without Cx, NH,, COOH atoms. (A) Binding
mode of BMS-8 in the pocket of the PD-L1 5 homodimer (PDB ID:5]J80). Yellow and cyan represent
PD-L14 and PD-L1g side chains, respectively. (B) Space-filling representation of BMS-8 bound to the
surface of PD-L1, (yellow) and contact area with PD-L1g (cyan). (C) Space-filling representation of
BMS-8 bound to the surface of PD-L1g (cyan) and contact area with PD-L14 (yellow).

Collectively, our results suggest that the larger displacement of amino-Xs from BMS-8 prevents
PD-L1,/PD-L1g homodimer formation. The docking simulations suggest that X and GX promote
homodimerization of PD-L1, resulting in low ICsy values, whereas the larger displacement of amino-Xs
prevents PD-L1 homodimer formation and increase the ICs, values.

The results of this study advance our understanding of how small molecule compounds could
be rationally designed to inhibit PD-1/PD-L1 interactions with high affinity. In silico docking
simulations have typically shown that target proteins have stable binding pockets during ligand
binding, even allowing for some local flexibility of the side chains within the pockets [37,44]. In that
scenario, binding scores generally correlate well with experimentally determined inhibitor activity [45].
However, binding of X and amino-X in the PD-L1 pocket occurs through strict interactions, indicating
that even a slight displacement of the X conformation leads to deformation of the PD-L1 homodimer,
which deceases the inhibitory effect. Consistent with this, the amino-Xs with shorter amino acid
conjugates showed moderate positive correlations between the measured ICsy values and RMSDs
in the no template/flexible docking mode, whereas the correlation was weakened by further amino
acid addition.

3. Materials and Methods

3.1. Materials for Organic Chemistry Synthesis

Sodium chloride (NaCl), lysozyme, monosodium phosphate (NaH,PO,), imidazole, glycerol,
reduced glutathione, oxidized glutathione, methanol, dimethyl sulfoxide (DMSO), trifluoroacetic
acid (TFA), tert-butyl acetate, perchloric acid (HClOy), hydrochloric acid (HCI), sodium carbonate,
ethyl acetate, sodium sulfate, hexane, sodium hydrogen carbonate (NaHCO3), acetone, triphenyl
phosphine (Ph3P), anhydrous dichloromethane (CH,Cl), and anhydrous tetrahydrofuran (THF)
were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). 3-Bromo-tyrosine,
3-hydroxymethyl-2-methylbiphenyl, and diisopropyl azodicarboxylate (DIAD; 40% in toluene,
approximately 1.9 mol L~!) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). Magnesium sulfate and CH,Cl, were purchased from Junsei Chemical Co., Ltd. (Tokyo,
Japan). Deuterochloroform (CDCl3) was purchased from Isotec, Inc. (Miamisburg, OH, USA), and
N-[(9H-fluoren-9-ylmethoxy) carbonyloxy] succinimide (Fmoc-Osu) was purchased from Watanabe
Chemical Industries, Ltd. (Hiroshima, Japan).
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3.2. Synthesis of a Biphenyl-Conjugated Bromotyrosine

o)
HClO, J<
Br OH )‘i k 25°C, 24 h W
NH, * o T %

HO
2

(S)-tert-Butyl 2-amino-3-(3-bromo-4-hydroxyphenyl) propanoate (3). A suspension of
3-bromotyrosine (2; 1.0 g, 3.9 mmol) in tert-butyl acetate (16 mL, 92 mmol) was cooled to 0 °C,
and stirred for 30 min. HCIO4 (0.5 mL, 7.7 mmol) was then slowly added to the suspension at 0 °C,
and the reaction mixture was warmed to 25 °C and stirred for 24 h. The mixture was washed with
water and 1N HCI, and the aqueous phase was brought to pH 9 using sodium carbonate and then
extracted with ethyl acetate. The resulting organic phase was washed with water and dried with
sodium sulfate. The solvent was evaporated under reduced pressure, yielding an oily compound.
This crude product was washed with cold hexane and then dried under reduced pressure to yield
compound 3 (0.57 g, 47%). '"H-NMR (400 MHz, CDCl3): & = 1.41 (s, 9H, -OC(CH3)3), 2.73 (dd, 1H,
J =144, 8.0 Hz, HOPh(Br)-CH,CH(NH;)-), 2.93 (dd, 1H, J = 13.6, 5.2 Hz, HOPh(Br)-CH,CH(NH,)-),
3.57(dd, 1H, J = 7.2, 5.6 Hz, HOPh(Br)-CH,CH(NH;)-), 3.70 (m, 3H, HOPh(Br)-CH,CH(NH;)-), 6.70
(d, 1H, J = 8.0 Hz, aromatic ring), 6.94 (dd, 1H, ] = 8.4, 2.0 Hz, aromatic ring), 7.26 (d, 1H, ] = 1.6 Hz,

aromatic ring).
(o)
Q B oJ<
0 o . NaHCO;, acetone, H,0 N o
Yo 25°C,15 h HO H
N-O (o)
(o)

84 % 4
a8

(S)-tert-Butyl  2-({[(9H-fluoren-9-yl)methoxy]carbonyl}amino)-3-(3-bromo-4-hydroxyphenyl)
propanoate (4). A suspension of 3 (0.5 g, 1.6 mmol) and NaHCOj3 (0.27 g, 3.2 mmol) in water (20 mL) was
cooled to 0 °C. Fmoc-Osu (1.1 g, 3.2 mmol) in acetone (40 mL) was added to the suspension slowly, and
the reaction mixture was then stirred at 25 °C for 15 h. The solvent was removed and washed with 1IN HCI
and water. After drying under vacuum, the crude product was purified by column chromatography on
silica gel (eluent: ethyl acetate/hexane = 1:3 v/v) to yield compound 4 (0.71 g, 84%). 'H-NMR (400 MHz,
CDCl3): 6 =1.42 (s, 9H, -OC(CHg3)3), 3.00 (d, 2H, ] = 5.6 Hz, HOPh(Br)-CH,CH(NHCOOCH,CH-)-),
4.21 (t, 1H, J = 7.2 Hz, HOPh(Br)-CH,CH(NHCOOCH,CH-)-), 4.33 (dd, 1H, J = 104, 7.2 Hz,
HOPh(Br)-CH,CH(NHCOOCH,CH-)-), 4.43-5.00 (m, 2H, HOPh(Br)-CH,CH(NHCOOCH,CH-)-),
529 (d, 1H, J = 80 Hz, HOPh(Br)-CH,CH(NHCOOCH,CH-)-), 543 (s, 1H,
HOPh(Br)-CH,CH(NHCOOCH,CH-)-), 691 (d, 1H, ] = 8.4 Hz, aromatic ring), 6.96 (d, 1H,
J = 9.2 Hz, aromatic ring), 7.26-7.33 (m, 3H, aromatic ring), 7.40 (dd, 2H, ] = 7.4, 7.4 Hz, aromatic ring),
7.57 (dd, 2H, ] = 6.2, 6.2 Hz, aromatic ring), 7.76 (d, 2H, ] = 7.2 Hz, aromatic ring); high resolution mass
spectrometry (HRMS) calculated for CogHpgBrNOs (IM + H]*): 538.1224, found: 538.1224.
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Ph,P, DIAD, THF J<

4 O ooc 12 h

+
O oH ~ e

' 5 O'O

(S)-tert-Butyl 2-({[(9H-fluoren-9-yl)methoxylcarbonyl}amino)-3-{3-bromo-4-[ (2-methyl-1,1’
-biphenyl-3-yl)methoxylphenyl}propanoate (5). @ To a solution of 4 (0.1 g, 019 mmol),
3-hydroxymethyl-2-methylbiphenyl (1; 39 mg, 0.20 mmol), and triphenyl phosphine (57 mg,
0.20 mmol) in anhydrous THF (10 mL), DIAD (0.1 mL, 0.22 mmol) was added at 0 °C under
argon, and the reaction mixture was stirred at 0 °C for 12 h under argon. The organic phase
was extracted with CH,Cl, and dried over anhydrous magnesium sulfate. The solvent was
then evaporated under reduced pressure, with the temperature kept below 30 °C. The crude
product was purified by column chromatography on silica gel (eluent: ethyl acetate/hexane
= 1:4 v/v) to yield compound 5 (0.09 g, 66%). 'H-NMR (400 MHz, CDClz): & = 1.46
(s, 9H, —-OC(CHj3)3), 2.27 (s, 3H, Biphenyl(CHj)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-),

305 (d, 2H, ] = 56 Hz, Biphenyl(CH;)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-),
423 (t, 1H, J = 7.6 Hz, Biphenyl(CH3)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-), 4.34
(dd, 1H, J = 68, 68 Hz Biphenyl(CH;)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-),

446-456 (m, 2H, Biphenyl(CHj3)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-), 5.13 (s,
2H, Biphenyl(CHj3)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-), 537 (d, 1H, ] = 7.6 Hz,
Biphenyl(CH3)-CH;OPh(Br)-CH,CH(NHCOOCH,CH-)-), 692 (d, 1H, ] = 8.0 Hz, aromatic
ring), 7.05 (d, 1H, ] = 7.2 Hz, aromatic ring), 7.19-7.45 (m, 14H, aromatic ring), 7.53 (d, 1H, ] = 6.8 Hz,
aromatic ring), 7.60 (dd, 2H, ] = 6.4, 6.4 Hz, aromatic ring), 7.77 (d, 2H, ] = 7.2 Hz, aromatic ring);
HRMS calculated for C4HyoBrNOs ([M + H]*): 718.2163, found: 718.2164.

o
BrWOH
TFA, CH,CI, O .N__O
25°C,24 h (o} H \f
5 _— o
85 %
¢ (D

(S)-2-({[(9H-fluoren-9-yl)methoxy]carbonyl}amino)-3-{3-bromo-4-[(2-methyl-1,1"-biphenyl-3-
yl)methoxylphenyl}propanoic acid (6). A solution of 5 (3.9 g, 5.42 mmol) in anhydrous CH,Cl,
(36 mL) was stirred at 0 °C under argon for 15 min. TFA (1.3 mL, 16.6 mmol) was added
dropwise to the solution at 0 °C, and the reaction mixture was stirred at 25 °C under argon.
After 6 h, TFA (1.5 mL, 19.5 mmol) was added to the reaction mixture, which was then stirred
at 25 °C for 18 h under argon. The solvent was removed under reduced pressure, with the
temperature kept below 40 °C. The crude product was purified by column chromatography on
silica gel (eluent: CH,Cly/methanol = 97:3 v/v) to yield compound 6 (3.2 g, 85%). 'H-NMR
(400 MHz, CDCl3): & = 2.24 (s, 3H, Biphenyl(CH3)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-),
3.05 (dd, 1H, J = 14.0, 6.0 Hz, Biphenyl(CHs)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-),
315 (dd, 1H, J = 148, 52 Hz, Biphenyl(CH3)-CH,;OPh(Br)-CH,CH(NHCOOCH,CH-)-),
421 (t, 1H, J = 6.8 Hz, Biphenyl(CH;3)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-), 4.36
(dd, 1H, J = 6.8, 6.8 Hz, Biphenyl(CH;3)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-), 4.46
(dd, 1H, J = 10.0, 7.2 Hz, Biphenyl(CH3)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-), 4.66
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(dd, 1H, J = 13.2, 6.0 Hz, Biphenyl(CH3)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-), 5.09
(s, 2H, Biphenyl(CH3)-CH,OPh(Br)-CH,CH(NHCOOCH,CH-)-), 523 (d, 1H, J] = 84 Hz,
Biphenyl(CH3)-CH, OPh(Br)-CH,CH(NHCOOCH,CH-)-), 6.91 (d, 1H, ] = 8.8 Hz, aromatic ring), 7.03
(d, 1H, J = 7.6 Hz, aromatic ring), 7.21-7.55 (m, 15H, aromatic ring), 7.74 (d, 2H, ] = 7.2 Hz, aromatic
ring); HRMS calculated for C3gH3,BrNO5 (IM + HJ*): 662.1537, found: 662.1520.

3.3. Solid-State Peptide Synthesis

Amino-Xs were synthesized using an automated peptide synthesizer (MultiPep CF, INTAVIS
Bioanalytical Instruments AG, Cologne, Germany). The synthetic protocol for glycine-conjugated
peptide XG was as follows: Fmoc-protected glycine attached to a polystyrene resin (Fmoc-Gly
NovaSyn TGT, Merck KGaA, Darmstadt, Germany) was deprotected by piperidine (20% in
N-methylpyrrolidone (NMP). The resulting resin was reacted with 6 (99 mg, 0.14 mmol),
1-[bis(dimethylamino)methylene]-1H-benzotriazolium 3-oxide hexafluorophosphate (HBTU; 150 uL,
0.5 M in N,N-dimethylformamide (DMF), N-methylmorpholine (45 pL, 4.0 M in DMF) in NMP
(8 pL) for 45 min. After washing, the N-o-protecting group of Fmoc in compound 6 was
deprotected by piperidine (20% in NMP). Finally, the obtained peptide was cleaved from the
resin using TFA (95% in water), yielding XG. Other peptides were synthesized using a similar
method. (S)-2-amino-3-[3-bromo-4-{(2-methyl-1,1’-biphenyl-3-yl)methoxy}phenyl]propanoic acid (X)
was obtained by deprotection of Fmoc in 6 using piperidine (20% in NMP).

3.4. Characterization

The synthesized compounds were identified using 'H NMR spectroscopy (JNM-ECZ400R,
JEOL Ltd., Tokyo, Japan) and HRMS (QSTAR Elite, AB SCIEX, Framingham, MA, USA).

3.5. Determination of the ICsy Value by AlphaLISA®

3.5.1. Principle of the Competitive Binding Assay

The binding affinity of the inhibitors to PD-L1 were measured using the AlphaLISA® assay
kit (AL356 HV/C/F, PerkinElmer) according to the manufacturer’s instructions, with the anti-PD-1
mADb nivolumab (Selleck Chemicals, Houston, TX, USA) included as a positive control [41]. In this
assay, direct binding of an inhibitor to PD-L1 is detected by photoinduced energy transfer (Figure S6).
Biotin-conjugated PD-1 is attached to streptavidin-coated donor beads and histidine (His)-tagged
PD-L1 is attached to anti-His-conjugated acceptor beads. Photoexcitation of the donor beads at 680 nm
yields singlet oxygen. If PD-L1-PD-1 binding is successful, energy is transferred through singlet
oxygen, leading to an increase in fluorescence intensity at 615 nm (Figure S6).

3.5.2. Preparation of Samples

BMS-8 was purchased from AA Blocks LLC (San Diego, CA, USA). Stock solutions of inhibitors
in DMSO (stock solution A, 5 mM) were serially diluted (Figure S5A) to obtain 10 assay solutions (1-10)
with concentrations ranging from 5.0 mM to 2.6 nM (Table S2). An aliquot of solution 1-10 (2 uL) was
mixed with His-tagged PD-L1 (25 nM, 2 uL), biotin-conjugated PD-1 (25 nM, 2 uL), anti-His acceptor
beads (0.55 g L1, 2 uL), and streptavidin-coated donor beads (1.1 g L™}, 2 uL) (Figure S5B) in a final
volume of 10 uL and incubated at 25 °C for 90 min. Positive and negative technical controls were
included in parallel. Positive controls contained buffer (2 pL) in place of solution 1-10, and negative
controls contained only the beads (2 pL each) and buffer (6 uL).

3.5.3. AlphaLISA® Measurement and Analysis

The reaction samples (10 uM) were placed in a 384-well microplate and photoirradiated at
680 nm from the top. Fluorescence at 615 nm was detected using an EnSpire multimode plate reader
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(Perkin Elmer, Waltham, MA, USA). ICs( values were estimated from a sigmoidal curve of fluorescence
intensity vs. inhibitor concentration using a relative weighting method (1/Y? weighting) with GraphPad
Prism 8 (GraphPad Software Inc., San Diego, CA, USA).

3.6. Docking Simulation of Compounds

The docking simulation software ICM 3.8-7 [33] was used to investigate the binding modes of X
and amino-Xs to the PD-L1 homodimer complexed with BMS-8 (PDB ID: 5J80) [31]. We performed
docking without template docking [37] or introducing flexibility [37] to avoid over-fitting of the ligands
into the pocket. The docking simulation supposed Monte Carlo pseudo-Brownian motion [46]. In the
simulation, the score suggests goodness of docking, defined as follows [45]:

Score = AEnpp + TASTor + 01 AEHBond + 02 AEHBDesol + ®3AEsoiEl + 04 AEHPoL + 05Qsize (1)

where o1—a5 = weight, AEpyrp = ligand-target van der Waals interactions and internal force field energy
of the ligand, TASt,, = free energy changes due to conformational energy loss upon ligand binding,
AEyBong = hydrogen bonding interactions, AEyppeso] = hydrogen bond donor-acceptor desolvation
energy, AEqog = solvation electrostatic energy upon ligand binding, AEppe, = hydrophobic free
energy gain, and Qe = a size correction term proportional to the number of ligand atoms [45,47,48].
We calculated RMSD values by using CORREL function in the Microsoft Excel.

4. Conclusions

This study reports that we prepared the new biphenyl-conjugated bromotyrosine, which inhibits
the PD-1/PD-L1 interaction with better effect than that of BMS-8. In addition, the amino-Xs, which
are conjugates of X with a variety of amino acids, provide the molecular mechanism how amino acid
modifications of X affects inhibition of PD-1/PD-L1 interactions. Binding of the X without the Cax, NHj,
and COOH atoms portion of amino-Xs into the PD-L1 binding pocket is required to promote transient
homodimerization of PD-L1,/PD-L1g, leading to formation of a stable ternary complex composed of
X and PD-L1p. Amino acid conjugation, however, alters the X docking conformation in the PD-L1
pocket, reducing the ICs( values dramatically. We conclude that improper interactions between amino
acids conjugated to X and those in the binding pocket induced displacement of the compounds, thereby
reducing inhibitory effect. In the future, we plan to design conjugates with amino acids that do not
disturb the conformation of X in the PD-L1 binding pocket.
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Abbreviations

PD-1 Programmed cell death 1

PD-L1 Programmed cell death-ligand 1

PD-L1p PD-L1 chain A

PD-L1g PD-L1 chain B

PD-L1ap Homodimer of PD-L1,4/PD-L1g chains

Alpha Amplified Luminescence Proximity Homogeneous Assay
X biphenyl-conjugated bromotyrosine

Amino-X Amino acid conjugated-X

MALDI-TOF MS
RMSD

Matrix assisted laser desorption/ionization-time of flight mass spectrometry
Root mean square deviation

Kp Equilibrium dissociation constant

ICsg 50% maximal inhibitory concentration

CC Correlation coefficient

HTRF Homogenous Time-Resolved Fluorescence
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Abstract: The TDP-43 is originally a nuclear protein but translocates to the cytoplasm in the
pathological condition. TDP-43, as an RNA-binding protein, consists of two RNA Recognition
Motifs (RRM1 and RRM2). RRMs are known to involve both protein-nucleotide and protein-protein
interactions and mediate the formation of stress granules. Thus, they assist the entire TDP-43 protein
with participating in neurodegenerative and cancer diseases. Consequently, they are potential
therapeutic targets. Protein-observed and ligand-observed nuclear magnetic resonance (NMR)
spectroscopy were used to uncover the small molecule inhibitors against the tandem RRM of
TDP-43. We identified three hits weakly binding the tandem RRMs using the ligand-observed NMR
fragment-based screening. The binding topology of these hits is then depicted by chemical shift
perturbations (CSP) of the 1°N-labeled tandem RRM and RRM2, respectively, and modeled by the
CSP-guided High Ambiguity Driven biomolecular DOCKing (HADDOCK). These hits mainly bind
to the RRM2 domain, which suggests the druggability of the RRM2 domain of TDP-43. These hits
also facilitate further studies regarding the hit-to-lead evolution against the TDP-43 RRM domain.

Keywords: epigenetics; protein-RNA interaction; RRM domain inhibitor; NMR fragment-based
screening; TDP-43

1. Introduction

RNA recognition motifs (RRMs) play diverse roles in post-transcriptional gene expression events
such as RNA transport, localization, stability, and mRNA and rRNA processing. RRM is also known
as the ribonucleoproteins (RNP) domain, as it contains the short and conserved elements RNP1 and
RNP2, or RNA binding domain (RBD), that are abundantly distributed in higher vertebrates [1] and
ubiquitously found in all kingdoms of life, including viruses and prokaryotes. In addition, they also
participate in important functions such as microRNA biogenesis, apoptosis, and cell division [2,3].
RRMs are not only known to be involved in protein—nucleotide interactions, but also in protein—protein
interactions [4].

The transactive response DNA-binding Protein 43kDa (TDP-43) is a RRM-containing protein,
which plays important functions in mRNA metabolism regulation, including transcription repression,
exon skipping, and RNA splicing [5,6]. TDP-43 is originally a nuclear protein, but translocates
to the cytoplasm upon a pathological condition. It is a ubiquitously expressed, highly conserved,
and multifunctional RNA and DNA-binding protein [7]. TDP-43 stabilizes the mRNA of human
low-molecular-weight neurofilament (hNFL) [8]. Depletion of TDP-43 has important consequences
in essential metabolic processes in human cells, like nuclear shape deformation, apoptosis, and
misregulation of the cell cycle [9]. The disruption of TDP-43 auto-regulation impacts both localization
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of TDP-43 and its level, which results in TDP-43 accumulation in the cytoplasm. Based on its crucial
roles in RNA processing, dysfunctional TDP-43 causes some abnormalities in alternative mRNA
splicing, miRNA biogenesis, and RNA-rich granules formation [10].

The dysregulation of TDP-43 is hence associated with a variety of human diseases, especially
neurodegenerative diseases, e.g., frontotemporal lobar degeneration (FTLD), amyotrophic lateral
sclerosis (ALS), brain ischemia, aging, and Alzheimer’s disease [11-13]. For instance, in cases of
FTLD and ALS, TDP-43 is the main constituent of their ubiquitin inclusions [14]. During the stress
conditions, TDP-43 is localized in the cytoplasm, with mRNA binding to its RRM and glycine-rich
domain, and thus forms the isolated liquid compartment enriching the mRNA and proteins. Such stress
granules (SGs) in cells and in pathological brain tissue play crucial roles in FTLD/ALS pathology [15,16].
Aggregate-prone TDP-43 variants or exposure to oxidative stress generates distinct TDP-43 inclusions
devoid of SGs [17]. The toxicity of the TDP-43 overexpression requires the presence of functional RNA
Recognition motifs [18-20]. Recently, the proteinopathy of both important mutations (D169G and
K263E located at RRM1 and RRM2, respectively) was computationally explored and the mutants are
more prone to aggregation, causing neurological disorders [21].

Apart from the TDP-43 involvement in neurodegenerative diseases, an accumulating amount
of evidence suggests that TDP-43 is a cancer responsive factor. TDP-43 positively contributes to
the anticancer activity for curcumin in MCEF-7 cells [22] and as a tumor suppressor by partnering
with the TRIM16 in inhibiting the viability and proliferation of neuroblastoma and breast cancer
cells [23]. In addition, normal levels of TDP-43 might be a crucial protective factor for cells under
apoptotic insult [24]. On the contrary, the TDP-43 inhibition suppressed cervical cancer cell growth
and induced cell cycle arrest while its overexpression promoted cancer cell progression and drove
the cell cycle [25]. TDP-43 may regulate melanoma cell proliferation and metastasis by modulating
glucose metabolism [26]. TDP-43 also plays an oncogenic role in malignant glioma cell progression by
stabilizing small nucleolar RNA host gene 12 (SNHG12) [27]. The findings demonstrated that TDP-43
regulates the MALAT1, a non-coding RNA overexpressed in non-small cell lung cancer (NSCLC),
through direct binding to MALAT1 RNA at the 3’ region by RRM, whose participation is compulsory.
This controls the growth, invasion, and migration of NSCLC cells [28]. Reduced tumor progression,
including proliferation and metastasis, was observed upon the knockdown of TDP-43 in triple-negative
breast cancer (TNBC) and RRM involvement is assured [29]. These studies suggest that targeting the
TDP-43 RRM domains may, therefore, be an effective therapeutic approach for neurodegenerative
diseases and cancers.

Although more is known about the TDP-43 biology and its association with neurodegenerative
and cancer diseases, the development of treatments toward TDP-43 is mostly lagging behind those
targeting other proteins involved in such diseases [30]. RRM and RNA complexes have long been
attractive targets for small molecule inhibition targeting the RNA, not the protein [31,32]. Firstly,
the aminoacridine derivative was discovered to interrupt the formation of RNA and U1A RRM1
complex [33]. Additionally, a high-throughput screening assay, based on AlphaScreen®, technology
was used to characterize DNA and RNA oligonucleotides (bt-TAR-32 and bt-TG6, respectively) binding
to TDP-43 and their interaction inhibition was assessed [34]. Later, that series of 4-aminoquinoline
derivatives were characterized for their capacity to modulate TDP-43 metabolism and function, whereby
they bind to TDP-43, reduce its interaction with the oligonucleotide, and stimulate caspase-mediated
cleavage of TDP-43 [35], but information is still lacking on the binding topology. Furthermore, some
medicinal treatment reduces the TDP-43 inclusions through the autophagy pathway were discussed [36].
However, no compounds directly targeting RRM domains of TDP-43 have been uncovered to our
best knowledge.

NMR spectroscopy is a powerful approach which has been extensively used by the pioneers in
fragment-based drug discovery for detecting molecular interactions between the target and the fragment
libraries [37-39] and to facilitate structure-based drug design [40]. Consistently, the fragment-based
screening approach has been fruitful for identifying hits for the challenging protein-protein interaction
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“hot-spots” [41-45]. We expect it shall be effective in the case of the shallow RNA binding pocket of
TDP-43 tandem RRMs.

Here, we carried out automated NMR fragment-based screening [46] to identify three hits of
the tandem RRMs of TDP-43. Chemical shift perturbations of the 1°N labeled TDP-43 tandem RRMs
demonstrate that these hits bind to the same site, mainly on the RRM2 domain. It has also been
validated by the chemical shift perturbation experiments for TDP-43 RRM2 alone. The CSP-driven
HADDOCK was used to generate the protein-hits binding mode. Collectively, our work provides a
class of compounds for further hit-to-lead evolution of the TDP-43 RRM domain and paves the path
for targeting protein-RNA interactions using the fragment-based approach.

2. Results

Structurally, TDP-43 tandem RRMs are approximately 160 amino acids long and display a
Bla1p2B30234 arrangement of secondary structure, with an additional 3-hairpin named 33’33” [47]
or 35 [48,49] which is located between «2f4, and extends the 3-sheet surface to be accessible to
binding by multiple RNA nucleotides. This leads to a rare RRMs orientation type ($2(34) and the
14-aa linker needs to connect four B-strands instead of two [2,47]. Diverse studies revealed that
TDP-43 tandem RRMs can interact with both short and long single-stranded nucleic acids rich in
UG/TG, either separately or collectively, to achieve high affinity and specificity [47-49]. Given the RNA
recognition mode by tandem RRMs, TDP-43 RRMs are independent of each other in unbound form
but they establish a rigid structure upon RNA binding on the flat surface (3-sheet [47]. In general, this
RNA-recognition pocket is much shallower than the ATP-binding sites of kinases. Hence, it poses
a grand challenge for conventional high throughput screening aimed at discovering strong binders.
Conversely, the fragment-based approach has proven fruitful for uncovering the initial hits, albeit at
weak affinities.

NMR ligand-observed methods detect the weak protein-ligand binding by detecting changes
in the characteristics of the ligand spectrum that occur upon binding to the protein. Using the
ligand-based experiments, i.e., saturation transfer difference (STD) [50], water ligand observed via
gradient spectroscopy (WaterLOGSY) [51], Carr-Purcell-Meiboom-Gill (CPMG) [52], and ligand-based
1D proton, we found 17 hits from the primary screening of 89 cocktails containing 10 compounds each
(Figure 1a). The binders present signals while the non-binders present no signals in the STD spectra.
Accordingly, the binders show inverted or a fast decay of signals in the WaterLOGSY and CPMG
experiments, respectively. The combined output of these spectra enabled the identification of primary
screening hits from cocktails. It is worth noting that the reference 1D proton spectra of each individual
compound might be slightly different from the screening spectra as a different buffer was used to be
better compatible with TDP-43 tandem RRMs. The primary screening hits were further validated by
the secondary screening for individual hits using the same set of NMR experiments (Figure 1b and
Figure S1). The aromatic peaks of the hit are depicted as they suffer less from the interference of buffer
signals. The secondary screening eliminated 13 primary hits, probably due to sample aggregation in
cocktails, ambiguous selection of hits with degenerated chemical shifts, and/or spectrometer instability.
Among the remaining 4 hits, hit 2 demonstrated a distinct topology relative to hits 1 and 3 (Figure 1c).
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Figure 1. NMR fragment-based screening against the tandem RRM domain of TDP-43. (a) The primary
screening WaterLOGSY, CPMG, 'H and STD spectra for three representative cocktails. The 'H reference
spectrum of the respective hit is shown for comparison. (b) The secondary screening spectra for
individual hit 1, 2, and 3, respectively. (c) The chemical structures of hits 1, 2, and 3.

The 4 secondary screening hits were then cross-validated using the chemical shift perturbations
(CSPs) of the 1°N-labeled tandem RRMs of TDP-43 and 3 of them induced significant chemical shift
changes of the tandem RRM (Figures 2 and 3). This approach has been extensively applied in the
interrogation of protein-ligand interactions in an affinity ranging from nM to mM. As CSP is a sensitive
indicator of chemical environment changes induced by ligand titration, it is particularly powerful in the
detection of weak bindings. The linewidths of the amide signals of TDP-43 tandem RRM show almost
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no changes upon titration of hit 1 (Table S1), which suggests that hit 1 induces no protein aggregation.
This is a useful approach to remove false positives, which are commonly found in drug screening
because of protein aggregation [53]. Titration of hit 1 induces dose-dependent CSPs of residues G245,
E246, H256, 1257, S258 (Figure 2b and Figure S2). However, the curve does not reach the saturation
point, as it is limited by the weak binding affinity and the low aqueous solubility of the hit. Hence,
the binding affinity of those weak binders cannot be robustly estimated from CSPs. The disturbed
residues were then mapped on the surface representation of the solution structure of TDP-43 tandem
RRMs (PDB code: 4BS2) [47]. Residues H256, 1257, S258 locate on the 4 strand, while residues G245
and E246 bridge the a2 and 33 (Figure 2c).
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Figure 2. The binding topology of hit 1 on the tandem RRMs of TDP-43 using NMR chemical shift
perturbations. (a) The chemical shift perturbations of 1>N-labeled tandem RRM domain of TDP-43 upon
titration of hit 1. The ligand/protein molar ratios are annotated. The perturbed residues are labeled
and the arrows indicate the direction of chemical shift changes. UR stands for unassigned residue.
(b) Chemical shift changes of the TDP-43-tandem RRM domain are at the ligand protein molar ratio of
8:1. The red horizontal dashed line represents two standard deviations above the averaged chemical
shift changes of residues. (c) Surface representation of TDP-43 tandem RRM domain (PDB code: 4BS2)
showing the purple-colored residues with significant chemical shift changes.

Consistently, hits 2 and 3 titrations also point to the same binding topology in the tandem RRM of
TDP-43 (Figure 3). For example, hit 2 perturbed residues G245, H256, and 1257 (Figure 3a,c), while hit
3 induced significant CSPs for residues G245, E246, H256, and 1257 (Figure 3b,d). The similarity of the
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binding pattern of the three hits suggests that weak but specific binders were successfully identified
using the NMR fragment-based screening.

(a) (0
Hit 2 vs tRRM 0075 RRM1 RRM2
L] 105 - S - “
®0:1 A - i i ~
Pl al B2 B3 a2 B3B3’ P4 1 al B2 B3 al B3B3 p4
o 2:1 . . 9 LalBal8h HalBaelsH
1:1
° o o 110 -
® o * oo ] E
L] )
Dosphe £ om-
Py G24 .t ™ o 3
b . 115 2
oF ey B E e -
08,0 00 @ & 5
® ....‘E. P 5 =]
T e (] » Z 7
°t o s 3. 20~ 8 o
' 4 4 L] * ¥ 4 °® q " T
w LAs $ 3 2
o e L] o
. .' .
¢ o 0w 125
® O} ~ .
ol Lo, il 161 bl o
’ e ° oooo sl bl gt 5 DAY, .00 4000 AL |
[ . {/\:v 130 . T T T T T T T T T
100 120 140 160 180 200 220 240 260
10 5 [3
H (p.p.m) Residue Number
(b) (d)
Hit 3 vs tRRM = 12 0100 = e REML « o . ) e BRMEZ towe . .
0 0:1 . 1 al B2 P3 a2 BIP3” 1 a1 B2 B3 a2 B3B3 4
g ’ . ¢ EalB5al8E BalBalls
®2:1
- . 110
: 9 o o —_
_ .‘ "y y 20‘075 -
" AT s
Y & 115 %
) : s g v E %’3
» ot ¢ S 5 0050 4
r ( ALY 1 e et == TN
L) [ | E46 } L) =
- . ) W% N 120 =
" . 1 LY \ P ‘§
X :
¢t O 2 0025 -
¢ &}
)
b 0 ¥ 125
» ( ‘:" ' ‘i | &
[ , I !
< ol gl ot b, W, 1 0 ) O
¢ 5 0,000 Imrn||I ”‘HHI||IIIHHI1..‘| ! IH|||H'1 il : { | i
= 130 100 120 140 160 180 200 220 240 260
10 [ 8 7 6
TH (pp.m) Residue Number

Figure 3. Chemical shift perturbations of tandem RRM upon binding of hit 2 and 3. (a,b) The chemical
shift perturbations of TDP-43 tandem RRM domain induced by titration of hit 1 and 2, respectively.
Annotated are the hits: Protein molar ratios. UR stands for unassigned residue. (c,d) Residue-by-residue
chemical shift changes of tandem RRM at the hit/protein molar ratio of 8:1 for compound 2 and 3,
respectively. The red dashed lines represent two standard deviations above the averaged chemical shift
changes of residues.

Having confirmed that 3 different hits bind on the same site of the TDP-43 RRM2 domain, we
further investigated whether RRM2 alone is sufficient for ligand binding. Hit 2 was thus titrated
to the '°N-labeled RRM2 domain of TDP-43 (Figure 4a). Consequently, the residues G245, on loop
bridging the o2 and 33’, H256, and 1257, located on (34-strand, were perturbed (Figure 4b). Those
residues were mapped on the surface representation of the TDP-43 RRM2 [49] domain in complex
with a single-stranded DNA (Figure 4c). The hit binds to the same sites of either TDP-43 tandem RRM
or RRM2 alone. That is to say, TDP-43 RRM2 is the main contributor for ligand binding and should be
considered as the target for follow-up hit-to-lead evolutions.
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Figure 4. Chemical shift perturbations of the TDP-43-RRM2 domain upon hit 2 titration. (a) The
chemical shift perturbations of the RRM2 domain of TDP-43 by hit 2 titration. (b) Chemical shift changes
of the TDP-43 RRM2 domain residues at a hit 2; protein molar ratio of 4:1. The red dashed line represents
two standard deviations above the averaged chemical shift changes of residues. (c) Residues (colored
in purple) undergo significant chemical shift changes and are mapped on the surface representation of
TDP-43-RRM2 domain (PDB code: 1WEFO0).

We further compared the small molecule binding topology with the nucleic acid recognition
sites of the TDP-43 RRM domain. In TDP-43 tandem RRMs, 10 out of 12 nucleotides of the AUG12
RNA (GUGUGAAUGAAU) interact with RRM1 and RRM2 (PDB code: 4BS2) [47]. Among them,
the first five (G1U;G3U4Gs) nucleotides are accommodated on the RRM1 (3-sheet and the following
two nucleotides (AgAy) act as a connector between two RRMs, while the next three nucleotides
(UgGgAjp) lie on the RRM2. The Ug nucleotide of RNA is recognized on 5258 (34) through hydrogen
bonds, on the backbone carbonyl oxygen of N259 (34), and the backbone amide of E261 from the
C-terminus [47]. Comparatively, all three hits have perturbed some residues located on the $4-strand,
hits 1 and 3 specifically disturbed 5258 (34). This also interacts with the Ug nucleotide in tandem
RRM (Figure 5a). Furthermore, the RRM2 residues D247 (loop «2-3’) and 1249 (33’) are involved
in inter-RRM interactions upon RNA binding on the tandem RRM of TDP-43. This study revealed
that their nearby residues, G245 and E246 (loop «2-f33’), display higher chemical shift perturbations
induced by the hits binding (Figures 2b and 3c,d).
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Figure 5. Comparison of binding sites of nucleic acids and hits on TDP-43. (a) Surface representation of
TDP-43 tandem RRMs in complex with AUG12 RNA (orange cartoon), where residues interact with the
Ug nucleotide (stick) and hits are highlighted in cyan and magenta, respectively. Residue 5258 (blue)
interacts with both Ug and hit 1. (b) Surface representation of TDP-43 RRM2 in complex with ssDNA
(PDB code: 3D2W) using the same coloring scheme.

Accordingly, the crystal structure of TDP-43 RRM2 in complex with ss-DNA 5'-GTTGAGCGTT-3’
(PDB entry: 3D2W) reveals that only three 5 end nucleotides (T2, T3, G4) make extensive contacts with
-sheet residues of RRM2, whereby T3 particularly contacts with 5258, Asn259, and Glu261 through
hydrogen bonds [49], while in our study the residues H256 and 1257, nearby the 5258 ((34), have been
perturbed upon hit binding on the single RRM2 (Figure 5b). This suggests that the fragment screening
hits bind to a proximal site for RNA/DNA recognition, thus new hits can be designed using a fragment
grow strategy to block the DNA/RNA recognition capability of TDP-43 RRM2.

To further characterize the binding mode, a data-driven approach, HADDOCK [54], was used
to model the tandem RRM-hit 1 complex structure. Residues G245, E246, H256, 1257, and S258 were
defined as active ones in the binding site. Among the docking poses generated by HADDOCK, the
best-fit ones were filtered out based on CSP and STD restraints [41,55,56]. One representative docking
pose (Figure 6) indicates that hit 1 forms a hydrogen bond with the side chain of 5258 and the aromatic
ring of hit 1 is proximal to residues G245, E246, H256, and 1257. These docking poses pave the path for
following structure-guided hit-to-lead evolution.

Figure 6. The representative docking model of hit 1 in consistency with experimental CSP and STD
restraints. Hit 1 (green color) in the binding site of tandem RRM (PDB: 4bs2) where the carbonyl
hydrogen is oriented toward G245, while the side chain hydrogen interacts with E246 residue of tandem
RRM. Other active residues (orange sticks), H256, 1257, and S258 are located in proximal of the hit 1.
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3. Discussion

Proteins containing RRM domains function in important aspects of the posttranscriptional
regulation of gene expression, mRNA maturation, and other RNA processing machinery. These
proteins perform their diverse roles depending on the dual ability to recognize RNA and to interact with
other proteins by using their RRM domain [31]. As TDP-43 is closely correlated with neurodegenerative
and cancerous diseases [29,57], the RRM domain of TDP-43 becomes an attractive therapeutic target.
However, there is no direct inhibitor targeting the RRM discovered to date.

We uncovered three small molecules binding to the tandem RRM domain of TDP-43 by using
NMR fragment-based screening techniques. The NMR spectroscopy, one of a plethora of biophysical
methods, is particularly powerful to detect even ultra-weak protein-ligand interactions. Accordingly,
chemical shift perturbations observed in the heteronuclear single-quantum coherence (HSQC) spectra
or the linewidth analysis of the small molecules allow the determination of binding affinity [58,59].
This is sometimes recalcitrant, as the titration to saturation point may be infeasible in case of weak
binding affinities and low aqueous solubility of compounds.

NMR is extensively applied in fragment-based lead discovery [60]. The central idea is to screen a
small library (500-2000 molecules) of low-molecular-weight compounds (110-250 Da), as their low
complexity enhances the probability of matched interactions between the target and these fragment
compounds. The reasonable hit rate indicates the druggability of the TDP-43 tandem RRM domain.

Although the 4-aminoquinolines molecules have been discovered through high throughput
screening against the full-length TDP-43 [34], the enlightenment on binding site is still lacking. TDP-43
contains two RNA-binding RRM domains and the C-terminal low complexity domain, which may
form liquid-liquid phase separation as a reservoir of mRNAs. Here, it is essential to determine the
small molecule binding topology on TDP-43. The tandem RRM of TDP-43 is composed of a canonical
RRM arrangement (31x132p33x2p34), with an additional 3-hairpin (33’33” or 35) found between «2
and (34 which extends the (3-sheet surface for RNA recognition [2,47,49]. The binding topology of our
fragment screening hits and CSP-guided HADDOCK modeling reveal a ligand-binding “hot spot”
of TDP-43 RRM2, proximal to H256, 1257, and 5258. Interestingly, these residues are also close to the
RRM1 and RRM2 interface. The previous study proposed that both RRM domains are indispensable for
achieving the greater binding affinity between the TDP-43 and nucleic acids [49]. Since this “hot spot”
is partially overlapped with the RNA/DNA recognition site, it directs the following structure-guided
hit-to-lead evolution against TDP-43 tandem RRM domains.

4. Materials and Methods

4.1. Cloning, Expression, and Protein Purification

The tandem RRM domain of TDP-43 (residues 101-269) was synthesized by GENEWIZ (Suzhou,
China) and sub-cloned into the pET22b vector (GE Healthcare, Shanghai, China) with the Hisg tag. The
RRM?2 domain was amplified from the tandem RRM construct and then sub-cloned into the pET22b
vector (GE Healthcare, Shanghai, China) with the Hisg tag. The constructs were transformed into
Escherichia coli BL21 and cultivated in 1 L LB media, incubated at 37 °C. The proteins were expressed at
16 °C after induction by 0.5 mM isopropyl 3-D-thiogalactosidase (IPTG) for 20 h. The bacteria were
harvested by centrifugation (5000 rpm, 10 min), resuspended in lysis buffer (25 mM Tris, 500 mM NaCl
at pH 7.5), and then lysed by sonication. The cell lysates were centrifuged (13,000 rpm, 30 min). The
collected supernatant was purified on a column filled with Nickel-chelated resin (QIAGEN, Shanghai,
China). The impurities were washed out using a buffer (25 mM Tris, 1 M NaCl at pH 7.5) containing a
linear gradient of 20-40 mM imidazole, then the same buffer containing 500 mM imidazole was used
to elute out the target proteins. All proteins were further purified by size exclusion chromatography
using a HiL.oad 16/600 Superdex 75 column (GE Healthcare, Shanghai, China). The target proteins
were confirmed by SDS-PAGE.
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For 15N-labeled proteins, the cells were first cultured in 1 L LB media, harvested when Agq
reached 1.0 and then transferred to 1 L M9 media containing >NH,Cl. The cells were induced by
0.4 mM IPTG to express the proteins (tandem RRMs and RRM2 domains). The purified proteins were
concentrated in PBS buffer plus the 5 mM DTT at pH 7.5.

4.2. NMR Fragment-Based Screening

All NMR fragment screening experiments were carried out at 25 °C using an Agilent 700 MHZ
spectrometer equipped with a 96 well auto-sampler and a 5 mm cryoprobe. During the primary
screening, the ligand-based NMR spectra (STD, WaterLOGSY, CPMG, and 1D 1H) were acquired
against the 890 fragments library (ChemBridge, San Diego, CA, USA) as described previously in
detail [46,61]. Those fragments were distributed in 89 cocktails, composed of 10 compounds each,
at a final concentration of 0.4 mM. These cocktails were incubated with protein (10 uM) in sodium
phosphate (50 mM, pH 7.5), NaCl (200 mM), dithiothreitol (5 mM), and D,O (50%). To further confirm
the identified primary hits, secondary screening was individually carried out for single hits using the
same buffer and NMR experimental settings. We then automatically processed and visualized the
primary and secondary data with our ACD/Labs scripts, as previously described [46].

4.3. NMR Chemical Shift Perturbation

NMR HSQC spectra were acquired at 25 °C on either an Agilent 700MHZ spectrometer equipped
with a cryoprobe or an Agilent 500MHz spectrometer equipped with a room temperature probe.
The ®N-labeled proteins (0.1 mM or 0.2 mM), in PBS buffer (50 mM, pH 7.5), containing NaCl (200
mM), dithiothreitol (5 mM), and D,O (10%) were titrated by small molecules stocked in DMSO at a
concentration of 200 mM, using a series of hit/protein molar ratios of 0.0, 0.5, 1.0, 2.0, 4.0, and 8.0 for
TDP-43 tandem RRMs and 0.0, 0.5, 1.0, 2.0, and 4.0 for RRM2, respectively. Spectra were processed
in NMRpipe and analyzed with Sparky. The chemical shift changes (Ab) relative to the free form of
protein were defined as follows:

85 = (61,7 + (02815,)%, &
615\ are the chemical shift differences of the 'H and >N dimensions, respectively. We
referred to the following chemical shift assignments previously deposited in the Biological Magnetic
Resonance Data Bank: RRM1 (BMRB Entry 18765), RRM2 (BMRB Entry 19922), and tandem RRM
(BMRB Entry 19290). All structures figures were prepared by Pymol (DeLano Scientific, LLC, Palo
Alto, CA, USA).

where 64y and

4.4. Molecular Docking

HADDOCK is an information-driven docking technique used for modeling biomolecule structures
by using experimental or predictive restraints [54,62]. The CSPs, obtained from the NMR HSQC
titration data, were used both as HADDOCK restraints and for defining the protein active residues.
The tandem RRM structure (PDB: 4bs2) served as the starting structure, while the hit 1 PDB file was
generated by the PRODRG [63]. The docking calculations were done by the HADDOCK web server
and clustered 186 structures in 16 clusters according to the RMSD threshold of 2 A,

4.5. Linewidth Analysis

The NMR HSQC spectra at molar ratios of 0:1 and 8:1 (hit/protein) were processed using the same
NMRpipe script, e.g., 2-fold zero-filling, Fourier transformation, and phase corrections. The spectra
were then analyzed, with randomly selected peaks, using Sparky. After peak integration, the linewidth,
i.e., the full width at half the peak height, was automatically estimated by Sparky.
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CPMG Carr—Purcell-Meiboom-Gill

CSPs Chemical shift perturbations

FBS Fragment-based screening

FTLD Frontotemporal lobar degeneration
HADDOCK High Ambiguity Driven biomolecular DOCKing
HDAC6 Histone deacetylase 6

hNFL human low molecular weight neurofilament
HSQC Heteronuclear single-quantum coherence

ITC Isothermal titration calorimetry

NMR Nuclear Magnetic Resonance

RNP Ribonucleoproteins

RRM RNA Recognition Motifs

SGs Stress granules

SNHG12 Small nucleolar RNA host gene 12

SPR Surface Plasmon Resonance

STD Saturation Transfer difference

TDP-43 Transactive response DNA-binding Protein 43
TNBC Triple-negative breast cancer

TRIM16 Tripartite motif-containing protein 16
WaterLOGSY Water ligand observed via gradient spectroscopy
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Abstract: Galectins are a family of galactoside-recognizing proteins involved in different galectin-
subtype-specific inflammatory and tumor-promoting processes, which motivates the development
of inhibitors that are more selective galectin inhibitors than natural ligand fragments. Here,
we describe the synthesis and evaluation of 3-C-methyl-gulopyranoside derivatives and their
evaluation as galectin inhibitors. Methyl 3-deoxy-3-C-(hydroxymethyl)-f3-p-gulopyranoside showed
7-fold better affinity for galectin-1 than the natural monosaccharide fragment analog methyl
[-p-galactopyranoside, as well as a high selectivity over galectin-2, 3,4, 7, 8, and 9. Derivatization
of the 3-C-hydroxymethyl into amides gave gulosides with improved selectivities and affinities;
methyl 3-deoxy-3-C-(methyl-2,3,4,5,6-pentafluorobenzamide)-3-p-gulopyranoside had Kq 700 uM
for galectin-1, while not binding any other galectin.

Keywords: galectin-1; gulopyranosides; fluorescence polarization; benzamide; selective

1. Introduction

Galectins are an evolutionary ancient family of small soluble proteins with affinity for
-p-galactopyranoside-containing glycoconjugates and a conserved amino acid sequence motif [1,2].
By their carbohydrate-binding activity they can cross-link glycoproteins, resulting in a variety of effects,
such as regulation of cell adhesion, intracellular glycoprotein traffic, and cell signaling [3-5]. These
effects in turn affect cell behavior in inflammation, immunity and cancer, and galectins appear to be
rate limiting in some such pathophysiological conditions, e.g., based on effects in null mutant mice
and other model systems [6-10]. This has stimulated development of galectin inhibitors as potential
drug candidates, but different galectins have a different tissue distribution and function. Although all
bind glycoconjugates containing 3-galactose residues, each galectin may have a different affinities for
larger natural glycans and for artificial small molecule ligands. Hence, there is an important need for
selective galectin-inhibitors, that, for example, distinguish between the two most studied galectins in
humans, galectin-1 and galectin-3.

The carbohydrate binding site of galectins is a concave groove and long enough to hold about
a tetrasaccharide and based on this the carbohydrate binding site of galectins has been described
as a combination of four subsites (A-D) together with an additional one less defined fifth subsite
E [3]. Within this groove, subsite C is conserved among galectins, made up of the defining amino acid
sequence motif and binds (3-galactopyranosides by H-bond interaction with 4-OH, 6-OH and the ring
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5-0O, and CH-m interaction of the x-side of the pyranose ring with a Trp residue. The neighbouring sites,
however, vary among galectins, and can be targeted for selective inhibitor development. To do this,
previous inhibitor design has derivatized the positions on galactose not engaged by subsite C, namely
C1,C2,and C3[11]. Gulose is a rare saccharide not found in mammals, but can potentially bind galectins
because it is structurally similar to galactose with the only difference being the stereoconfiguration at
C3. Hence, the C3 is epimeric with the OH axial instead of equatorial in the galectin bound pyranose
form. Here, we show that derivatization at C3 in gulose offers a new space for galectin inhibitor
design and surprisingly selective inhibitors of galectin-1. In particular, amide-functionalised C3-methyl
gulopyranosides are shown to be apparently selective towards human galectin-1.

2. Results and Discussion

2.1. Synthesis of Methyl 3-Deoxy-3-C-(methyl)-p-p-gulopyranosides and galectin inhibition evaluation

The synthesis of the 3-C-methyl-gulo derivatives was initiated by Dess—Martin periodinane
oxidation [12] of the known methyl 2,4,6-tri-O-benzyl-f3-p-galactopyranoside 11 to afford the
corresponding keto derivative 12 in 84% yield (Scheme 1). Methylenation of 12 with Petasis
reagent gave the olefin 13 in 79% yield. Next, the olefin 13 was subjected to hydroboration with
9-borabicyclo-[3.3.1]Jnonane (9-BBN) [12], followed by oxidative cleavage of the carbon-boron bond
with alkaline hydrogen peroxide to afford the corresponding gulo and galacto isomers 14a (36%)
and 14b (24%), which were separated by flash column chromatography at a ratio 3:2. Both the gulo
and galacto derivatives 14a and 14b were separately subjected to hydrogenation [13] in the presence
of Pd(OH),-C to give the desired methyl 3-deoxy-3-C-(hydroxymethyl)-5-p-gulopyranoside 1a and
methyl 3-deoxy-3-C-(hydroxymethyl)-8-p-galactopyranoside 1b in yields of 51% and 63%, respectively.
Evaluation of 1a and 1b as inhibitors of human galectin-1, 2, 3, 4N (N-terminal domain) 4C (C-terminal
domain), 7, 8N, 8C, 9N, and 9C in a reported competitive fluorescence anisotropy assay [14,15] revealed
that the gulo derivative 1a was selective for galectin-1 with a dissociation constant of 1300 uM, which
is about an order of magnitude better than for the virtually unselective reference compound methyl
-p-galactopyranoside 32 (Figure 1, Table 1).

BnO _0OBn Dess-Martin  BnO _OBn BnO _OBn 1. 9-BBN, THF, A RO _0OR RO _OR
perlodlnane Petasis reagent 2.NaOH/ H,0, (o] 0
% O oMe———— O oMe OMe + /&OMe
DCM rt Toluene THF, it OR HO OR
84% o ., OBn 60 °C 1 OBn 61% HO
H,p 1a R=H (51%) 2

Scheme 1. Synthesis of methyl 3-deoxy-3-C-(hydroxymethyl)-g-p-gulopyranoside 1a, methyl
3-deoxy-3-C-(hydroxymethyl)-S-p-galactopyranoside 1b.

OH OH OH
HO HO CF3 HO
O @\(\
OH
7N
1b
. Ho ,OH Ho ,OH Ho HO og Ho OH
0 0 0
o OMe o OMe HO&OMe
P OH g OH _P. OH OH
NH - PhO~1"NH

NH N
Crh

5 6 7a 8 32

Figure 1. Structures of the tested compounds 1-8 and reference compound 32.
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Table 1. Kg-values (mM)? of compounds la-1b, 2-3, 7a, 8, and the reference methyl
[-p-galactopyranoside 32 against human galectin-1, 2, 3, 4N, 4C, 7, 8N, 8C, 9N, and 9C in a competitive
fluorescence polarization assay [15,16].

Galectin
Compounds
1 2 3 4N P 4ce 7 8NP 8C¢ 9NP 9C*
1a 1.3+0.15 ND 4 NB € NB ND NB NB 3.7 £0.02 NB NB
1b NB NB NB >4 NB NB NB NB NB NB
2 NB NB NB NB NB NB NB NB NB NB
3 NB ND NB ND ND ND NB NB ND ND
4 NB NB NB NB NB NB NB NB NB NB
5 NB NB NB NB NB NB NB NB NB NB
6 >10 ND NB NB NB NB NB NB ND NB
7a 1.8+0.15 NB NB NB NB NB NB NB ND NB
8 >10 ND NB NB NB NB NB NB ND >5
32 >10 [16] 13[17] 44[16] 6.6[17] 10[17] 4.8[16] 6.3[16] >30 [18] 3.3[16] 8.6[19]

2 The data are average and SEM (standard error of mean) of 4-8 single-triple point measurements. ® N-terminal
domain. ¢ C-terminal domain. ¢ Not determined. ¢ Not binding at the highest concentration tested: 4 mM.

In stark contrast, the galacto derivative 1b did not bind any galectin tested, except for
a weak binding to galectin-4N. This observation encouraged us to further explore the 3-C-methyl
gulopyranoside scaffold for the discovery of galectin-1-selective inhibitors. Hence, we initiated
synthetic efforts toward replacing the hydroxymethyl of 1a with amide, ether, urea, and triazole
functionalities. An aryl ether was synthesized following a recently reported iodonium-salt mediated
reaction [20] to give the aryl ether 15, which after hydrogenolysis [13] of the benzyl protecting groups
gave 2 (Scheme 2). The hydroxymethyl 14a was methylated with methyl iodide to give the methyl
ether 16, which after debenzylation gave the 3-methoxymethyl guloside 3. Treatment of 14a with
methanesulfonyl chloride furnished the corresponding gulo mesylate, which was then directly treated
with NaNj3 in dry DMF at 80 °C to provide the gulo azide, 17 in 83% yield. The gulo azide 17 was
treated with 1-ethynyl-3-fluorobenzene in the presence of the Cul and DIPEA catalytic system [21]
in dry dichloromethane to give the triazole 18 within 48 h in 86% yield. Debenzylation provided the
desired triazole-derived methyl guloside 4. The urea 20 was obtained via reduction of the azide 17
to give the amine 19, followed by reaction with 3-fluorophenylisocyanate. Debenzylation [13] of 20
afforded the target gulo urea derivative 5 in 66% yield. The amine 19 was treated with benzensulfonyl
chloride, benzoyl chloride, and diphenyl phosphoryl chloride in the presence of Et3N to give the
protected sulfonamide 21, amide 22a, and diphenylphosphonamide 23, which were subjected for
hydrogenolysis [13] in the presence of Pd(OH), to get the unprotected amides 6, 7a, and 8.

Evaluation of aryl ether 2, methyl ether 3, triazole 4, urea 5, sulfonamide 6, benzamide 7a, and
phosphonamide 8 derived methyl gulosides” affinities for the human galectin-1, 2, 3, 4N, 4C, 7, 8N,
8C, 9N, and 9C showed that most of the gulo derivatives were inactive as ligands for galectins, the
benzamide 7a displayed moderate affinity, similar to that of 1a, for galectin-1 and with excellent
selectivity (Table 1). Particularly noteworthy was that 7a also had a significantly better affinity for
galectin-1 than the simple reference monosaccharide methyl 3-p-galactopyranoside 32. Furthermore,
the hydroxylmethyl group of 1a plays an important role in the interaction with galectin-1, as the
corresponding methyl ether 3 binds galectin-1 significantly worse than 1a does.
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Scheme 2. Synthesis of methyl 3-deoxy-3-C-methyl-f-p-gulopyranoside ether 2-3, triazole 4, urea 5,
sulfonamide 6, amide 7a, and phosphonamide 8 derivatives.

2.2. Synthesis and Optimization of 3-Deoxy-3-C-Amidomethyl-B-p-Gulopyranoside Derivatives as
Galectin-1 Inhibitors

The observation that the amide 7a showed moderate affinity but high selectivity for galectin-1
prompted us to prepare a series 7c-71 of benzamide analogs carrying selected different substituents at
different positions, including four fluorbenzamide expected to possess improved metabolic stability
and pharmacokinetic properties, as well as a reference acetamide analog 7b (Scheme 3). Furthermore, in
order to investigate the role of the gulo 3-C-methyl substituent, the 3-OH 9 and 3-benzamido 10 gulosides
were synthesized (Scheme 3). Hydrolysis of the known 4,6-O-benzylidene gulose derivative, 24 [22]
with 80% AcOH at 80 °C gave the diol 25 in 91% yield, which upon Zemplen de-O-acetylation [23]
afforded the target methyl g-p-gulopyranoside 9 in 93% yield. Selective 3-O-triflation of methyl
4,6-O-benzylidene-B-p-galactopyranoside 26 [24], followed by one-pot benzoylation of 2-O-hydroxyl
gave 27. The crude triflate 27 was subsequently converted into the 3-azido-3-deoxy-guloside 28 by
treatment with sodium azide in DMEF. De-benzylidenation with 80% AcOH at 80 °C and subsequent
benzoylation afforded 29 in 43% yield over four steps from 26. Azide hydrogenation gave 30, which
upon benzoylation and de-O-benzoylation gave the benzamide 10.

An immediate observation upon evaluating the affinities of 7b-71 and 9-10 (Figure 2, Table 2)
was that the acetamide 7b displays a similar affinity for galectin-1 as the benzamides 7a and 7c-7k.
Hence, the phenyl moieties of 7a and 7c-7k do not contribute to enhancing the affinity for galectin-1.
However, the phenyl moieties and substitution patterns of 7a and 7c-7k influence the selectivity over
other galectins, as six substituted amides (7a, 7d, and 7f-7i) retained high selectivity for galectin-1 over
the other galectins. The pentafluorophenyl 7g turned out to be the best 3-p-gulopyranoside-based
monosaccharide inhibitor for human galectin-1 with 14-fold improved affinity over the reference
methyl 3-p-galactopyranoside 32. The larger biphenyl 71 did not bind galectin-1, which suggests
that the galectin-1 site accommodating the axial gulo substituent is limited in size. Evaluation of the
guloside 9 revealed that while it is similar to the reference galactoside 32 in the affinity for galectin-1,
it displays a much higher selectivity in that it is inactive against the other galectins under the evaluation
conditions used. Unfortunately, extensive molecular dynamics and docking analyses to explain the
selective galectin-1 binding to 3-C-methyl-gulosides were inconclusive as such calculations cannot
provide reliable relative affinities of bound ligands. Hence, it remains to find a plausible structural
explanation for this selectivity. Interestingly, the benzamide 10 showed no binding to galectin-1 under
the assay conditions but instead had improved binding to and selectivity for galectin-4N. Hence, while
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3-C-methyl gulosides represent an interesting structural class for the discovery of selective galectin-1
inhibitors, 3-C-amido gulosides may represent a novel structural class for galectin-4 inhibitor discovery.

7¢R'=F R2=R3=R4=R%=H

RO _OR
7dR'=R3=R*=R%=H,R2=F Bn
TR R?-Ré RS-t RO F RO OR _ACOCIEN S Og” CHyCOCIEtN % on
7fR1=R5=H,R2=R3=R*=F OMe o ©
DCM t DCM, 1t OR
7gR!=R2=RI=R?=RS=F 2 55-71% OBn 62% /lL
7hR'=R3=R*=R5=H,R2=0CH; R ° NH, ; NH
7iR'=R2=R4=R5=H, R®=CHj 18 PA(OH)2-C - 99 R=Bn
7jR'=R%=R*=H,R2=R*=0CH; R3 R5 Pd(OH)2-G~22¢-1R=Bn Hy 7b R=H
7kR1=R3=R*=R5=H, R?=CF, R Ha 7cd R=H 75%
7IR' =R2=R*=R5=H,R%=Ph 53-83%
R'O _OoR? HO _oH
NaOMe/MeOH o)
M > M
OACO © OH ove
OAc OH
80% ACOH. 4 R1,R2=CHPh 9
80°C L 25Ri1=R2=H
84%
Ph
éO 1 RO OR
o NaN; R'O _OR? OBz
o dry DMF o Pd- C/Hz BzCI/Pyndme
Me
R'O OMe o MeOH rt DCM rt
2 80 °C 0Bz iy 7%
OR N3 66% NaOMe 31 R=Bz
. o MeOH
1. TROPyrdine o T Sg(f’oéco'tza R',R?=CHPh 30 7a% R
-10°C; =R= ; 1_R2-]
; 29 R'=R?=B7
| =27 R'=0Tf, R?=Bz
2. BzCl/Pyridine 2.BzClPy 43% from 26

Scheme 3. Synthesis of 3-deoxy-3-C-amidomethyl-S-p-gulo derivatives 7b-71, methyl f-p-gulopyranoside
9, and methyl 3-deoxy-3-N-benzamido-S-p-gulopyranoside 10.
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Figure 2. Structures of all tested compounds 7a-71 and 9-10.

Table 2. K4-values (mM)? of compounds 7a-71, 9, and 10 against human galectin-1, 2, 3, 4N, 4C, 7, 8N,
8C, 9N, and 9C in a competitive fluorescence polarization assay.

Galectin
Compounds

1 2 3 4NP ace 7 8N b 8Ce 9Nb oCc
7a 1.8 +0.15 NBd NB NB NB NB NB NB ND¢ NB
7b 1.5+ 0.08 NB NB 1.9 +0.05 NB NB NB 27+05 NB NB
7c 1.9 £ 0.04 NB NB 22 +0.16 NB NB NB NB NB NB
7d 19+04 NB NB NB NB NB NB NB NB NB
7e 1.7 £ 0.06 NB 1.6 £ 0.03 1.7 £ 0.07 NB NB NB NB NB NB
7f 25+04 NB NB NB NB NB NB NB NB NB
7g 0.7 + 0.005 NB NB NB NB NB NB NB NB NB
7h 32+05 NB NB NB NB NB NB NB NB NB
7i 23+04 NB NB NB NB NB NB NB NB NB
7j 1.8 +0.04 NB NB 2+04 NB NB NB 2.6 +0.6 NB NB
7k 1.8 £0.07 NB NB 19+0.1 NB NB NB NB NB NB
71 NB NB NB NB NB NB NB NB NB NB
9 10 £ 0.25 10+15 NB ND 11+12 NB NB NB NB NB
10 NB NB NB 1.3+02 NB ND NB NB NB NB

2 The data are average and SEM of 4-8 single-triple point measurements. ® N-terminal domain. ¢ C-terminal domain.
4 Not binding at the highest concentration tested: 4 mM. ¢ Not determined.
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3. Materials and Methods

3.1. General Methods Experimental Procedures

All reactions were carried out in oven-dried glassware. All solvents and reagents were mainly
purchased from Sigma-Aldrich or Fluka and were used without further purification or synthesized via
the literature protocol. TLC analysis was performed on pre-coated Merck silica gel 60 F54 plates using
UV light and charring solution (10 mL conc. H,SO4/90 mL EtOH). Flash column chromatography was
done on SiO; purchased from Aldrich (technical grade, 60 A pore size, 230-400 mesh, 40-63 um). All
NMR spectra were recorded with the Bruker DRX 400 MHz spectrometer (400 MHz for 'H, 100 MHz
for 13C (125 MHz '3C for compound 7k with the Bruker Avance ITT 500 MHz spectrometer equipped
with a broadband observe SMART probe, Fillanden, Switzerland), 376 MHz for 19F 162 MHz for
31p, ESI) at ambient temperature using CDCl; or CD;OD as solvents. Chemical shifts are given in
ppm relative to the residual solvent peak ('H NMR: CDCl; 6 7.26; CD3;0D 5 3.31; 13C NMR: CDCl; &
77.16; CD30OD 6 49.00) with multiplicity (b = broad, s = singlet, d = doublet, t = triplet, 4 = quartet,
quin = quintet, sext = sextet, hept = heptet, m = multiplet, td = triplet of doublets, dt = doublet of
triplets), coupling constants (in Hz) and integration. Copies of nmr spectra are provided in the
supplementary information. High-resolution mass analysis was obtained using the Micromass Q-TOF
mass spectrometer. Analytical data is given if the compound is novel or not fully characterized in the
literature. Final compounds were further purified via HPLC before evaluation of galectin affinity. All
tested compounds were >95% pure according to the analytical HPLC analysis.

3.2. Methyl 2,4,6-Tri-O-Benzyl-p-p-Xylo-Hex-3-Ulopyranoside 12

Into a solution of alcohol 11 (8.1 g, 17.45 mmol) in dry dichloromethane (250 mL) Dess-Martin
periodinane (9.62 g, 22.68 mmol, 1.3 equiv.) was added, under nitrogen atmosphere and the reaction
mixture was stirred for 4 h (TLC heptane/EtOAc, 3:1, R¢ 0.5). After that, a saturated NaHCOj3 solution
(400 mL) was added and the mixture was stirred for 30 min. Then, the organic layer was collected
and washed successively with the saturated NayS;O3 solution (2 x 250 mL). The organic layer was
collected, dried over NaySQOy, filtered and concentrated in vacuo. Flash chromatography of the crude
material (heptane/EtOAc, 7:2) afforded ketone 12 (6.45 g, 13.955 mmol, yield 80%) as a white solid.
[oc]zDS -72.3 (c 1.4, CHCl3). '"H NMR (CDCl3, 400 MHz): 7.47-7.21 (m, 15H, ArH), 4.76 (d, 1H, ] 12.0 Hz,
CH,Ph), 4.73 (d, 1H, ] 12.0 Hz, CH,Ph), 4.58 (d, 1H, ] 12.0 Hz, CH,Ph), 4.51 (d, 1H, ] 12.0 Hz, CH,Ph),
4.48(d, 1H, J;, 7.6 Hz, H-1), 4.44 (d, 1H, ], » 7.6 Hz, H-2), 443 (d, 1H, | 11.6 Hz, CH,Ph), 4.35 (d, 1H, ]
11.6 Hz, CH,Ph), 3.95 (d, 1H, ] 1.2 Hz, H-4), 3.83-3.75 (m, 3H, H-5, H-6a, H-6b), 3.61 (s, 3H, OCH3).
13C NMR (CDCl3, 100 MHz): 203.8, 137.7, 137.2, 136.4, 128.29, 128.27, 127.26, 128.0, 127.8, 127.6, 127.5,
104.9,82.1,80.7,73.5,73.4,72.3,72.1, 67.5, 57.1. HRMS calcd for CosH30Os "™NH4 " (M+NHy)*: 480.2386,
found: 480.2378.

3.3. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-Methylene-B-p-Xylo-Hex-3-Ulopyranoside 13

Into a solution of ketone 12 (6.3 g, 13.63 mmol) in dry toluene (100 mL) bis (cyclopentadienyl)
dimethyltitanium was added, 5 wt% in toluene (125 mL, 30 mmol, 2.2 equiv.), under nitrogen
atmosphere and the reaction mixture was stirred for 48 h at 65 °C in the dark. After that, the reaction
mixture (TLC heptane/EtOAc, 4:1, R¢ 0.47) was concentrated in vacuo and flash chromatography of the
crude material (heptane/EtOAc, 10:1-5:1) afforded methylene derivative 13 (4.6 g, 9.99 mmol, yield
71%) as a light-yellow oil. [oc]2D5 —40.3 (¢ 1.1, CHCl3). "H NMR (CDCl3, 400 MHz): 7.49-7.28 (m, 15H,
ArH), 5.61 (t, 1H, ], 11.7a 2.0 Hz, CH>), 5.20 (t, 1H, ], 17 2.0 Hz, CH3), 5.00 (d, 1H, ] 12.0 Hz, CH,Ph),
4.78 (d, 1H, ] 12.0 Hz, CH,Ph), 4.65 (d, 1H, ] 12.0 Hz, CH,Ph), 4.58 (d, 1H, ] 12.0 Hz, CH,Ph), 4.56 (d,
1H, ] 12.0 Hz, CH,Ph), 4.36 (d, 1H, ] 7.6 Hz, H-1), 4.28 (d, 1H, ] 12.0 Hz, CH,Ph), 4.14 (dt, 1H, J1»
7.6 Hz, ] 174, Jo, 57 2.0 Hz, H-2), 4.03 (d, 1H, | 0.4 Hz, H-4), 3.91-3.79 (m, 3H, H-5, H-6a, H-6b), 3.65
(s, 3H, OCH3). 13C NMR (CDCl3, 100 MHz): 142.2, 138.5, 138.2, 137.9, 128.4, 128.3, 128.2, 128.0, 127.9,
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127.7, 127.62, 127.59, 127.5, 113.7, 104.9, 77.7, 77.3, 76.6, 73.7, 73.6, 69.2, 69.0, 56.7. HRMS calcd for
CooHapOs5+NH,* (M+NH,)*: 478.2593, found: 478.2607.

3.4. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-Hydroxymethyl-B-p-Gulopyranoside 14a and Methyl
2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-Hydroxymethyl-p-p-Galactopyranoside 14b

A solution of 13 (4.6 g, 9.99 mmol) in dry THF (150 mL) was treated with a 9-BBN solution in THF
(0.5 M, 125 mL) and heated to reflux for 24 h. After that, the solution was cooled to 0 °C and a 10%
aqueous sodium hydroxide solution (100 mL) and a 30% hydrogen peroxide solution (100 mL) were
added simultaneously within 5 min and stirring continued for another 30 min. Then, diethyl ether
(200 mL) was added followed by careful addition of a 20% aqueous sodium hydrogen sulfite solution
(7 mL). This mixture was stirred further for 60 min and extracted with diethyl ether, and the combined
organic layers were dried with NaySOy, filtered, and concentrated in vacuo (TLC heptane/EtOAc, 2:1
(double run), R¢ 0.48 for 14a, R¢ 0.4 for 14b). Flash chromatography (Heptane/EtOAc, 8:1 to 2:1) of the
residue afforded a gulo-isomer, 14a (1.74 g, 3.638 mmol) and galacto-isomer, 14b (1.16 g, 2.426 mmol)
to be x3:2 in favor of the guloisomer at an overall yield of 61% (2.9 g, 6.064 mmol). Gulo-isomer 14a:
[oc]ZD5 —25.7 (¢ 1.3, CHCl3). '"H NMR (CDCl3, 400 MHz): 7.36-7.20 (m, 15H, ArH), 4.82 (d, 1H, ] 12.0 Hz,
CH,Ph), 4.65 (d, 1H, ] 6.4 Hz, H-1), 4.57 (d, 1H, ] 11.6 Hz, CH,Ph), 4.54 (d, 1H, ] 11.6 Hz, CH,Ph), 4.52
(d, 1H, ] 11.6 Hz, CH,Ph), 447 (d, 1H, ] 12.0 Hz, CH,Ph), 4.41 (d, 1H, ] 11.6 Hz, CH,Ph), 3.95-3.88 (m,
2H, H-4, H-5),3.73 (dd, 1H, 1 2 6.4 Hz, ], 3 5.2 Hz, H-2), 3.74-3.57 (m, 4H, H-6a, H-6b, CH,OH), 3.54 (s,
3H, OCH3), 2.53-2.47 (m, 1H, H-3), 2.35 (bs, 1H, CH,OH). 1*C NMR (CDCl3, 100 MHz): 138.2,138.1,
138.0, 128.6, 128.52, 128.47, 128.2, 128.1, 128.03, 127.96, 127.9, 127.8, 101.2, 77.2, 74.8, 73.8, 73.6, 73.4,
71.9, 69.5, 62.0, 56.5, 41.6. HRMS calcd for CpoH3406+NH4 " (M+NH,4)*: 496.2699, found: 496.2700.
Galacto-isomer 14b: [oc]zD5 —13.4 (c 0.9, CHCl3). '"H NMR (CDCl3, 400 MHz): 7.39-7.28 (m, 15H, ArH),
492 (d, 1H, ] 11.2 Hz, CH,Ph), 4.65 (d, 1H, | 11.2 Hz, CH,Ph), 4.60-4.52 (m, 4H, CH,Ph), 4.41 (d, 1H,
J12 7.6 Hz, H-1),3.90(d, 1H, J3 4 2.8 Hz, H-4), 3.82 (dd, 1H, ] 4.8 Hz, ] 7.2 Hz, CH,OH), 3.73-3.55 (m,
8H, H-5, H-6a, H-6b, H-2, CH,OH, OCH3), 2.04 (bs, 1H, CH,OH), 1.87-1.82 (m, 1H, H-3). 13C NMR
(CDCl3, 100 MHz): 138.5,138.1, 137.8, 128.6, 128.53, 128.52, 128.4, 128.3, 128.03, 127.98, 127.8, 106.4,
76.5,76.2,74.8,74.7,74.6,73.7, 68.6, 62.2,56.8, 47.3. HRMS calcd for Co9H34O+H™ (M+H)": 479.2434,
found: 479.2434.

3.5. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(3-Trifluoromethylphenoxymethyl)-p-p-Gulopyranoside 15

Compound 14a (80 mg, 0.17 mmol) was stirred in a 25 mL round-bottom flask in toluene (2 mL)
for 3 min. A mixture of 3-(trifluoromethyl)phenyl)(4-methoxyphenyl)iodonium tosylate (140 mg,
0.25 mmol) and potassium tert-butoxide (28.5 mg, 0.25 mmol) were added under air and the mixture
turned yellow. The reaction was stirred for 3 h, when the TLC showed almost complete consumption
of the starting material (TLC heptane/EtOAc, 3:1, R¢ 0.48). The mixture was then diluted with EtOAc
(10 mL) and filtered. Then the volatiles were removed under reduced pressure, and the residue was
subjected to column chromatography (heptane/EtOAc, 8:1 to 4:1) to provide the purified product 15
(92.6 mg, 0.15 mmol, 89%) as a colorless oil. [oc]lz)5 —70.9 (c 0.8, CHCl3). 'H NMR (CDCl3, 400 MHz):
7.40-7.22 (m, 17H, ArH), 7.08 (bs, 1H, ArH), 7.02 (dd, 1H, ] 8.0 Hz, | 2.4 Hz, ArH), 4.79 (d, 1H, ] 12.0 Hz,
CH,Ph), 4.62 (d, 1H, ] 6.0 Hz, H-1), 4.58 (d, 1H, ] 12.0 Hz, CH,Ph), 4.57 (d, 1H, ] 11.6 Hz, CH,Ph), 4.54
(d, 1H, ] 12.4 Hz, CH,Ph), 4.50 (s, 2H, CH,Ph), 4.24 (dd, 1H, ] 6.0 Hz, ] 9.6 Hz, H-3a’"), 4.19-4.15 (m,
1H, H-5), 4.08 (dd, 1H, ] 9.6 Hz, | 8.0 Hz, H-3b"), 3.87 (dd, 1H, ] 5.2 Hz, | 2.8 Hz, H-4), 3.85 (t, 1H, ]
6.0 Hz, H-2), 3.80 (dd, 1H, ] 10.0 Hz, ] 6.8 Hz, H-6a), 3.72 (dd, 1H, ] 10.0 Hz, ] 5.2 Hz, H-6b), 3.57 (s, 1H,
OCHj), 2.76-2.70 (m, 1H, H-3). 13C NMR (CDCl3, 100 MHz): 158.8, 138.30, 138.27, 137.9, 131.9 (q, |
32.1 Hz), 130.0, 128.49, 128.46, 128.3, 128.0, 127.9, 127.83, 127.77,124.1 (q, ] 271 Hz), 118.0, 117.6 (q, ]
3.8 Hz), 111.5 (q, ] 3.7 Hz), 101.3, 74.7, 73.6, 73.5, 73.3, 72.8, 71.9, 69.8, 64.6, 56.4, 39.6. ’F NMR (CDCl;,
376 MHz): —62.6. HRMS calcd for CagHy F3NOg+NHs+ (M+NHy4)*: 640.2886, found: 640.2895.
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3.6. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-Methoxymethyl-B-p-Gulopyranoside 16

Compound 14a (57 mg, 0.12 mmol) was stirred in a 5 mL round-bottom flask in dry THF (2 mL)
for 5 min at 0 °C. Into the solution, NaH (6 mg, 0.24 mmol) was added and the stirring was continued
at 0 °C for 5 min. Then, into the reaction mixture iodomethane dropwise was added and the reaction
temperature increased to rt gradually. Stirring continued overnight when the TLC showed almost
complete consumption of the starting material (TLC heptane/EtOAc, 3:2, R¢ 0.53). Then, NaH was
quenched with EtOAc and the volatiles were removed under reduced pressure. The residue was
subjected to column chromatography (heptane/EtOAc, 6:1 to 3:1) to provide the purified product 16
(46 mg, 0.09 mmol, 78%). [cx]zD5 -62.5 (c 1.2, CHCl3). 'H NMR (CDCl3, 400 MHz): 7.35-7.20 (m, 15H,
ArH), 4.76 (d, 1H, ] 12.0 Hz, CH,Ph), 4.58 (d, 1H, ] 12.0 Hz, CH,Ph), 4.57 (d, 1H, ] 11.6 Hz, CH,Ph),
453 (d, 1H, ], » 6.4 Hz, H-1), 4.48 (d, 2H, ] 12.4 Hz, CH,Ph), 4.37 (d, 1H, ] 11.6 Hz, CH,Ph), 4.11-4.07
(m, 1H, H-5), 3.75-3.71 (m, 3H, H-2, H-4, H-6a), 3.67-3.61 (m, 2H, H-6b, CH,OCH3), 3.56-3.50 (m, 4H,
CH,OCH3;, OCHj3), 3.29 (s, 3H, CH;OCH3), 2.58-2.52 (m, 3H, H-3). 13C NMR (CDCl3, 100 MHz): 138.8,
138.43, 138.39, 128.5, 128.43, 128.36, 128.1, 127.94, 128.90, 127.8, 127.74, 127.69, 127.66, 101.8, 75.1, 74.7,
73.7,73.3,73.2,71.8,70.2, 69.2, 59.0, 56.4, 40.2. HRMS calcd for C;7H NOg+H* (M+H)": 335.1369,
found: 335.1369.

3.7. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-Azidomethyl-B-p-Gulopyranoside 17

Into a stirred solution of 14a (1.6 g, 3.35 mmol) in DCM (25 mL) containing Et3N (890 pL, 6.69 mmol)
at 0 °C MsCl (390 pL, 5.02 mmol) was added dropwise over 5 min, and the solution was stirred for 4 h
at rt (TLC heptane/EtOAc, 1:1, Rf 0.31). The solution was extracted with 1IN HCI (2 x 50 mL) followed
by sat’d NaHCOj3 (2 x 50 mL), and the organic layer was dried (Na;SO4). The solvent was removed by
rotary evaporation to give a yellow liquid that was dissolved in dry DMF (10 mL). Sodium azide (1.3 g,
20.08 mmol) was added and the solution was heated at 80 °C for 6 h to give a yellowish-brown mixture.
The mixture was cooled at rt, water (50 mL) was added, and the mixture was extracted with EtOAc (2
x 40 mL). The organic layer was washed with brine (50 mL) and dried (Nay;SO4). The solvent was
removed by rotary evaporation to give a yellow liquid that was then purified by flash chromatography
(Heptane/EtOAc 8:1 to 3:1) to give compound 17 (1.4 g, 2.78 mmol, 83% from 14a) as a colorless liquid.
[oc]zD5 —5.2 (¢ 0.8, CHCl3). '"H NMR (CDClg, 400 MHz): 7.38-7.20 (m, 15H, ArH), 4.76 (d, 1H, ] 12.0 Hz,
CH,Ph), 4.56 (d, 1H, | 12.0 Hz, CH,Ph), 4.55 (d, 1H, ] 11.6 Hz, CH,Ph), 4.51 (d, 1H, ], » 6.4 Hz, H-1),
448 (d, 1H, ] 12.4 Hz, CH,Ph), 4.44 (d, 1H, ] 12.0 Hz, CH,Ph), 441 (d, 1H, ] 12.0 Hz, CH,Ph), 4.09-4.05
(m, 1H, H-5), 3.77-3.64 (m, 5H, H-2, H-4, H-6a, H-6b, CH,N3), 3.50 (s, 3H, OCH3;), 3.39 (dd, 1H, |
12.4 Hz, | 8.4 Hz, CH,N3), 2.42-2.36 (m, 1H, H-3). 3C NMR (CDCl3, 100 MHz): 138.4, 138.3, 137.9,
128.53,128.52, 128.50, 128.2, 128.02, 127.95, 127.9, 127.8, 100.8, 75.0, 73.7, 73.6, 73.4, 72.5, 72.0, 69.6, 56 4,
48.6,39.7. HRMS calcd for Co9gHz3N305+NH, " (M+NHy)*: 521.2764, found: 521.2775.

3.8. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-[4-(3-Fluorophenyl)-1H-1,2,3-Triazol-1-YI-Methyl]-
B-p-Gulopyranoside 18

A solution of azide 17 (53 mg, 0.10 mmol) in dichloromethane (2 mL), 1-Ethynyl-3-fluorobenzene
(18.1 pL, 0.16 mmol), Cul (10 mol%, 2 mg) and DIPEA (28 uL, 0.16 mmol) were added and the mixture
was stirred at room temperature for 48 h (TLC heptane/EtOAc, 2:1, R¢ 0.58). The solvent was removed
under reduced pressure, and the residue was dissolved in EtOAc (10 mL) and the solution was washed
with sat. NH4Cl1 (10 mL), brine (10 mL), dried over Na;SOy4 and concentrated in vacuo. The product
was purified by flash column chromatography (heptane/EtOAc, 6:1 to 1:1) to give the corresponding
triazole, 18 as white amorphous solid (56.4 mg, 0.09 mmol, 86%). [cx]zDS -63 (c 0.6, CHCl3). '"H NMR
(CDCl3, 400 MHz): 7.52-7.04 (m, 20H, ArH), 4.80 (d, 1H, J 11.6 Hz, CH,Ph), 4.63 (dd, 1H, ]| 6.8 Hz,
] 14.0 Hz, H-3’), 4.60-4.44 (m, 7H, H-1, H-3’, CH,Ph), 4.35 (d, 1H, ] 11.6 Hz, CH,Ph), 4.26-4.22 (m,
1H, H-5), 3.79 (dd, 1H, ] 10.0 Hz, | 7.2 Hz, H-6a), 3.74 (dd, 1H, ] 6.4 Hz, | 3.2 Hz, H-4), 3.71 (dd, 1H, |
10.0 Hz, ] 5.2 Hz, H-6b), 3.79 (t, 1H, ] 4.8 Hz, H-2), 3.51 (s, 1H, OCHj3), 2.68-2.61 (m, 1H, H-3). 13C NMR
(CDCl3, 100 MHz): 163.3 (d, ] 244 Hz), 146.8, 138.19, 138.16, 137.4, 132.8 (d, ] 8.3 Hz), 130.5 (d, ] 8.4 Hz),
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128.7,128.52, 128.51, 128.3, 128.2, 128.0, 127.9, 127.8, 121.3 (d, | 2.7 Hz), 120.6, 115.0 (d, ] 22 Hz), 112.7 (d,
] 23 Hz), 100.1, 75.2, 73.52, 73.47, 73.1, 72.5, 72.2, 69.4, 56.4, 47 .4, 41.1. 1°F NMR (CDCl;, 376 MHz):
—112.7. HRMS calcd for C37H38FN3Os+H (M+H)*: 624.2874, found: 624.2884.

3.9. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(Aminomethyl)-p-p-Gulopyranoside 19

Into a stirred solution of 17 (1.31 g, 2.60 mmol) in dry THF (20 mL) at 0 °C, LiAlH, (148 mg,
3.9 mmol) was added in portions over 5 min under nitrogen atmosphere, and the solution was stirred
for 1 h at rt (TLC DCM/MeOH, 15:1, R¢ 0.44). After 30 min, TLC was checked which shows complete
conversion of the azide into amine. Then, the reaction was quenched EtOAc and the reaction mixture
was filtered through a pad of Celite® (St. Louis, MO, USA). Then, the filtrate was concentrated in
vacuo and the crude was purified by column chromatography (DCM:MeOH 25:1) to give compound
19 (969 mg, 2.03 mmol, yield 78%) as a colorless oil. [oc]ZDS -36.2 (c 1.1, CHCl3). '"H NMR (CDCl3,
400 MHz): 7.35-7.22 (m, 15H, ArH), 4.80 (d, 1H, ] 12.0 Hz, CH,Ph), 4.57-4.54 (m, 3H, H-1, CH,Ph), 4.51
(d, 1H, ] 12.0 Hz, CH,Ph), 4.47 (d, 1H, ] 12.0 Hz, CH,Ph), 4.42 (d, 1H, ] 11.6 Hz, CH,Ph), 3.97-3.93 (m,
1H, H-5), 3.74-3.65 (m, 4H, H-2, H-4, H-6a, H-6b), 3.52 (s, 3H, OCH3), 3.08 (dd, 1H, ] 6.4 Hz, ] 12.8 Hz,
CH,;NH,), 2.68 (dd, 1H, ] 12.8 Hz, ] 6.4 Hz, CH,NH),), 2.32-2.27 (m, 1H, H-3), 1.99 (bs, 2H, CH,NH,).
13C NMR (CDCl3, 100 MHz): 138.6, 138.3, 138.1, 128.53, 128.49, 128.4, 128.2, 128.0, 127.9, 127.83, 127.81,
127.77,101.3, 76.2, 75.2, 73.6, 73.4, 72.9, 71.7, 69.7, 56.4, 42.7, 39.7. HRMS calcd for CpoH3sNOs5+H™*
(M+H)": 478.2593, found: 478.2603.

3.10. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(3-Fluorophenylureidomethyl)-B-p-Gulopyranoside 20

A solution of amine 19 (61 mg, 0.13 mmol) in dry dichloromethane (2 mL), Et3N (35.6 uL, 0.26 mmol)
was added and the mixture was stirred at room temperature for 5 min under N, atmosphere. Then
into the solution phenyl isocyanate (29.2 uL, 0.26 mmol) was added and the solution was stirred at rt
for 12 h (TLC heptane/EtOAc, 1:1, R¢ 0.32). The solvent was removed under reduced pressure, and
the residue was dissolved in EtOAc (10 mL) and the solution was washed with brine (10 mL), dried
over NaySO;, and concentrated in vacuo. The product was purified by flash column chromatography
(heptane/EtOAc, 5:1 to 2:1) to give the corresponding semicarbazide 20 as a colorless oil (53.4 mg,
0.09 mmol, yield 68%). [oc]zD5 -83.1 (c 0.8, CHCl3). 'H NMR (CDCl3, 400 MHz): 7.39-7.12 (m, 17H,
ArH), 6.85 (dd, 1H, ] 1.2 Hz, | 8.0 Hz, ArH), 6.71-6.66 (m, 1H, ArH), 6.11 (bs, 1H, NHCONHCsH,4F),
5.30 (bs, 1H, NHCONHCgH4F), 4.79 (d, 1H, ] 11.6 Hz, CH,Ph), 4.59 (d, 1H, ] 6.0 Hz, H-1), 4.55 (d,
1H, ] 12.0 Hz, CH,Ph), 4.49 (d, 1H, ] 12.4 Hz, CH,Ph), 4.48-4.42 (m, 3H, CH,Ph), 4.03-3.99 (m, 1H,
H-5), 3.74-3.65 (m, 4H, H-2, H-4, H-6a, H-6b), 3.51 (s, 1H, OCH3), 3.42 (dd, 1H, ] 14.0 Hz, | 5.6 Hz,
CH,;NHCONHCgH4F), 3.34 (dd, 1H, ] 14.0 Hz, ] 7.6 Hz, CH,NHCONHCgH4F), 2.42-2.36 (m, 1H, H-3).
13C NMR (CDCl3, 100 MHz): 163.3 (d, ] 243 Hz), 154.9, 140.6 (d, ] 11 Hz), 138.4, 138.2, 137.9,130.2 (d,
9.5Hz), 128.8,128.5,128.3,128.2, 128.0, 127.9, 127.8,114.8 (d, ] 2.7 Hz), 109.7 (d, ] 21.2 Hz), 106.9 (d, ]
26 Hz), 100.7, 75.3, 73.54, 73.49, 73.0, 72.1, 69.4, 56.5, 39.8, 39.1. 1F NMR (CDCl3, 376 MHz): —111.6.
HRMS calcd for C34HyoFN,Og+H* (M+H)™: 615.2886, found: 615.2870.

3.11. General Procedure for the Synthesis of Amides 21, 22a-221, and 23

To a solution of the amine (1 eq) in dry DCM (2 mL per 0.1 mmol) Et3N (2 eq) was added. Into
the solution, acid chloride or anhydride (1.5 eq) was added and the solution was stirred at rt for 8 h.
After that, 1(N) HCl solution was added to the reaction mixture and extracted with DCM and washed
successively with saturated NaHCO3. After evaporating the solvents in vacuo, the crude material thus
obtained was purified by flash chromatography using heptane-EtOAc (5:1 to 1:1) to give pure amides
as colorless oils.

3.11.1. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-Phenylsulfonamidomethyl-(3-p-Gulopyranoside 21

Compound 21 (TLC heptane/EtOAc, 2:1, R¢ 0.21) was prepared according to the general procedure
3.11 from the amine 19 (55 mg, 0.12 mmol). Obtained as a colorless oil in 65% yield (46.2 mg, 0.07 mmol).
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[a]% —55.7 ( 0.7, CHCl3). "H NMR (CDCl3, 400 MHz): 7.73-7.17 (m, 20H, ArH), 5.23 (dd, 1H, ] 5.2 Hz,
] 6.8 Hz, CH,NHSO), 4.75 (d, 1H, J 11.6 Hz, CH,Ph), 4.53 (d, 1H, ] 12.0 Hz, CH,Ph), 4.50 (d, 1H, |
12.0 Hz, CH,Ph), 4.45 (d, 1H, J 12.0 Hz, CH,Ph), 4.42 (d, 1H, ] 6.0 Hz, H-1), 4.39 (d, 1H, ] 11.2 Hz,
CH,Ph), 4.36 (d, 1H, ] 11.2 Hz, CH,Ph), 3.90-3.87 (m, 1H, H-5), 3.70-3.60 (m, 4H, H-2, H-4, H-6a, H-6b),
3.47 (s, 3H, OCHj), 3.17-3.10 (m, 1H, CH,NHSO), 3.00-2.93 (m, 1H, CH,NHSO), 2.41-2.35 (m, 1H,
H-3). 13C NMR (CDCls, 100 MHz): 139.7, 138.1, 137.9, 137.6, 132.6, 129.1, 128.7, 128.5, 128.2, 128.1,
127.94,127.91, 127.8,127.1, 100.5, 76.3, 74.8, 73.54, 73.50, 72.8, 71.8, 69.3, 56.3, 42.2, 39.1. HRMS calcd for
C35H30NO,S+NH,+ (M+NH,)*: 635.2788, found: 635.2791.

3.11.2. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(Benzamidomethyl)-3-p-Gulopyranoside 22a

Compound 22a (TLC heptane/EtOAc, 2:1, R¢ 0.27) was prepared according to the general procedure
3.11 from the amine 19 (43 mg, 0.09 mmol). Obtained as a colorless oil in 70% yield (37 mg, 0.06 mmol).
[«]5 —42.4 (c 0.8, CHCl3). "H NMR (CDCl3, 400 MHz): 7.43-7.22 (m, 20H, ArH), 7.03 (t, 1H, ] 5.6 Hz,
CH,NHCO), 4.89 (d, 1H, ] 11.2 Hz, CH,Ph), 4.69 (d, 1H, J; , 6.0 Hz, H-1), 4.57 (d, 1H, ] 12.0 Hz, CH,Ph),
4.55-4.46 (m, 4H, CH,Ph), 4.07-4.03 (m, 1H, H-5), 3.82 (dd, 1H, J1 » 6.0 Hz, ], 3 4.8 Hz, H-2), 3.79-3.68
(m, 4H, H-4, H-6a, H-6b, CH,NHCO), 3.60-3.53 (m, 4H, OCH3, CH,NHCO), 2.51-2.46 (m, 1H, H-3).
13C NMR (CDCl3, 100 MHz): 166.8, 138.3, 138.2, 137.8, 134.2, 131.2, 128.7, 128.53, 128.51, 128.47, 128.3,
128.2,128.0, 127.8, 126.9, 100.9, 77.9, 75.9, 74.3, 73.5, 73.1, 72.2, 69.4, 56.5, 39.8, 39.3. HRMS calcd for
C36H39oNOg+H* (M+H)*: 582.2856, found: 582.2851.

3.11.3. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(Acetamidomethyl)-3-p-Gulopyranoside 22b

Compound 22b (TLC heptane/EtOAc, 1:1, R¢ 0.4) was prepared according to the general procedure
3.11 from the amine 19 (49 mg, 0.10 mmol). Obtained as a colorless oil in 62% yield (33 mg, 0.06 mmol).
[oc]zD5 —31.6 (c 0.8, CHCl3). 'H NMR (CDCl;, 400 MHz): 7.39-7.21 (m, 15H, ArH), 6.05 (bs, 1H,
NHCOCHj3), 4.83 (d, 1H, ] 11.6 Hz, CH,Ph), 4.59 (d, 1H, ], » 6.4 Hz, H-1), 4.55 (d, 1H, ] 12.0 Hz, CH,Ph),
4.52-4.42 (m, 4H, CH,Ph), 3.98 (td, 1H, ] 6.0 Hz, ] 2.8 Hz, H-5), 3.74-3.64 (m, 4H, H-2, H-4, H-6a, H-6b),
3.53 (s, 3H, OCH3), 3.51-3.45 (m, 1H, CH,NHCO), 3.32-3.26 (s, 1H, CH,NHCO), 2.36-2.30 (m, 1H,
H-3), 1.74 (s, 3H, NHCOCH3). *C NMR (CDCl3, 100 MHz): 169.9, 138.4, 138.3, 137.9, 128.7, 128.5,
128.2,128.12, 128.09, 127.94, 127.86, 127.7, 100.8, 77.1, 75.4, 73.8, 73.5, 73.0, 72.0, 69.4, 56.5, 39.7, 38.4,
23.2. HRMS caled for C31H37NOg+H™ (M+H)*: 520.2699, found: 520.2704.

3.11.4. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(2-Fluorobenzamidomethyl)-3-p-Gulopyranoside 22¢

Compound 22¢ (TLC heptane/EtOAc, 2:1, R¢ 0.19) was prepared according to the general procedure
3.11 from the amine 19 (49 mg, 0.10 mmol). Obtained as a colorless oil in 59% yield (31.5 mg, 0.06 mmol).
[oc]ZDS —41.7 (c 0.7, CHCl3). 'H NMR (CDCl3, 400 MHz): 8.05-8.01 (td, 1H, ] 8.0 Hz, ] 1.6 Hz, ArH),
7.48-7.43 (m, 1H, ArH), 7.36-7.16 (m, 17H, ArH), 7.07-7.02 (m, 1H, ArH), 4.84 (d, 1H, ] 11.6 Hz, CH,Ph),
4.65(d, 1H, J1 » 6.8 Hz, H-1), 4.62 (d, 1H, | 12.0 Hz, CH,Ph), 4.57 (d, 1H, ] 12.0 Hz, CH,Ph), 4.48 (d, 1H,
J12.0 Hz, CH,Ph), 4.46 (d, 1H, ] 11.6 Hz, CH,Ph), 4.40 (d, 1H, ] 11.6 Hz, CH,Ph), 4.07 (td, 1H, | 6.0 Hz,
J 2.8 Hz, H-5), 3.79-3.58 (m, 6H, H-2, H-4, H-6a, H-6b, CH,NHCO), 3.54 (s, 3H, OCH3), 2.49-2.43 (m,
1H, H-3). 3C NMR (CDCl3, 100 MHz): 163.2 (d, ] 3.0 Hz), 160.6 (d, ] 247 Hz), 138.3, 138.2, 137.8,
133.1 (d, ] 9.0 Hz), 132.0 (d, | 2.0 Hz), 128.46, 128.45, 128.4, 128.3, 128.2, 127.9, 127.8, 127.7, 124.7 (d,
J3.1Hz), 1214 (d, ] 12 Hz), 116.1 (d, ] 24 Hz), 101.0, 76.3, 75.1, 73.6, 73.5, 72.9, 72.0, 69.5, 56.5, 40.0,
38.5. 9F NMR (CDCl3, 376 MHz): -113.4. HRMS calcd for C3H3s FNOg+NH, ™ (M+NHy)*™: 617.3027,
found: 617.3025.

3.11.5. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(3-Fluorobenzamidomethyl)-3-p-Gulopyranoside 22d

Compound 22d (TLC heptane/EtOAc, 2:1, R¢ 0.24) was prepared according to the general procedure
3.11 from the amine 19 (46 mg, 0.10 mmol). Obtained as a colorless oil in 67% yield (48 mg, 0.06 mmol).
[oc]zD5 —61.8 (c 0.7, CHCl3). 'H NMR (CDCl3, 400 MHz): 7.36-6.99 (m, 20H, NHCO, ArH), 4.89 (d, 1H, |
11.2 Hz, CH,Ph), 4.69 (d, 1H, J1 » 6.0 Hz, H-1), 4.58 (d, 1H, ] 12.0 Hz, CH,Ph), 4.54—4.47 (m, 4H, CH,Ph),
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4.07 (td, 1H, ] 6.4 Hz, ] 2.8 Hz, H-5), 3.82 (dd, 1H, ], » 6.0 Hz, ], 3 4.8 Hz, H-2), 3.81-3.66 (m, 4H, H-4,
H-6a, H-6b, CH,NHCO), 3.60-3.54 (m, 4H, CH,NHCO, OCHj3), 2.50-2.44 (m, 1H, H-3). 13C NMR
(CDCl3, 100 MHz): 165.5 (d, J 2.2 Hz), 162.7 (d, ] 246 Hz), 138.2, 138.0, 137.7, 136.6 (d, ] 6.8 Hz), 130.0 (d,
] 7.8 Hz), 128.7, 128.53, 128.50, 128.4, 128.29, 128.25, 128.0, 127.9, 127.8,122.1 (d, ] 3.0 Hz), 1182 (d, |
22 Hz), 114.4 (d, ] 23 Hz), 100.8, 78.8, 75.8, 74.3, 73.5, 73.0, 72.2, 69.3, 56.5, 39.6, 39.5. 1F NMR (CDCl3,
376 MHz): —111.9. HRMS calcd for C3gH3gFNOg+H* (M+H)™: 600.2761, found: 600.2772.

3.11.6. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(4-Fluorobenzamidomethyl)-3-p-Gulopyranoside 22e

Compound 22e (TLC heptane/EtOAc, 2:1, R¢ 0.2) was prepared according to the general procedure
3.11 from the amine 19 (51 mg, 0.11 mmol). Obtained as a colorless oil in 71% yield (45.4 mg, 0.08 mmol).
[oc]ZD5 +51.9 (c 0.6, CHClz). 'H NMR (CDCl3, 400 MHz): 7.36-7.23 (m, 17H, ArH), 7.05 (t, 1H, ] 5.6 Hz,
NHCO), 6.89-6.84 (m, 2H, ArH), 4.90 (d, 1H, ] 11.2 Hz, CH,Ph), 4.70 (d, 1H, J; » 6.0 Hz, H-1), 4.58 (d,
1H, ] 12.0 Hz, CH,Ph), 4.54-4.48 (m, 4H, CH,Ph), 4.05 (td, 1H, ] 6.0 Hz, ] 2.8 Hz, H-5), 3.83 (dd, 1H, J1 2
6.0 Hz, ], 3 4.8 Hz, H-2), 3.80-3.67 (m, 4H, H-4, H-6a, H-6b, CH,NHCO), 3.59-3.52 (m, 4H, CH,NHCO,
OCH3), 2.52-2.46 (m, 1H, H-3). 13C NMR (CDCl3, 100 MHz): 165.7, 164.5 (d, J 250 Hz), 138.2, 138.1,
130.3 (d, ] 3.0 Hz), 129.1 (d, ] 8.9 Hz), 128.8, 128.6, 128.53, 128.52, 128.33, 128.28, 128.0, 127.9, 127.8, 115.4
(d, ] 22 Hz), 100.8, 78.1, 76.0, 74.4, 73.5, 73.1, 72.2, 69.3, 56.5, 39.61, 39.58. °F NMR (CDCl3, 376 MHz):
—108.8. HRMS calcd for C3¢H3gFNOg+NH, " (M+NH,4)*: 617.3027, found: 617.3038.

3.11.7. Methyl2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(3,4,5-Trifluorobenzamidomethyl)-
B-p-Gulopyranoside 22f

Compound 22f (TLC heptane/EtOAc, 2:1, R¢ 0.18) was prepared according to the general procedure
3.11 from the amine 19 (49 mg, 0.10 mmol). Obtained as a colorless oil in 53% yield (34.6 mg, 0.06 mmol).
[oc]zDS ~73.6 (c 0.8, CHCl3). '"H NMR (CDCl3, 400 MHz): 7.36-6.93 (m, 18H, ArH), 4.87 (d, 1H, ] 11.2 Hz,
CH,Ph), 4.68 (d, 1H, J1» 5.6 Hz, H-1), 4.58 (d, 1H, | 11.6 Hz, CH,Ph), 4.51-4.48 (m, 4H, CH,Ph), 4.07
(td, 1H, ] 6.4 Hz, ] 3.6 Hz, H-5), 3.82-3.53 (m, 9H, H-2, H-4, H-6a, H-6b, OCH3, CH,NHCO), 2.46-2.40
(m, 1H, H-3). 13C NMR (CDCl3, 100 MHz): 163.7, 151.0 (ddd, ] 3.4 Hz, ] 10.2 Hz, ] 251 Hz), 141.9 (dt,
J 15.2 Hz, | 255 Hz), 138.2, 137.9, 137.7, 130.4-130.2 (m), 128.8, 128.6, 128.53, 128.47, 128.29, 128.27,
128.2, 127.90, 127.85, 111.5 (dd, ] 6.1 Hz, ] 16 Hz), 100.5, 78.1, 75.8, 74.3, 73.6, 73.0, 72.3, 69.3, 56.5,
40.0, 39.3. YF NMR (CDCls, 376 MHz): -132.1 (d, ] 20 Hz), —=155.7 (t, ] 20 Hz). HRMS calcd for
C36H36F3NOg+NH, " (M+NHy)": 653.2838, found: 653.2845.

3.11.8. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(2,3,4,5,6-Pentafluorobenzamidomethyl)-
B-p-Gulopyranoside 22g

Compound 22g (TLC heptane/EtOAc, 2:1, R 0.17) was prepared according to the general procedure
3.11 from the amine 19 (45 mg, 0.09 mmol). Obtained as a colorless oil in 49% yield (31 mg, 0.05 mmol).
[oc]zD5 -75.7 (¢ 0.5, CHCl3). 'H NMR (CDCl3, 400 MHz): 7.36-7.20 (m, 15H, ArH), 6.81 (t, 1H, ] 5.6 Hz,
CH,;NHCO), 4.89 (d, 1H, ] 11.2 Hz, CH,Ph), 4.65 (d, 1H, J; » 6.0 Hz, H-1), 4.57 (d, 1H, ] 12.0 Hz, CH,Ph),
4.51 (d, 1H, ] 11.2 Hz, CH,Ph), 4.48 (d, 1H, ] 12.0 Hz, CH,Ph), 4.47 (d, 1H, ] 12.0 Hz, CH,Ph), 4.42
(d, 1H, ] 12.0 Hz, CH,Ph), 4.06 (td, 1H, ] 6.8 Hz, | 3.6 Hz, H-5), 3.81 (dd, 1H, J1» 6.0 Hz, ],3 3.6 Hz,
H-2), 3.78-3.69 (m, 3H, H-4, H-6a, H-6b), 3.63-3.58 (m, 2H, CH,NHCO), 3.54 (s, 1H, OCH3), 2.45-3.39
(m, 1H, H-3). 3C NMR (CDCl;, 100 MHz): 156.9, 145.1-144.9 (m), 142.6-142.4 (m), 140.9-140.6 (m),
138.8-138.5 (m), 138.2, 137.9, 137.7, 136.3-136.0 (m), 128.5,128.2, 128.1, 128.0, 127.9, 127.8, 111.9-111.5
(m), 106.4, 100.3, 77.8, 75.4, 73.9, 73.5, 72.4, 69.3, 56.5, 39.8, 38.9. 1YF NMR (CDCl;, 376 MHz): —140.5 to
—140.6 (m, 2F), —151.7 (t, 1F, ] 21 Hz), —=160.1 to —160.3 (m, 2F). HRMS calcd for C34H34FsNOg+NH,*
(M+NHy)*: 689.2650, found: 689.2656.

3.11.9. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(3-Methoxybenzamidomethyl)-3-p-Gulopyranoside 22h

Compound 22h (TLC heptane/EtOAc, 1:1, R¢ 0.45) was prepared according to the general procedure
3.11 from the amine 19 (47 mg, 0.10 mmol). Obtained as a colorless oil in 51% yield (30.7 mg, 0.05 mmol).
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[o]% —43.2 (c 0.5, CHCl3). "H NMR (CDClg, 400 MHz): 7.35-7.21 (m, 17H, ArH), 7.08 (t, 1H, ] 8.0 Hz,
ArH), 7.00 (m, 2H, CH,NHCO, ArH), 6.75-6.72 (m, 1H, ArH), 4.87 (d, 1H, ] 11.6 Hz, CH,Ph), 4.68
(d, 1H, ], » 6.4 Hz, H-1), 457 (d, 1H, ] 11.6 Hz, CH,Ph), 454 (d, 1H, ] 11.6 Hz, CH,Ph), 451 (d, 1H, |
12.8 Hz, CH,Ph), 4.48 (d, 1H, ] 11.2 Hz, CH,Ph), 4.45 (d, 1H, ] 11.2 Hz, CH,Ph), 4.05 (td, 1H, ] 6.4 Hz, |
2.8 Hz, H-5), 3.83 (dd, 1H, J1 2 6.4 Hz, 3 5.2 Hz, H-2), 3.79 (s, 3H, C¢H4OCHj), 3.78-3.67 (m, 5H, H-2,
H-4, H-6a, H-6b, CH,NHCO), 3.59-3.53 (m, 4H, CH,NHCO, OCH3), 2.50-2.45 (m, 1H, H-3). 13C NMR
(CDCl;, 100 MHz): 166.8, 159.9, 138.3, 138.2, 137.8, 129.5, 128.7, 128.5, 128.4, 128.3, 128.1, 128.0, 127.9,
127.8,118.4,117.7, 112.3,100.9, 77.6, 75.8, 74.2, 73.5, 73.1, 72.1, 69.4, 56.5, 55.5, 39.8, 39.2. HRMS calcd
for C37Hy NO,+H* (M+H)*: 612.2961, found: 612.2972.

3.11.10. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(p-Toluamidomethyl)-3-p-Gulopyranoside 22i

Compound 22i (TLC heptane/EtOAc, 2:1, R¢ 0.24) was prepared according to the general procedure
3.11 from the amine 19 (51 mg, 0.11 mmol). Obtained as a colorless oil in 61% yield (38.8 mg, 0.07 mmol).
[oc]zD5 -56.2 (¢ 0.5, CHCl3). '"H NMR (CDCl3, 400 MHz): 7.35-7.21 (m, 17H, ArH), 7.04 (d, 1H, ] 7.6 Hz,
ArH), 6.96 (t, 1H, ] 6.0 Hz, CH,NHCO), 4.88 (d, 1H, ] 11.2 Hz, CH,Ph), 4.68 (d, 1H, ], » 6.4 Hz, H-1),
457 (d, 1H, | 12.0 Hz, CH;,Ph), 4.53 (d, 1H, | 11.2 Hz, CH,Ph), 4.51 (d, 1H, ] 12.0 Hz, CH,Ph), 4.48
(d, 1H, J 12.0 Hz, CH,Ph), 4.45 (d, 1H, ] 11.6 Hz, CH,Ph), 4.04 (td, 1H, ] 6.4 Hz, | 2.8 Hz, H-5), 3.82
(dd, 1H, J1» 6.4 Hz, ][> 3 5.2 Hz, H-2), 3.78-3.67 (m, 3H, H-4, H-6a, H-6b, CH,NHCO), 3.58-3.52 (m,
4H, CH,NHCO, OCH3), 2.51-2.45 (m, 1H, H-3), 2.36 (s, 3H, CH3). 1*C NMR (CDCl3, 100 MHz): 166.8,
141.6, 138.3, 138.2, 137.9, 131.4, 130.3, 129.24, 129.16, 128.7, 128.52, 128.51, 128.4, 128.3, 128.1, 128.0,
127.9,127.8,126.9, 101.0, 77.8, 75.9, 74.2, 73.5, 73.1, 72.1, 69.4, 56.5, 39.9, 39.2, 21.5. HRMS calcd for
C37Hy1NOg+H' (M+H)*: 596.3012, found: 596.3019.

3.11.11. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(3,5-Dimethoxybenzamidomethy]l)-
B-p-Gulopyranoside 22j

Compound 22j (TLC heptane/EtOAc, 2:1, R¢ 0.22) was prepared according to the general procedure
3.11 from the amine 19 (53 mg, 0.11 mmol). Obtained as a colorless oil in 67% yield (48 mg, 0.07 mmol).
[oc]ZD5 -39.5 (c 0.8, CHCl3). 'H NMR (CDCl3, 400 MHz): 7.35-7.18 (m, 15H, ArH), 6.82 (t, 1H, ] 6.0 Hz,
NHCO), 6.72 (d, 2H, ] 2.4 Hz, ArH), 6.54 (t, 1H, ] 2.4 Hz, ArH), 4.84 (d, 1H, ] 11.6 Hz, CH,Ph), 4.65
(d, 1H, J12 6.4 Hz, H-1), 4.57 (d, 1H, ] 12.0 Hz, CH,Ph), 4.56 (d, 1H, ] 12.0 Hz, CH,Ph), 4.48 (d, 1H, |
11.6 Hz, CH,Ph), 4.47 (d, 1H, ] 11.6 Hz, CH,Ph), 4.43 (d, 1H, ] 11.6 Hz, CH,Ph), 4.03 (td, 1H, ] 6.4 Hz, |
2.8 Hz, H-5),3.78 (dd, 1H, J1 , 6.0 Hz, ], 3 4.8 Hz, H-2), 3.75-3.65 (m, 10H, H-4, H-6a, H-6b, CH,NHCO,
2 x OCH3), 3.57-3.52 (m, 4H, CH,NHCO, OCH3), 2.47-2.41 (m, 1H, H-3). 13C NMR (CDCl3, 100 MHz):
167.1,160.9, 163.3, 138.3, 138.2, 137.8, 136.8, 128.7, 128.5, 128.2, 128.1, 128.0, 127.93, 127.88, 127.8, 104.9,
103.6, 100.9, 77.2,75.6,73.9,73.5,73.1, 72.1, 69.5, 56.5, 55.6, 39.9, 39.0. HRMS calcd for C3gHs3NOg+H™
(M+H)": 642.3066, found: 642.3067.

3.11.12. Methyl 2,4,6-tri-O-Benzyl-3-Deoxy-3-C-(3-Trifluoromethylbenzamidomethyl)-
3-p-Gulopyranoside 22k

Compound 22k (TLC heptane/EtOAc, 2:1, R¢ 0.25) was prepared according to the general procedure
3.11 from the amine 19 (43 mg, 0.09 mmol). Obtained as a colorless oil in 55% yield (32.2 mg, 0.05 mmol).
[oc]lz)5 —38.7 (c 0.8, CHCl3). 'H NMR (CDCl3, 400 MHz): 8.00 (s, 1H, ArH), 7.69-7.66 (m, 1H, ArH),
7.34-7.21 (m, 17H, ArH), 7.09 (t, 1H, ] 6.0 Hz, CH,NHCO), 4.88 (d, 1H, ] 11.6 Hz, CH,Ph), 4.69 (d,
1H, J12 6.0 Hz, H-1), 4.58 (d, 1H, ] 12.0 Hz, CH,Ph), 4.53 (d, 1H, ] 11.2 Hz, CH,Ph), 4.51-4.47 (m, 3H,
CH,Ph), 4.07 (s td, 1H, ] 6.4 Hz, ] 3.2 Hz, H-5), 3.83 (dd, 1H, ] 6.0 Hz, | 4.8 Hz, H-2), 3.81-3.68 (m, 4H,
H-2, H-4, H-6a, H-6b, CH,NHCO), 3.62-3.59 (m, 1H, CH,NHCO), 3.56 (s, 3H, OCH3), 2.50-2.45 (m,
1H, H-3). 13C NMR (CDCl3, 100 MHz): 165.5,138.2, 138.1, 137.8, 135.1, 133.4 131.2 (q, ] 32 Hz), 129.5,
129.2,129.1,128.7, 128.54, 128.52, 128 .4, 128.31, 128.25, 128.0, 127.9, 127.8, 125.2,124.6 (q, ] 3.7 Hz), 123.7
(q,] 271 Hz), 100.8, 77.8, 75.8, 74.3, 73.6, 73.1, 72.2, 69.3, 56.5, 39.62, 39.61. 9F NMR (CDCl;, 376 MHz):
—62.7. HRMS calcd for C37H3sFsNOg+H* (M+H)™: 650.2729, found: 650.2727.
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3.11.13. Methyl 2,4,6-Tri-O-Benzyl-3-Deoxy-3-C-(4-Phenylbenzamidomethyl)-3-p-Gulopyranoside 221

Compound 221 (TLC heptane/EtOAc, 2:1, R¢ 0.32) was prepared according to the general procedure
3.11 from the amine 19 (60 mg, 0.13 mmol). Obtained as a colorless oil in 55% yield (45.5 mg, 0.07 mmol).
[oc]12)5 —47.8 (c 0.9, CHCl3). 'H NMR (CDCl3, 400 MHz): 7.61-7.24 (m, 24H, ArH), 7.10 (t, 1H, ] 6.0 Hz,
CH;NHCO), 4.92 (d, 1H, ] 11.2 Hz, CH,Ph), 4.72 (d, 1H, J; » 6.4 Hz, H-1), 4.59 (d, 1H, ] 12.0 Hz, CH,Ph),
4.57-4.48 (m, 4H, CH,Ph), 4.08 (td, 1H, ] 6.0 Hz, ] 2.8 Hz, H-5), 3.85 (dd, 1H, J; » 6.0 Hz, |, 3 4.8 Hz, H-2),
3.82-3.70 (m, 4H, H-4, H-6a, H-6b, CH,NHCO), 3.64-3.59 (m, 1H, CH,NHCO), 3.58 (s, 3H, OCH3),
2.55-2.50 (m, 1H, H-3). 13C NMR (CDCl3, 100 MHz): 166.5, 143.9, 140.3, 138.3, 138.2, 137.9, 132.9, 129.0,
128.7,128.53, 128,49, 128.3, 128.2, 128.02, 127.98, 127.9, 127.8, 127 4, 127.24, 127.15, 100.9, 77.9, 75.9, 74.3,
73.5,73.1,72.2,69.4, 56.5, 39.8, 39.4. HRMS calcd for C4pH43NOg+NH,* (M+NH,)": 675.3434, found:
675.3433.

3.11.14. Methyl 2,4,6-tri-O-Benzyl-3-Deoxy-3-C-(Diphenylphosphonamidomethyl)-
B-p-Gulopyranoside 23

Compound 23 (TLC heptane/EtOAc, 2:1, R¢ 0.26) was prepared according to the general procedure
3.11 from the amine 19 (52 mg, 0.11 mmol). Obtained as a colorless oil in 69% yield (53.3 mg, 0.08 mmol).
[oc]zDS -77.8 (¢ 0.7, CHCl3). '"H NMR (CDCl3, 400 MHz): 7.36-7.13 (m, 20H, ArH), 4.76 (d, 1H, ] 12.0 Hz,
CH,Ph), 4.55-49 (m, 3H, H-1, CH,Ph), 445 (d, 1H, ] 12.0 Hz, CH,Ph), 4.34 (d, 1H, ] 11.6 Hz, CH,Ph), 4.28
(d, 1H, ] 11.6 Hz, CH;Ph), 3.95-92 (m, 1H, H-5), 3.71-3.58 (m, 5H, H-2, H-4, H-6a, H-6b, NHPO(OPh),),
3.47 (s, 3H, OCH3), 3.40-3.31 (m, 1H, CH,NHSO), 3.15-3.09 (m, 1H, CH,NHSO), 2.33-2.27 (m, 1H,
H-3). 3C NMR (CDCl3, 100 MHz): 150.9 (dd, ] 6.7 Hz, ] 2.4 Hz), 138.22, 138.21, 137.9, 128.6, 128.51,
128.45,128.1,128.0, 127.93, 127.87, 127.8, 125.0 (d, ] 4.3 Hz), 120.3 (d, ] 5.0 Hz, ] 8.0 Hz), 100.8, 76.1, 74.9,
73.6,73.4,72.8,71.8,69.5,56.5,42.1 (d, ] 1.8 Hz), 40.2. 3P NMR (CDCl3, 162 MHz): -1.01. HRMS calcd
for C41Hu4PNOg+H" (M+H)*: 710.2883, found: 710.2889.

3.12. General Procedure the Synthesis of 1a, 1b, 2—6, 7a—71, and 8

A solution of crude in EtOAc/isopropanol (1:3) was stirred with Pd(OH),/C (10% wt., 1 mg per
4 mg of crude) under hydrogen atmosphere at room temperature for 12 h. All the hydrogenation
reactions were carried out in an EtOAc-isopropanol mixture (1:3, 4 mL). After the completion of the
reaction (as indicated by TLC), the reaction mixture was filtered through a Celite bed and washed
with methanol. The filtrate was concentrated under reduced pressure and purified through the flash
column (DCM:MeOH) to get the desired compounds as white amorphous solids or colorless oils.

3.12.1. Methyl 3-Deoxy-3-C-Hydroxymethyl-3-p-Gulopyranoside 1a

Compound 1a (TLC, DCM/MeOH, 5:1, R¢ 0.41) was prepared according to the general procedure
3.12 from the alcohol 14a (63 mg, 0.13 mmol). Obtained as a white amorphous solid in 51% yield
(14 mg, 0.07 mmol) from flash column chromatography (DCM:MeOH 12:1-5:1). [oc]zD5 =50.7 (c 0.6,
CH30H). 'H NMR (CD30D, 400 MHz): 4.39 (d, 1H, ] 7.6 Hz, H-1), 3.96 (dd, 1H, ]34 4.0 Hz, J45 2.0 Hz,
H-4),3.92 (dd, 1H, ] 11.2 Hz, ] 5.6 Hz, CH,OH), 3.86 (dd, 1H, J1» 7.6 Hz, J,3 6.0 Hz H-2), 3.84-3.74
(m, 3H, H-5, H-6a, H-6b), 3.67 (dd, 1H, ] 11.2 Hz, ] 8.4 Hz, CH,OH), 3.51 (s, 3H, OCH3), 2.32-2.26 (m,
1H, H-3). 13C NMR (CD;0D, 125 MHz): 104.0, 76.1, 69.0, 68.3, 63.1, 59.6, 56.8, 49.0. HRMS calcd for
CgH1606-H (M-H)*: 207.0869, found: 207.0865.

3.12.2. Methyl 3-Deoxy-3-C-Hydroxymethyl-3-p-Galactopyranoside 1b

Compound 1b (TLC, DCM/MeOH, 5:1, R¢ 0.40) was prepared according to the general procedure
3.12 from the alcohol 14b (46 mg, 0.10 mmol). Obtained as a white amorphous solid in 63% yield
(12.6 mg, 0.06 mmol) from flash column chromatography (DCM:MeOH 12:1-6:1). [oc]2D5 -32.1(c0.5,
CH3O0H). 'H NMR (CD3;0D, 500 MHz): 4.16 (d, 1H, ] 7.6 Hz, H-1), 3.97 (d, 1H, J3 4 2.4 Hz, H-4), 3.90
(dd, 1H, ] 10.4 Hz, | 4.4 Hz, CH,OH), 3.78 (dd, 1H, ] 10.8 Hz, | 8.4 Hz, H-2), 3.72 (dd, 1H, | 5.6 Hz,
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H-6a, H-6b), 3.55-3.51 (m, 4H, H-5, OCH}), 3.44 (dd, 1H, ] 10.8 Hz, ] 7.6 Hz, CH,OH), 1.73-1.66 (m,
1H, H-3). 13C NMR (CD30D, 125 MHz): 107.6, 79.8, 68.8, 67.1, 62.7, 61.2, 57.1, 49.0. HRMS calcd for
C8H1606+Na+ (M+Na)+: 231.0845, found: 231.0840.

3.12.3. Methyl 3-Deoxy-3-C-(3-Trifluoromethylphenoxymethyl)-3-p-Galactopyranoside 2

Compound 2 (TLC, DCM/MeOH, 10:1, R¢ 0.5) was prepared according to the general procedure
3.12 from the ether 15 (53 mg, 0.09 mmol). Obtained as a colorless oil in 75% yield (22.5 mg, 0.06 mmol)
from flash column chromatography (DCM:MeOH 20:1-12:1). [oc]2D5 -12.8 (c 0.7, CH;0H). 'H NMR
(CD30OD, 400 MHz): 7.46 (t, 1H, | 8.0 Hz, ArH), 7.23-7.21 (m, 3H, ArH), 4.50 (d, 1H, ] 7.2 Hz, H-1), 4.35
(dd, 1H, ] 4.8 Hz, ] 10.0 Hz, CH,OH), 4.22 (t, 1H, ] 8.8 Hz, CH,OH), 4.08 (bs, 1H, H-4), 3.97-3.94 (m,
2H, H-2, H-5), 3.78 (d, 2H, ] 6.0 Hz, H-6a, H-6b), 3.54 (s, 3H, OCH3), 2.64-2.58 (m, 1H, H-3). 13C NMR
(CD;0D, 100 MHz): 160.6, 132.8 (q*, ] 32 Hz), 131.4, 125.5 (q*, ] 270 Hz), 119.3, 118.3 (br q, | 3.7 Hz),
112.4 (br q, ] 3.8 Hz), 104.1, 76.1, 68.2, 68.1, 65.9, 62.9, 56.8, 46.1. 19F NMR (CD30D, 376 MHz): —64.2.
HRMS calcd for C15HpoF306+H* (M+H)*: 353.1212, found: 353.1208.

*Only two peaks from the q are observed: See Supplementary information page S43)

3.12.4. Methyl 3-Deoxy-3-C-Methoxymethyl-3-p-Galactopyranoside 3

Compound 3 (TLC, DCM/MeOH, 10:1, R¢ 0.5) was prepared according to the general procedure
3.12 from 16 (36 mg, 0.07 mmol). Obtained as a colorless oil in 64% yield (10.4 mg, 0.05 mmol). [oc]zD5
—33.4 (c 0.5, CH30H) from flash column chromatography (DCM:MeOH 15:1-9:1). 'H NMR (CD;0D,
400 MHz): 441 (d, 1H, | 7.6 Hz, H-1), 3.93 (dd, 1H, J45 3.2 Hz, J3 4 2.0 Hz, H-4), 3.88-3.82 (m, 2H, H-2,
H-5),3.73 (d, 2H, ] 6.0 Hz, H-6a, H-6b), 3.65 (dd, 1H, ] 10.0 Hz, | 4.8 Hz, CH,OCH3), 3.57 (dd, 1H, |
10.0 Hz, ] 4.8 Hz, CH,OCHj3), 3.50 (s, 3H, OCH3), 3.33 (s, 3H, OCH3), 2.38-2.34 (m, 1H, H-3). 13C NMR
(CD30D, 100 MHz): 104.1, 76.3,70.2, 68.7, 68.5, 63.1, 59.1, 56.8, 46.6. HRMS calcd for CoH;30¢+Na*
(M+Na)*: 245.1001, found: 245.1004.

3.12.5. Methyl 3-Deoxy-3-C-[4-(3-Fluorophenyl)-1H-1,2,3-Triazol-1-Ylmethyl]- 3-p-Galactopyranoside 4

Compound 4 (TLC, DCM/MeOH, 10:1, R¢ 0.43) was prepared according to the general procedure
3.12 from triazole 18 (55 mg, 0.09 mmol). Obtained as a colorless oil in 78% yield (24.3 mg, 0.07 mmol)
from flash column chromatography (DCM:MeOH 20:1-9:1). [oc]2D5 —-20.5 (c 0.7, CH30H). 'TH NMR
(CD;0D, 400 MHz): 8.40 (s, 1H, ArH), 7.65-7.05 (m, 4H, ArH), 4.80 (dd, 1H, | 14.4 Hz, ] 6.0 Hz,
CH;N3CgH5F), 4.63 (dd, 1H, ] 14.4 Hz, ] 9.2 Hz, CH,0OH), 4.48 (d, 1H, ] 6.4 Hz, H-1), 4.02-3.99 (m, 1H,
H-5), 3.82-3.78 (m, 4H, H-2, H-4, H-6a, H-6b), 3.53 (s, 3H, OCH3), 2.72-2.66 (m, 1H, H-3). 13C NMR
(CDsOD, 100 MHz): 164.3 (d, ] 243 Hz), 147.7 (d, ] 3.1 Hz), 134.0 (d, ] 8.3 Hz), 131.8 (d, ] 8.4 Hz), 123.4,
122.4 (d, ] 2.5 Hz), 1159 (d,] 21 Hz), 113.2 (d, ] 23 Hz), 103.6, 75.8, 68.0, 67 .4, 62.8, 56.8, 48.2, 46.8. HRMS
caled for C1gHyoFN3Os+H™ (M+H)*: 354.1465, found: 354.1462.

3.12.6. Methyl 3-Deoxy-3-C-(3-Fluorophenylureido)Methyl-3-p-Galactopyranoside 5

Compound 5 (TLC, DCM/MeOH, 10:1, R¢ 0.44) was prepared according to the general procedure
3.12 from 20 (50 mg, 0.0814 mmol). Obtained as a colorless oil in 41% yield (11.5 mg, 0.03 mmol) from
flash column chromatography (DCM:MeOH 12:1-5:1). [oc]2D5 —17.3 (¢ 0.6, CH30H). 'H NMR (CD;0D,
400 MHz): 7.34 (dt, 1H, ] 12.0 Hz, ] 2.0 Hz, ArH), 7.24-6.64 (m, 3H, ArH), 4.44 (d, 1H, ] 7.2 Hz, H-1),
3.90-3.83 (m, 3H, H-2, H-4, H-5), 4.22 (t, 1H, | 8.8 Hz, CH,OH), 4.08 (bs, 1H, H-4), 3.97-3.94 (m, 2H, H-2,
H-5), 3.78-3.76 (d, 2H, H-6a, H-6b), 3.52 (s, 3H, OCH3), 3.47 (dd, 1H, ] 144 Hz, | 6.4 Hz, CH,NHCONH),
3.41(dd, 1H, ] 14.4 Hz, ] 7.6 Hz, CH,NHCONH), 2.27-2.21 (m, 1H, H-3). 13C NMR (CD30D, 100 MHz):
164.5 (d, ] 240 Hz), 158.0, 143.0 (d, ] 11 Hz), 131.0 (d, ] 9.8 Hz), 115.2 (d, ] 3.2 Hz), 109.4 (d, ] 22 Hz), 106.7
(d, ] 22 Hz), 103.8, 76.1, 69.2, 69.0, 63.0, 56.9, 46.8, 38.0. HRMS calcd for C15Hp1FN,Og+H* (M+H)*:
354.1462, found: 345.1459.
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3.12.7. Methyl 3-Deoxy-3-C-(Phenylsufonamido)Methyl-3-p-Galactopyranoside 6

Compound 6 (TLC, DCM/MeOH, 10:1, R¢ 0.45) was prepared according to the general procedure
3.12 from amide 21 (39 mg, 0.06 mmol). Obtained as a colorless oil in 53% yield (11.6 mg, 0.03 mmol)
from flash column chromatography (DCM:MeOH 20:1-10:1). [oc]lz)5 —21.4 (c 0.6, CH;0H). '"H NMR
(CDs0D, 400 MHz): 7.88-7.56 (m, 5H, ArH), 4.26 (d, 1H, ] 7.2 Hz, H-1), 3.93 (d, 1H, ] 3.6 Hz, H-4),
3.80 (dd, 1H, J12 7.2 Hz, ], 3 6.0 Hz, H-2), 3.76-3.70 (m, 3H, H-5, H-6a, H-6b), 3.20 (dd, 1H, ] 5.2 Hz,
J 11.2 Hz, CH,NH), 3.20 (dd, 1H, ] 11.2 Hz, ] 10.0 Hz, CH,NH), 2.26-2.21 (m, 1H, H-3). 13C NMR
(CDs;0D, 100 MHz): 141.7,133.7, 130.3, 128.0, 103.5, 75.7, 68 .4, 67.9, 63.2, 56.8, 46.3, 40.6. HRMS calcd
for C14HyNO;S+H* (M+H)*: 348.1117, found: 348.1115.

3.12.8. Methyl 3-Deoxy-3-C-Benzamidomethyl-f3-p-Gulopyranoside 7a

Compound 7a (TLC, DCM/MeOH, 10:1, R¢ 0.41) was prepared according to the general procedure
3.12 from the amide 22a (35 mg, 0.05 mmol). Obtained as a colorless oil in 59% yield (11 mg, 0.04 mmol)
from flash column chromatography (DCM:MeOH 20:1-10:1). [oc]1235 —6.5 (c 0.6, CH;0H). 'H NMR
(CDsOD, 400 MHz): 7.82-7.80 (m, 2H, ArH), 7.56-7.52 (m, 1H, ArH), 7.49-7 .44 (m, 2H, ArH), 4.48 (d,
1H, ], » 6.8 Hz, H-1), 3.95 (td, 1H, ] 6.0 Hz, ] 2.4 Hz, H-5), 3.89-3.86 (m, 2H, H-2, H-4), 3.79 (d, 1H, Jsa 6b
12.4 Hz, J5,6, 5.6 Hz, H-6a), 3.75 (dd, 1H, Ja,6b 12.4 Hz, J5 4 5.6 Hz, H-6b), 3.68 (dd, 1H, ] 14.0 Hz, |
6.4 Hz, CH,NH), 3.61 (dd, 1H, ] 11.2 Hz, ] 6.4 Hz, CH,NH), 3.54 (s, 3H, OCH3), 2.42-2.35 (m, 1H, H-3).
13C NMR (CD;0D, 100 MHz): 170.5, 135.6, 132.7, 129.6, 128.2, 103.7, 76.0, 69.0, 68.7, 63.1, 56.8, 46.4,
37.8. HRMS calcd for C14H19NOg+H" (M+H)*: 289.1291, found: 298.1289.

3.12.9. Methyl 3-Deoxy-3-C-Acetamidomethyl-3-p-Gulopyranoside 7b

Compound 7b (TLC, DCM/MeOH, 10:1, R¢ 0.42) was prepared according to the general procedure
3.12 from the amide 22b (27 mg, 0.05 mmol). Obtained as a colorless oil in 75% yield (9.7 mg, 0.04 mmol)
from flash column chromatography (DCM:MeOH 15:1-7:1). [«]& —1.5 (c 0.6, CH;OH). 'H NMR
(CD;0D, 400 MHz): 4.40 (d, 1H, J; » 6.8 Hz, H-1), 3.88-3.84 (m, 1H, H-5), 3.82-371 (m, 4H, H-2, H-4,
H-6a, H-6b), 3.51 (s, 3H, OCH3), 3.44 (dd, 1H, ] 14.0 Hz, ] 6.0 Hz, CH,NH), 3.38 (dd, 1H, ] 14.0 Hz, ]
8.8 Hz, CH,NH), 2.24-2.18 (m, 1H, H-3), 1.95 (s, 3H, NHCOCH3). 13C NMR (CD;0D, 100 MHz): 173.6,
103.6,75.9, 68.7, 68.5, 63.1, 56.8, 46.3, 37.1, 22.6. HRMS calcd for C10H19NOg+H" (M+H)*: 250.1291,
found: 250.1291.

3.12.10. Methyl 3-Deoxy-3-C-(2-Fluorobenzamidomethyl)-3-p-Galactopyranoside 7c

Compound 7¢ (TLC, DCM/MeOH, 10:1, R¢ 0.4) was prepared according to the general procedure
3.12 from the amide 22¢ (33 mg, 0.06 mmol). Obtained as a colorless oil in 69% yield (12.5 mg,
0.04 mmol) from flash column chromatography (DCM:MeOH 20:1-9:1). [cx]zDS -9.3 (¢ 0.5, CH3;OH).
'H NMR (CD30D, 400 MHz): 7.76 (td, 1H, ] 7.6 Hz, ] 2.0 Hz, ArH), 7.56-7.50 (m, 1H, ArH), 7.28 (td,
1H,] 7.6 Hz, ] 0.8 Hz, ArH), 7.20 (ddd, 1H, ] 11.2 Hz, ] 8.4 Hz, | 0.8 Hz, ArH), 4.48 (d, 1H, J;1, 7.2 Hz,
H-1), 3.93-3.86 (m, 3H, H-2, H-4, H-5), 3.77 (d, 2H, J5a, J5,6b 5.6 Hz, H-6a, H-6b), 3.66 (d, 2H, ] 7.2
CH,NH), 3.53 (s, 3H, OCH3), 2.42-2.34 (m, 1H, H-3). 13C NMR (CD;0D, 100 MHz): 166.7, 161.4 (d, ]
248 Hz), 134.2 (d, ] 8.8 Hz), 131.6 (d, ] 2.3 Hz), 125.7 (d, ] 3.4 Hz), 123.9 (d, ] 14 Hz), 131.6 (d, ] 23 Hz),
103.7, 76.0, 69.0, 68.8, 63.1, 56.9, 46.1, 38.1. 1YF NMR (CD;0D, 376 MHz): —116.0. HRMS calcd for
C15HyoFNOg+H" (M+H)*: 330.1353, found: 330.1352.

3.12.11. Methyl 3-Deoxy-3-C-(3-Fluorobenzamidomethyl)-(3-p-Galactopyranoside 7d

Compound 7d (TLC, DCM/MeOH, 10:1, R¢ 0.45) was prepared according to the general procedure
3.12 from the amide 22d (35 mg, 0.06 mmol). Obtained as a colorless oil in 59% yield (11.3 mg,
0.03 mmol) from flash column chromatography (DCM:MeOH 20:1-10:1). [oc}ZDS —14.6 (c 0.6, CH30OH).
'H NMR (CD;0D, 400 MHz): 7.65-7.26 (m, 4H, ArH), 447 (d, 1H, ] 7.2 Hz, H-1), 3.94 (td, 1H, ] 6.0 Hz,
] 2.0 Hz, H-5), 3.88-3.85 (m, 2H, H-2, H-4), 3.77 (d, 2H, ] 5.6 Hz, H-6a, H-6b), 3.67 (dd, 1H, ] 14.0 Hz, |
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6.4 Hz, CH,OH), 3.67 (dd, 1H, ] 14.0 Hz, ] 9.2 Hz, CH,OH), 3.53 (s, 3H, OCH3), 2.41-2.35 (m, 1H, H-3).
13C NMR (CD;0D, 100 MHz): 168.9 (d, ] 2.7 Hz), 164.1 (d, | 244 Hz), 138.0 (d, ] 6.8 Hz), 131.6 (d, ]
7.9 Hz), 124.0 (d, ] 2.9 Hz), 119.4 (d, ] 22 Hz), 115.2 (d, ] 23 Hz), 103.6, 75.9, 68.9, 68.6, 63.1, 56.8, 46.4,
37.8. HRMS calcd for C15Hp0FNOg+H* (M+H)*: 330.1353, found: 330.1354.

3.12.12. Methyl 3-Deoxy-3-C-(4-Fluorobenzamidomethyl)-(3-p-Galactopyranoside 7e

Compound 7e (TLC, DCM/MeOH, 10:1, R¢ 0.44) was prepared according to the general procedure
3.12 from the amide 22e (40 mg, 0.07 mmol). Obtained as a colorless oil in 53% yield (11.6 mg,
0.04 mmol) from flash column chromatography (DCM:MeOH 20:1-9:1). [cx]%_’ -16.4 (c 0.5, CH30H).
'H NMR (CD30D, 400 MHz): 7.89-7.84 (m, 2H, ArH), 7.22-7.16 (m, 2H, ArH), 447 (d, 1H, ], , 7.2 Hz,
H-1),3.94 (td, 1H, ] 6.0 Hz, ] 3.0 Hz, H-5), 3.88-3.85 (m, 2H, H-2, H-4), 3.78 (d, 1H, Jea b 11.6 Hz, 56,
5.6 Hz, H-6a), 3.75 (d, 1H, Jsa 6 11.6 Hz, [5 6 5.6 Hz, H-6b), 3.66 (d, 1H, | 14.0 Hz, | 6.4 Hz, CH,NH),
3.61(d, 1H, ] 14.0 Hz, ] 6.4 Hz, CH,NH), 3.53 (s, 3H, OCH3), 2.40-2.34 (m, 1H, H-3). 13C NMR (CD30D,
100 MHz): 169.3, 166.2 (d, ] 249 Hz), 131.9 (d, | 3.0 Hz), 130.8 (d, ] 8.9 Hz), 116.4 (d, ] 22 Hz), 103.7, 75.9,
69.0, 68.6, 63.1, 56.8, 46.4, 37.8. ’FNMR (CD50D, 376 MHz): —110.7. HRMS calcd for C15Hp0FNOg+H*
(M+H)*: 330.1353, found: 330.1354.

3.12.13. Methyl 3-Deoxy-3-C-(3,4,5-Trifluorobenzamidomethyl)-3-p-Galactopyranoside 7f

Compound 7f (TLC, DCM/MeOH, 10:1, R¢ 0.47) was prepared according to the general procedure
3.12 from the amide 22f (31 mg, 0.05 mmol). Obtained as a colorless oil in 70% yield (12.5 mg, 0.03 mmol)
from flash column chromatography (DCM:MeOH 20:1-9:1). [oc]zD5 —13.5 (c 0.6, CH;0H). 'H NMR
(CD30D, 400 MHz): 7.66-7.59 (m, 2H, ArH), 4.45 (d, 1H, ] 6.8 Hz, H-1), 4.00 (td, 1H, ] 6.0 Hz, | 2.0 Hz,
H-5), 3.87-3.84 (m, 2H, H-2, H-4), 3.76 (d, 2H, ] 5.6 Hz, H-6a, H-6b), 3.66 (dd, 1H, ] 14.0 Hz, ] 6.0 Hz,
CH,NH), 3.59 (dd, 1H, ] 14.0 Hz, ] 9.2 Hz, CH,NH), 3.53 (s, 3H, OCH3), 2.40-2.40-2.34 (m, 1H, H-3).
13C NMR (CD50D, 100 MHz): 166.7, 152.3 (ddd, 248.3 Hz, ] 9.8 Hz, ] 3.8 Hz), 143.0 (dt, ] 254 Hz, |
16 Hz,), 132.2-132.0 (m), 113.1 (dd, ] 17 Hz, ] 6.1 Hz), 103.7, 75.9, 68.8, 68.5, 63.1, 56.8, 46.3, 38.0. '9F
NMR (CD;0D, 376 MHz): ~135.7 (d, ] 20 Hz). —159.1 (t, ] 20 Hz). HRMS calcd for C;5H;5F3NOg+H*
(M+H)*: 366.1164, found: 366.1161.

3.12.14. Methyl 3-Deoxy-3-C-(2,3,4,5,6-Pentafluorobenzamidomethyl)-3-p-Galactopyranoside 7g

Compound 7g (TLC, DCM/MeOH, 10:1, R¢ 0.38) was prepared according to the general procedure
3.12 from the amide 22g (30 mg, 0.04 mmol). Obtained as a colorless oil in 83% yield (14.9 mg,
0.04 mmol) from flash column chromatography (DCM:MeOH 20:1-8:1). [oc]ZD5 —-18.9 (c 0.6, CH30OH).
'H NMR (CDs0D, 400 MHz): 4.46 (d, 1H, ] 6.4 Hz, H-1), 3.94-3.85 (m, 4H, H-2, H-4, H-5), 3.79 (dd,
1H, ] 6.0 Hz, ] 11.2 Hz, H-6a), 3.79 (dd, 1H, ] 5.2 Hz, ] 11.2 Hz, H-6a), 3.68 (dd, 1H, ] 6.4 Hz, | 14.4 Hz,
CH,;NHCO), 3.62 (dd, 1H, ] 14.4 Hz, | 8.8 Hz, CH,NHCO), 3.53 (s, 3H, OCH3), 2.38-2.32 (m, 1H, H-3).
13C NMR (CD;0D, 100 MHz): 159.9, 146.4, 144.0, 140.2, 137.6, 103.6, 75.8, 68.5, 68.4, 63.2, 56.9, 46.3,
37.7. YFNMR (CD;0D, 376 MHz): —143.8 to —143.2 (m), —155.2 to —155.3 (m), —=163.7 to —163.9 (m).
HRMS caled for C15H6FsNOg+H" (M+H)*: 402.0976, found: 402.0974.

3.12.15. Methyl 3-Deoxy-3-C-(3-Methoxybenzamidomethyl)-f3-p-Galactopyranoside 7h

Compound 7h (TLC, DCM/MeOH, 10:1, R¢ 0.42) was prepared according to the general procedure
3.12 from the amide 22h (28 mg, 0.03 mmol). Obtained as a colorless oil in 66% yield (10.3 mg,
0.03 mmol) from flash column chromatography (DCM:MeOH 20:1-10:1). [oc]1235 —9.5 (¢ 0.5, CH30H).
'H NMR (CDs0D, 400 MHz): 8.47 (t, ] 5.2 Hz, CONH), 7.38-7.33 (m, 3H, ArH), 7.08 (m, 1H, ArH), 4.47
(d, 1H, ] 7.2 Hz, H-1), 3.94 (td, 1H, ] 5.6 Hz, | 2.0 Hz, H-5), 3.88-3.85 (m, 2H, H-2, H-4), 3.84 (s, 3H,
OCHj3), 3.78 (d, 2H, ] 5.6 Hz, H-6a, H-6b), 3.66-3.62 (m, 2H, CH,NN), 3.53 (s, 3H, OCH3), 2.41-2.35 (m,
1H, H-3). 13C NMR (CD;0D, 100 MHz): 170.3, 161.3, 137.0, 130.7, 120.3, 118.5, 113.6, 103.7, 75.9, 70.0,
68.6, 63.1, 56.9, 55.9, 46.4, 37.8. HRMS calcd for C1sHy3NO7+H* (M+H)*: 342.1553, found: 342.1555.
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3.12.16. Methyl 3-Deoxy-3-C-(p-Toluamidomethyl)-3-p-Galactopyranoside 7i

Compound 7i (TLC, DCM/MeOH, 10:1, R¢ 0.48) was prepared according to the general procedure
3.12 from the amide 22i (32 mg, 0.05 mmol). Obtained as a colorless oil in 53% yield (11.9 mg, 0.04 mmol)
from flash column chromatography (DCM:MeOH 20:1-10:1). [oc]lzj5 —4.8 (c 0.5, CH;0H). 'H NMR
(CD;0D, 400 MHz): 7.72-7.69 (m, 2H, ArH), 7.27 (d, 2H, | 8.0 Hz, ArH), 4.47 (d, 1H, | 7.2 Hz, H-1),
3.94 (td, 1H, | 5.6 Hz, ] 2.0 Hz, H-5), 3.88-3.85 (m, 2H, H-2, H-4), 3.77 (d, 2H, | 5.6 Hz, H-6a, H-6b),
3.66-3.62 (m, 2H, CH,NN), 3.53 (s, 3H, OCH3), 2.39-2.34 (m, 1H, H-3, CH3). 3C NMR (CD;0D,
100 MHz): 170.4, 143.4, 132.7,130.2, 128.2, 103.7, 76.0, 69.0, 68.7, 63.2, 56.9, 46.4, 37.7, 21.4. HRMS calcd
for C1¢H3NOg+H™ M+H)*: 326.1604, found: 326.1603.

3.12.17. Methyl 3-Deoxy-3-C-(3,5-Dimethoxybenzamidomethyl)-3-p-Galactopyranoside 7j

Compound 7j (TLC, DCM/MeOH, 10:1, R¢ 0.43) was prepared according to the general procedure
3.12 from the amide 22j (24 mg, 0.04 mmol). Obtained as a colorless oil in 62% yield (10 mg, 0.03 mmol)
from flash column chromatography (DCM:MeOH 20:1-9:1). [oc]1235 —25.7 (c 0.5, CH;0H). 'H NMR
(CD30D, 400 MHz): 6.96 (d, 1H, ] 2.0 Hz, ArH), 6.63 (t, 1H, | 2.0 Hz, ArH), 4.47 (d, 1H, ], » 7.2 Hz, H-1),
3.94 (td, 1H, ] 5.6 Hz, ] 2.0 Hz, H-5), 3.88-3.85 (m, 2H, H-2, H-4), 3.82 (s, 6H, 2xOCH3), 3.77 (d, 2H, |
6.0 Hz), 3.67-3.57 (m, 2H, CH,NH), 3.53 (s, 3H, OCHj3), 2.40-2.34 (m, 1H, H-3). 13C NMR (CD;0D,
100 MHz): 170.2, 162.4, 137.6, 106.1, 104.5, 103.7, 75.9, 69.0, 68.6, 63.1, 56.8, 56.0, 46.4, 37.8. HRMS calcd
for C17H5NOg+H™ (M+H)*: 372.1658, found: 372.1663.

3.12.18. Methyl 3-Deoxy-3-C-(3-Trifluoromethylbenzamidomethyl)-f-p-Galactopyranoside 7k

Compound 7k (TLC, DCM/MeOH, 10:1, R¢ 0.51) was prepared according to the general procedure
3.12 from the amide 22k (25 mg, 0.04 mmol). Obtained as a colorless oil in 66% yield (11.2 mg,
0.03 mmol) from flash column chromatography (DCM:MeOH 20:1-10:1). [oc]2D5 —-3.9 (¢ 0.6, CH30H).
'H NMR (CD30D, 400 MHz): 8.13 (s, 1H, ArH), 8.08 (t, 1H, ] 8.0 Hz, ArH), 7.85 (d, 1H, ] 8.0 Hz, ArH),
7.68 (t,1H, ] 8.0 Hz, ArH), 4.47 (d, 1H, ], » 7.2 Hz, H-1), 3.95 (td, 1H, ] 6.0 Hz, ] 2.0 Hz, H-5), 3.89-3.86
(m, 2H, H-Z, H-4), 3.79 (dd, 1H, ]6a,6b 12.0 HZ, ]5,6a 6.0 HZ, H—6a), 3.76 (dd, 1H, ]6a,6b 12.0 HZ, ]5,6b
6.0 Hz, H-6b), 3.69 (dd, 1H, ] 13.6 Hz, ] 5.6 Hz, CH,NH), 3.63 (dd, 1H, ] 13.6 Hz, ] 9.2 Hz, CH,NH), 3.54
(s, 3H, OCH3), 2.43-2.37 (m, 1H, H-3). '3C NMR (CD30D, 125 MHz): 168.7, 136.7, 132.0 (q, ] 32 Hz),
131.9,130.6,129.2 (q ] 3.6 Hz), 125.4 (q, ] 270 Hz), 125.1 (q, ] 4.0 Hz), 103.7, 75.9, 68.9, 68.6, 63.1, 56.9,
46.5,37.8. F NMR (CD30D, 376 MHz): —64.2. HRMS calcd for C15Hy0F3NOg+H* (M+H)*: 380.1321,
found: 380.1321.

3.12.19. Methyl 3-Deoxy-3-C-(4-Phenylbenzamidomethyl)-3-p-Galactopyranoside 71

Compound 71 (TLC, DCM/MeOH, 10:1, R¢ 0.54) was prepared according to the general procedure
3.12 from the amide 221 (39 mg, 0.06 mmol). Obtained as a colorless oil in 67% yield (15.4 mg, 0.04 mmol)
from flash column chromatography (DCM:MeOH 20:1-12:1). [oc]zD5 —21.4 (c 0.7, CH;0H). 'H NMR
(CDsOD, 400 MHz): 7.70 (dd, 2H, ] 6.8 Hz, ] 2.0 Hz, ArH), 7.71 (dd, 2H, ] 6.8 Hz, | 2.0 Hz, ArH), 7.65
(m, 2H, ArH), 7.48-7 .44 (m, 2H, ArH), 7.40-7.35 (m, 1H, ArH), 4.49 (d, 1H, |, » 7.2 Hz, H-1), 3.96 (td, 1H,
J 6.0 Hz, | 2.4 Hz, H-5), 3.82-3.75 (m, 2H, H-6a, H-6b), 3.73-3.62 (m, 2H, CH,NH), 3.54 (s, 3H, OCH3),
2.44-2.38 (m, 1H, H-3). '*C NMR (CD;0D, 100 MHz): 170.1, 145.7, 141.2, 134.2, 130.0, 129.1, 128.8,
128.11,128.07, 103.7, 76.0, 69.0, 68.7, 63.2, 56.9, 46.4, 37.8. HRMS calcd for C1HysNOg+H* (M+H)*:
388.1760, found: 388.1761.

3.12.20. Methyl 3-Deoxy-3-C-(Diphenylphosphonamidomethyl)-3-p-Galactopyranoside 8

Compound 8 (TLC, DCM/MeOH, 10:1, R¢ 0.45) was prepared according to the general procedure
3.12 from the amide 23 (43 mg, 0.06 mmol). Obtained as a colorless oil in 50% yield (13.3 mg, 0.03 mmol)
from flash column chromatography (DCM:MeOH 15:1-9:1). [oc]lz)5 —18.6 (c 0.7, CH;0H). 'H NMR
(CD3;0D, 400 MHz): 7.40 (t, 4H, ] 8.0 Hz, ArH), 7.29-7.21 (m, 6H, ArH), 4.36 (d, 1H, ] 7.2 Hz, H-1), 3.90
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(dd, 1H, ] 4.0 Hz, ] 2.0 Hz, H-4), 3.83 (dd, 1H, ] 7.2 Hz, ] 5.6 Hz, H-2), 3.79-3.76 (m, 1H, H-5), 3.71 (dd,
1H, J5,62 10.4 Hz, J4, 6p 4.4 Hz, H-6a), 3.71 (dd, 1H, J5 6, 10.8 Hz, J4, ¢p 4.4 Hz, H-6b), 3.51 (s, 3H, OCH3),
3.50-3.44 (m, 1H, CH,NH), 3.17-3.08 (m, 1H, CH,NH), 2.28-2.22 (m, 1H, H-3). 13C NMR (CD;0D,
100 MHz): 152.2 (dd, ] 6.2 Hz, ] 2.7 Hz), 130.9, 126.3 (d, ] 3.1 Hz), 121.4 (dd, ] 4.6 Hz, ] 11.1 Hz), 103.6,
75.7,68.7,68.1,63.2,56.8,47.4 (d, 5.7 Hz), 39.2. 3'P NMR (CD30D, 162 MHz): —1.0. HRMS calcd for
CooHpePNOg+H* (M+H)*: 440.1474, found: 440.1470.

3.13. Methyl 2,3-Di-O-Acetyl-p-p-Gulopyranoside 25

Compound 24 (300 mg, 0.82 mmol) was dissolved in 80% aqueous AcOH (5 mL) and the solution
was stirred at 80 °C for 2 h. When the TLC (TLC, heptane/EtOAc, 1:2, R¢ 0.39) showed complete
consumption of the starting material, the solvents were evaporated under reduced pressure and
co-evaporated twice with toluene (10 mL). Then, the crude was purified via flash chromatography
(Heptane/EtOAc, 3:1-1:2) to obtain pure compound 25 (191 mg, 0.69 mmol, 84%) as a white foam. [oc]2D5
—30.4 (c 0.8, CHCl3). 'H NMR (CDCls, 400 MHz): 5.35 (t, 1H, ], 3 3.6 Hz, H-3), 5.10 (dd, 1H, J1 » 8.0 Hz,
J23 3.6 Hz, H-2),4.68 (d, 1H, | 8.0 Hz, H-1), 3.93-3.89 (m, 4H, H4, H-5, H-6a, H-6b), 3.52 (s, 3H, OCH3),
2.11 (s, 3H, COCH3), 2.03 (s, 3H, COCHj3). *C NMR (CDCl3, 100 MHz): 170.0, 169.9, 99.9, 73.3, 70.6,
69.0, 68.4, 62.8, 56.9, 20.98, 20.95. HRMS calcd for C11H130s+Na* (M+Na)*: 301.0899, found: 301.0898.

3.14. Methyl B-p-Gulopyranoside 9

Compound 25 (120 mg, 0.43 mmol) was dissolved in MeOH (3 mL). NaOMe (1.0 mL, 0.5 M in
MeOH) was added and the solution was stirred at room temperature for 2 h (TLC, DCM/MeOH,
5:1, R 0.3). The solution was neutralized with DOWEX 50 W H™ resin, filtered and the solvents
were evaporated under reduced pressure and the crude was purified via flash chromatography
(DCM/MeOH, 7:1-3:1) to obtain pure compound 9 (46 mg, 0.23 mmol, 55%) as a colorless oil. [oc]Iz)5
~19.2 (¢ 0.9, CH3;0H). 'H NMR (D,0, 400 MHz): 4.60 (d, 1H, J1 , 8.4 Hz, H-1), 4.05 (t, 1H, J3,4 3.6 Hz,
H-4), 4.00-3.96 (m, 1H, H-5), 3.80 (dd, 1H, J34 3.6 Hz, J4 5 1.2 Hz, H-4), 3.75 (dd, 1H, J¢a 6p 12.0 Hz, J564
6.4 Hz, H-6a), 3.76 (dd, 1H, Jea gp 12.0 Hz, J5 4, 4.8 Hz, H-6b), 3.76 (dd, 1H, J1 , 8.4 Hz, ], 3 3.6 Hz, H-2),
3.56 (s, 3H, OCH3). 13C NMR (D,0, 100 MHz): 101.5,73.8, 71.1, 69.3, 68.0, 61.0, 56.9. HRMS calcd for
C;H140¢+Na* (M+Na)*: 217.0688, found: 217.0687.

3.15. Methyl 3-Azido-2,4,6-Tri-O-Benzoyl-3-Deoxy-B-p-Gulopyranoside 29

Triflic anhydride (235 pL, 1.4 mmol) was added dropwise to a stirred solution of 26 (400 mg,
1.4 mmol) in DCM (10 mL) and pyridine (451 uL, 5.6 mmol) at —30 °C and under N, atmosphere after
which the reaction was allowed to reach rt under 2 h. BzClI (179 uL, 1.54 mmol) was added and the
reaction was stirred for another 2 h before the reaction was diluted with DCM (25 mL) and washed
with saturated NaHCOj3 (2 X 25 mL). The combined aqueous phases were extracted with DCM (40 mL).
The pooled organic phases were dried over MgSO,4 and concentrated to give crude 27. Sodium azide
(637 mg, 9.8 mmol) was added to the crude 27 (<1.4 mmol) in DMF (15 mL) and the reaction was stirred
overnight at 70 °C under N, atmosphere. The reaction was concentrated to give crude 28, which was
dissolved in 90% AcOH (20 mL) and heated at 80 °C for 3 h. The solvent was evaporated in vacuo and
co-evaporated with toluene to remove the residual AcOH. The residue was dissolved in pyridine (15
mL), into the solution catalytic amount of DMAP and benzoyl chloride (488 uL, 4.2 mmol) was added
subsequently. The solution was stirred at room temperature for 4 h when TLC (heptane/EtOAc, 4:1,
R¢ 0.48) showed complete conversion of the starting material to a faster moving spot. The solvents
were evaporated in vacuo and co-evaporated with toluene to remove residual pyridine. The solid
residue thus obtained was dissolved in EtOAc (50 mL) and washed with 1 N HCI (50 mL), followed by
saturated NaHCOj and brine (50 mL). The organic layer was collected, dried (NaySOy), filtered and
evaporated in vacuo. The crude was purified by flash chromatography using heptane/EtOAc (6:1 to
5:2) as the eluent to afford pure compound 29 (324 mg, 0.61 mmol, 43% over four steps) as a white
amorphous mass. [oc]zDS —45.3 (¢ 0.7, CHCl3). "H NMR (CDCl3, 400 MHz): 8.14-7.39 (m, 15H, ArH),
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5.51 (dd, 1H, J1» 7.6 Hz, ] 3 4.0 Hz, H-2), 5.41 (dd, 1H, J3 4 4.0 Hz, J3 4 0.8 Hz, H-4),5.00 (d, 1H, ] 7.6 Hz,
H-1), 4.66-4.61 (m, 1H, H-5), 4.52-4.45 (m, 3H, H-3, H-6a, H-6b), 3.58 (s, 3H, OCH3). 3C NMR (CDCl3,
100 MHz): 166.0, 165.3, 165.2, 133.8, 133.6, 133.2, 130.02, 129.98, 129.7, 129.5, 129.0, 128.7, 128.6, 128.5,
128.4,99.6,70.3,70.1, 69.5, 62.4, 60.1, 57.0. HRMS calcd for CpgHysN3Og+NH,+ (M+NHy)*: 549.1985,
found: 549.1989.

3.16. Methyl 3-Amino-2,4,6-Tri-O-Benzoyl-3-Deoxy-p-p-Gulopyranoside 30

A solution of 29 (201 mg, 0.3784 mmol) in MeOH (7 mL) was stirred with Pd(OH),/C (10% wt.,
1 mg per 5 mg of crude, 40 mg) under hydrogen atmosphere at room temperature for 2 h. After the
completion of the reaction (as indicated by TLC, heptane/EtOAc, 1:1, R¢ 0.26), the reaction mixture was
filtered through a Celite bed and washed with methanol. The filtrate was concentrated under reduced
pressure and purified through flash column (heptane/EtOAc, 4:1-1:1) to get the desired compound
as a white amorphous solid. Yield: 126 mg (0.2494 mmol, 66%). [«]5 —39.9 (c 0.8, CHCl3). 'H NMR
(CDCl3, 400 MHz): 8.13-7.38 (m, 15H, ArH), 5.38 (dd, 1H, ]2 7.2 Hz, [, 3 4.0 Hz, H-2),5.29 (dd, 1H, ]34
44Hz, J4524Hz H-4),5.11 (d, 1H, ] 7.2 Hz, H-1), 4.83-4.79 (m, 1H, H-5), 4.64 (dd, 1H, dd, 1H, Jsa b
11.2 Hz, J54, 6.8 Hz, H-6a), 4.51 (dd, 1H, dd, 1H, Jsa 61, 11.2 Hz, J5 61, 6.0 Hz, H-6b), 3.90 (t, 1H, J3 4, J23
4.0 Hz, H-3), 3.57 (s, 3H, OCH3), 1.97 (bs, 1H, NH,). 1*C NMR (CDCl3, 100 MHz): 166.3, 165.9, 165.3,
133.7,133.5,133.2,130.1, 129.9, 129.8, 128.69, 128.67, 128.5, 99.3, 72.1, 71.7, 70.2, 63.3, 57.1, 50.6. HRMS
caled for CosHyyNOg+H™* (M+H)*: 506.1815, found: 506.1817.

3.17. Methyl 3-Benzamido-2,4,6-Tri-O-Benzoyl-3-Deoxy-p-p-Gulopyranoside 31

Compound 30 was dissolved in pyridine (3 mL), into the solution catalytic amount of DMAP and
benzoyl chloride (29 uL, 0.2464 mmol) was added subsequently. The solution was stirred at room
temperature for 3 h when TLC (heptane/EtOAc, 1:1, R¢ 4.8) showed complete conversion of the starting
material to a faster moving spot. The solvents were evaporated in vacuo and co-evaporated with
toluene to remove residual pyridine. The solid residue thus obtained was dissolved in EtOAc (7 mL)
and washed with 1 (N) HCI (5 mL), followed by saturated NaHCOj3 and brine (5 mL). The organic layer
was collected, dried over Na,SOy, filtered and evaporated in vacuo. The crude was purified by flash
chromatography using heptane/EtOAc (7:1 to 3:1) as the eluent to afford pure compound 31 (77 mg,
0.1265 mmol, 77%) as a white amorphous solid. [oc]2D5 —48.8 (c 0.6, CHCl3). 'THNMR (CDCl3, 400 MHz):
8.11-7.29 (m, 20H, ArH), 6.60 (d, 1H, J3 NHcoph 8.4 Hz, NHCOPh), 5.96 (dd, 1H, ] 10.8 Hz, | 6.0 Hz,
H-4),5.55 (t, 1H, ] 2.8 Hz, H-2), 5.34-5.29 (m, 1H, H-3), 4.99 (d, 1H, |1 » 2.8 Hz, H-1), 4.92 (dd, 1H, Jea 6b
11.6 Hz, J56, 5.6 Hz, H-6a), 4.86 (dd, 1H, Jsa b 11.6 Hz, |56, 6.4 Hz, H-6a), 4.77 (dd, 1H, J¢a 6» 12.4 Hz,
J15 6.0 Hz, H-5), 3.61 (s, 3H, OCH3). 1*C NMR (CDCl3, 100 MHz): 167.4, 166.8, 166.2, 165.5, 133.9, 133.8,
133.7,133.0, 131.7, 130.0, 129.9, 129.7, 129.6, 129.1, 128.7, 128.59, 128.57, 128.3, 127.0, 99.5, 72.4, 71.8, 68 4,
64.5, 60.4, 56.8, 46.3. HRMS calcd for C35H31NOg+H™* (M+H)*: 610.2077, found: 610.2081.

3.18. Methyl 3-Benzamido-3-Deoxy-B-p-Gulopyranoside 10

Compound 31 (54 mg, 0.0886 mmol) was dissolved in MeOH (2 mL). NaOMe (0.5 mL, 0.5 M in
MeOH) was added and the solution was stirred at room temperature for 12 h (TLC, DCM/MeOH,
10:1, Rf 0.4). The solution was neutralized with DOWEX 50 W H+ resin, filtered and the solvents
were evaporated under reduced pressure and the residue was purified by a short flash column using
DCM-MeOH (9:1) to afford the compound 10 (19.2 mg, 0.0646 mmol, 73%). [oc]%5 —18.3 (c 0.6, CH3OH).
'H NMR (CD;0D, 400 MHz): 7.83 (d, 2H, ] 7.6 Hz, ArH), 7.57-7.44 (m, 3H, ArH), 4.70 (d, 1H, J1
8.4 Hz, H-1), 4.48-4.44 (m, 1H, H-3), 4.01 (dd, 1H, J34 3.6 Hz, J45 1.2 Hz, H-4), 3.94 (dd, 1H, J; », 7.6 Hz,
J23 5.2 Hz, H-2), 3.84 (td, 1H, J56a J56a 6.0 Hz, 45 1.6 Hz, H-5), 3.77 (dd, 1H, Jsa 6, 11.2 Hz, J564
6.0 Hz, H-6a), 3.74 (dd, 1H, Jea 6 11.2 Hz, 5 6, 6.0 Hz, H-6b), 3.57 (s, 3H, OCH3). 13C NMR (CD;0D,
100 MHz): 171.4,164.6, 135.9, 132.7, 129.5, 128.6, 103.4, 75.7, 68.8, 67.8, 62.6, 56.9, 56.0. HRMS calcd for
C14H19NOg+H* (M+H)*: 298.1291, found: 298.1289.
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3.19. Expression Constructs, Expression, and Purification of Recombinant Galectins

Human galectin-1 [25], galectin-2 [26], galectin-3 [27], galectin-4N [19], galectin-4C [19],
galectin-8N [28], galectin-8C [28], galectin-9N [29], and galectin-9C [30], were expressed and purified
as described earlier. Human galectin-7 was expressed using a pET3c plasmid in E. coli BL21-star. The
plasmid containing expression optimized DNA encoding the full human galectin-7 sequence (NCBI
Reference Sequence: NP_002298.1) was obtained from GenScript (Piscataway, NJ, USA). Bacterial
culture and induction, and galectin purification was essential as described for galectin-3 expressed with
the same vector [27]; a typical yield was 1.5-2 mg/L culture. Lactose was removed by chromatography
on a PD-10 column (Amersham Biosciences) with repeated ultrafiltration with Centriprep (Amicon).

3.20. Fluorescence Polarization Assay

Fluorescence polarization experiments were carried out either with a POLARStar plate reader and
FLUOstar Galaxy software or with a PheraStarFS plate reader and PHERAstar Mars version 2.10 R3
software (BMG, Offenburg, Germany). The dissociation constant (K4) values were determined in PBS as
described earlier [18,19]. Specific conditions for galectin-1, 2, 3, 4N, 4C, 8N, 8C, 9N, and 9C were kept as
reported [29]. Experiments were performed at room temperature with human galectin-7 at 5 uM and
the fluorescent probe (3-p-galactopyranosyl-(1-4)-2-acetamido-2-deoxy-{3-d-glucopyranosyl-(1-3)-3-d-
galactopyranosyl-(1-4)-(N1-fluorescein-5-yl-carbonylaminomethylcarbonyl)- 3-p-glucopyranosylamine [29]
at 0.02 uM. All the compounds in Table 1 except 32 were dissolved in a neat DMSO at 100 mM and diluted
in PBS to three to six different concentrations to be tested in duplicate. Average K4 values and SEMs were
calculated from 2-8 single-triple point measurements showing between 30%—-70% inhibition.

4. Conclusions

In summary, we report the synthesis and discovery of 3-C-methyl-guloside derivatives as highly
selective galectin-1 inhibitors with 3-C-benzamidomethyl-3-deoxy-gulosides being the most selective
structural class. The reason for the exceptional galectin-1-selectivites discovered remains to be
elucidated as molecular modelling failed to provide insight into this and experimental structural
studies by X-ray diffraction or nmr spectroscopy are likely necessary. Although the galectin-1 affinities
are in the high-uM to low mM range, they are significantly higher affinity than that of simple
galactosides, such as methyl (-p-galactopyranoside, and thus points towards a novel structural
class and synthetic route towards the discovery of galectin-1 inhibitors with high selectivity. This is
important in light of the roles of galectin-1 in tumor progression and immune regulation [31,32].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/15/
3786/s1.
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Abbreviations

Ac Acetyl

Bn Benzyl

DCM Dichloromethane

THF Tetrahydrofuran

DMF Dimethylformamide

DIPEA Diisopropylethylamine

AcOH AcOH

EtOAc EtOAc

TLC Thin layer chromatography

HPLC High-performance liquid chromatography
HRMS High resolution mass spectrometry
DMSO Dimethylsulfoxide

uM Micromolar

mM Milimolar

9-BBN 9-Borabicyclo[3.3.1]Jnonane

DMAP 4-Dimethylaminopyridine
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Abstract: In this study, we characterize the interactions between the extracellular matrix protein,
procollagen C-proteinase enhancer-1 (PCPE-1), and glycosaminoglycans (GAGs), which are linear
anionic periodic polysaccharides. We applied molecular modeling approaches to build a structural
model of full-length PCPE-1, which is not experimentally available, to predict GAG binding poses for
various GAG lengths, types and sulfation patterns, and to determine the effect of calcium ions on the
binding. The computational data are analyzed and discussed in the context of the experimental results
previously obtained using surface plasmon resonance binding assays. We also provide experimental
data on PCPE-1/GAG interactions obtained using inhibition assays with GAG oligosaccharides ranging
from disaccharides to octadecasaccharides. Our results predict the localization of GAG-binding
sites at the amino acid residue level onto PCPE-1 and is the first attempt to describe the effects
of ions on protein-GAG binding using modeling approaches. In addition, this study allows us
to get deeper insights into the in silico methodology challenges and limitations when applied to
GAG-protein interactions.

Keywords: procollagen C-proteinase enhancer-1; glycosaminoglycans; computational analysis of
protein-glycosaminoglycan interactions; calcium ions; fragment-based docking

1. Introduction

Glycosaminoglycans (GAGs) are anionic periodic linear polysaccharides, which are composed
of periodic disaccharide units [1] and play a key role in many biologically relevant processes by
interacting with their numerous and diverse protein targets such as cytokines and growth factors
in the extracellular matrix [2-5]. However, the molecular mechanisms underlying GAG-mediated
interactions are not fully understood, and experimental techniques alone are not sufficient for gaining
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insights into them [6]. Molecular modeling approaches are not only complementary to experiments,
but also provide additional and crucial details, which are experimentally inaccessible. In our previous
work, we successfully applied molecular docking and molecular dynamics methodologies in order
to model protein-GAG interactions. In particular, we have modeled the effects of GAG binding on
chemokines [7,8], growth factors [9,10] and other proteins [11,12], which allowed us to investigate
the fundamental questions related to these interactions such as their specificity, the role of multipose
character of GAG binding and polarity of binding poses of these periodic molecules.

In this work, we model interactions of GAGs with procollagen C-proteinase enhancer-1 (PCPE-1,
encoded by gene PCOLCE), a glycoprotein which plays an important role in the assembly of the
extracellular matrix [13,14]. Lacking proteolytic activity on its own, PCPE-1 enhances C-terminal
procollagen processing, mediated by tolloid-like proteinases such as bone morphogenetic protein 1
(BMP-1) and mammalian tolloid (mTLD) designated BMP-1/tolloid-like proteinases (BTPs) [14-17].
PCPE-1 expression is upregulated in fibrosis [18,19]. PCPE-1 comprises two complement, sea urchin
protein Uegf, BMP-1 (CUB) domains [20] and a netrin-like (NTR) domain [21]. Although neither
an X-ray nor an NMR structure is available for full-length PCPE-1, X-ray structure of CUB1-CUB2
domains (PDB ID: 6FZV, 2.7 A) in a complex with C-propeptide of procollagen [22] and NMR structure
of the NTR domain (PDB ID: 1UAP) are available [23]. In the structure of the active CUB1-CUB2
fragment of PCPE-1 bound to the C-propeptide trimer of procollagen IIT (CPIII), two Ca®" ions
participate in the formation of the interface between the CUB1-CUB2 domains and the procollagen
III molecule [22]. Often, CUB domains bind Ca?*, and Ca2?* coordination involves acidic amino
acid residues (i.e., Tyr-Glu-Asp-Asp motif) [24]. A conserved calcium binding site has indeed been
identified in the CUB1 domain of PCPE-1, and mutational analysis of this site confirmed that PCPE-1
stimulating activity requires a calcium binding motif in the CUB1 domain, which is highly conserved
among CUB-containing proteins [25]. A low-resolution structure of the full-length PCPE-1 protein was
proposed based on small angle X-ray scattering (SAXS), analytical ultracentrifugation and transmission
electron microscopy, showing that PCPE-1 is a rod-like molecule, with a length of 150 A [26]. PCPE-1
binds to heparin (HP) as shown using affinity chromatography [27] and surface plasmon resonance
(SPR) binding assays [28], and the binding is mediated by the NTR domain. Heparan sulfate (HS) and
dermatan sulfate (DS) but not chondroitin sulfate (CS) inhibit PCPE-1-HP interactions. HP also binds
to BMP-1 [29]. HS could thus potentially act as a scaffold to assemble BMP-1, PCPE-1 and procollagen
together at the cell surface [28]. Therefore, the characterization of PCPE-1/GAG interactions at the
atom level is important for the detailed understanding of PCPE-1 functions.

The aim of this work is to get deeper insights into PCPE-1/GAG interactions using both SPR
inhibition assays and in silico techniques to complement the experimental data obtained in the
previous [28] and present work. Modeling approaches were used to build structural models of
full-length PCPE-1 and to determine GAG specific binding to PCPE-1 and its domains. We analyzed the
binding of PCPE-1 to GAGs of different types, lengths and sulfation patterns, which were rationally and
systematically chosen to match those used in experiments. We also investigate the potential role of Ca?*
in these interactions [28] and evaluate the challenges of in silico methodology to study protein-GAG
interactions [30]. The results reported here contribute to the understanding of the biologically relevant
PCPE-1/GAG interaction and, for the first time, systematically predict the structural positions and the
effects of Ca®* ions on protein-GAG complexes.

2. Results and Discussion

2.1. Experimental Results

We have previously shown that DS, HS and HP but not CS inhibited the binding of soluble PCPE-1
to immobilized HP [28]. Here, we investigated the effect of HP oligosaccharides of various length as
inhibitors of PCPE-1 binding to HP in order to determine the optimal size of HP required to bind to
PCPE-1. There was a trend towards an increase in inhibition of PCPE-1-HP interaction with the length
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of HP oligosaccharides from dp2 to dp8, and then from dp14 to full-length HP chains (Figure 1). HP
decasaccharides and dodecasaccharides (dp10 and dp12, respectively) inhibited the binding of PCPE-1
to HP to a lesser extent than the HP octasaccharide (dp8). The oligosaccharides used for inhibition
experiments were separated according to their size and not to their sulfation pattern and/or charges.
They thus contain a mixture of oligosaccharides of the same size displaying a different number of
sulfate groups in different positions of their sequences resulting in different binding motifs with likely
different inhibitory efficiencies. This heterogeneity might be more pronounced in dp10 and dp12,
leading to a lower global inhibition by these oligosaccharides than by the octasaccharide.
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Figure 1. Surface plasmon resonance (SPR) inhibition assays. Inhibition of the binding of recombinant
human procollagen C-proteinase enhancer-1 (PCPE-1) to biotinylated heparin (HP) and heparan sulfate
(HS) captured on a streptavidin sensor chip (39 and 113 resonance units (RU) respectively) by HP
oligosaccharides of different degrees of polymerization (dp2-dp18) and by HP (6 and 16 kDa) at a
concentration of 5 pg/mL.

Then we applied the in silico approaches we have previously developed to analyze the binding
of PCPE-1 to GAGs at the atomic level and to determine if these interactions were exclusively
electrostatic-driven or if other factors modulate the binding strength.

2.2. Modeling the Full Structure of PCPE-1

We created two ensembles of full-length PCPE-1 structures using the UNRES (from UNited
RESidue) coarse-grained (CG) approach to determine the structure of the linker located between the
CUB1-CUB2 and the NTR domains. In the first one, the structures of the linkers were optimized,
and the domain structures were restrained, while in the second one, SAXS derived restraints were
used additionally in order to reproduce the experimental data [26] (see Section 3.4 for more details).
Five most probable structural models were obtained for both ensembles. For HP binding analysis
we used the first three models obtained without SAXS restraints and one model obtained with SAXS
restraints (SAXS Model) (Table 1). The radii of gyration of the models obtained without SAXS restraints
were significantly lower than those of the elongated structures restrained using SAXS data. As expected,
the SAXS Model had a radius of gyration in agreement with the experimental value calculated using
SAXS (41 + 3 A versus 43 + 1 A [26]. The obtained model was also consistent with the length of
the protein determined experimentally (150 A). Poisson-Boltzmann surface area (PBSA) calculations
applied to these 4 models suggest that potential binding regions for HP were located in the NTR
domain for Model 3, at the interface of the linker and the NTR domain for Model 2 and SAXS Model,
and at the common interface of all domains (CUB1-CUB2, linker and NTR) in Model 1 (Figure 2,
Supplementary Figure S1).
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Table 1. Models of the full-length PCPE-1 obtained using UNRES coarse-grained (CG) simulations.

Model Restraints Probability  Radius of Gyration (A)
1 34 222
2 32 24.8
3 CUB1-CUB2, NTR domains 18 226
4 8 228
5 22.6
1 39 43.5
2 21 445
3 CUB1-CUB2, NTR domains + SAXS-based 17 43.5
4 14 433
5 9 43.9

Figure 2. Small angle X-ray scattering (SAXS) Model (upper panel). Netrin-like (NTR) domain:
green; CUB1-CUB2: red; the interdomain linker between the CUB2 and NTR domains: black.
Positive electrostatic potential isosurfaces (2.0 kcal/mol - e 1) in the absence of CaZ* ions obtained by
Poisson-Boltzmann surface area (PBSA) calculations (bottom panel).

2.3. PCPE-1 Interactions with Glycosaminoglycans

We modeled and analyzed the binding of PCPE-1 and its domains, NTR and CUB1-CUB2, with the
following GAGs: chondroitin sulfate-6 (CS6) made of two GalNAc6S-GIcA or three disaccharide units
(dp4 and dpé6, respectively), dermatan sulfate comprised of three GalNAc6S-IdoA disaccharide units
(dp6), and heparin (HP) made of one, two and three GIcNS6S5-IdoA2S disaccharide units (dp2, dp4,
and dp6 respectively). These GAGs were selected for the following reasons: to compare the in-silico
data with the experimental ones previously obtained with these GAGs [28] and to investigate the
effects of epimerization, length and sulfation pattern of GAGs on binding. Conventional docking
approaches are severely limited in terms of the size of GAGs and can be effectively used only for
the GAGs with a length up to dp6 [31]. Therefore, we used HP oligosaccharides of different lengths,
from dp2 to dp6, to determine the effect of the GAG length on the binding to PCPE-1. Since HP is the
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strongest binder, the results obtained with HP oligosaccharides of different lengths should be the most
representative. Furthermore, the GAGs studied here were selected in order to systematically evaluate
the changes in binding to PCPE-1 according to the GAG length (dp4-dp6 for CS6 and dp2-dp6 for HP),
the epimerization of glucuronic acid (CS6 dp6 and DS dpé6), the increase in the number and position of
sulfated groups (i.e., the sulfation pattern) and the net charge of the oligosaccharides (CS6, DS and HP).
Several clusters of docking solutions were obtained for each GAG tested. The polarity of the
binding poses was analyzed because the orientation of the GAG chain was shown to be non-random for
the IL-8 chemokine [7] and determinant for the binding specificity of the C-X-C motif chemokine ligand
14 [8], suggesting an important functional role of GAG polarity in their interactions with proteins.
Then, for the most diverse binding poses within these clusters, molecular dynamics (MD) simulations
were performed with binding free energy post-processing calculations and per residue binding free
energy decomposition. We would like to emphasize that choosing a proper procedure of pose selection
for such analysis is very challenging, since it is unclear how many clusters and solutions within each
cluster should be representative, which part of the trajectory should be analyzed in terms of the free
energy, if only the best scored pose from a cluster or all the poses should be taken into account for the
further calculations, and how to weight their contributions in the latter case. The answers to these
questions are dependent on the molecular systems and on the particular goal of the modeling study:.
These methodology-oriented aspects of protein-GAG modeling will be further discussed below.

2.3.1. The NTR-Domain

Among the found clusters of docking solutions, for CS6 dp4 and HP dp2, dp4 and dp6, one
major cluster was observed, while there was more uniform distribution of the solutions between
several clusters for CS6 dp6 and DS dp6 (Table 2). This suggests that for those molecules, especially
for CS6 where the clusters are especially diverse, multipose binding might be quite probable. GAG
multipose binding was previously identified both experimentally and computationally for TIMP-3,
which is homologous with the NTR domain [11]. Most solutions were localized near the C-terminal
a-helix of the NTR domain except for CS6 dp6 (Figures 3 and 4). The size of the clusters obtained
by molecular docking was not correlated with their corresponding free binding energies calculated
from the MD simulation. This means that molecular docking alone was not able to properly score
the solutions, although the Autodock 3 (AD3) scoring function is one of the most successful scoring
schemes when applied to GAG complexes [10]. Similarities of the binding regions for the docking
solutions post-processed by MD-based binding free energy decomposition per residue are reflected
in Tables 3 and 4 for the obtained clusters and for each GAG ligand respectively. According to the
binding free energy values obtained for the NTR domain bound to GAGs compared to the experimental
complexes from the PDB [31] and given that no dissociation of these complexes was observed, we
assume that the binding of the analyzed GAGs to NTR is stable. The binding strength, evaluated by
the calculation of free binding energy, of CS6 dp4 and CS6 dp6 did not significantly differ, but the
cluster location of CS6 dp6 differed from those of CS dp4, DS dp6 and HP dp2, dp4 and dp6. Only the
third biggest cluster for CS6 dp6 was located in the region overlapping with those of other analyzed
GAGs. CS6 dp6 and longer CS6 oligosaccharides might thus bind NTR differently from CS6 dp4 and
other GAGs. Therefore, although the binding strength was similar for CS6 and DS, their preferred
binding sites were distinct for these two GAGs, which differ only in the epimerization of glucuronic
acid. This could potentially explain the results from surface plasmon resonance binding assays, which
showed that CS6 did not inhibit PCPE-1 binding to HP whereas DS did [28]. Whereas DS competes
with HP for the same binding site on PCPE-1, CS6 binds to a different region, which would allow
HP oligosaccharides to remain bound to the NTR domain. Similar computational approaches were
successfully applied to demonstrate the experimentally proven differences in binding strength between
DS and CS6 interacting via the same binding pose to IL-8 [7,32] In contrast, the binding differences
for those GAGs were related to certain differences in the binding pose for CXCL14 [8]. This suggests
that for protein-GAG complexes, the predictive power of the computational methods is dramatically
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dependent on the protein involved and the distribution of the clusters on its surface, which is, in turn,
also sensitive to a particular clustering procedure. HP binds the NTR domain stronger than CS6
and DS, while its increase in length stabilizes the interaction suggesting a key role of electrostatic
interactions, although few hydrophobic amino acid residues (leucine and valine) and polar, uncharged,
amino acid residues (asparagine and glutamine) were predicted to interact with the analyzed GAGs
(Figure 4). Most clusters revealed a bias towards specific polarity of GAG binding poses, although this
trend was less pronounced for HP dp6 and DS dp6 (Table 2). This suggests that our docking approach
is able to distinguish GAG polarity, which is an important methodological finding and will allow us to
investigate one of the potential parameters underlying the specificity of protein-GAG interactions [8].

Table 2. Molecular docking molecular dynamics (MD)-based analysis summary for
NTR-GAG interaction.

GAG Tm, e 2 4 3 Size 4 AG (kcal/mol) 5 Polarity
1 19 —42.0+6.6; -483 + 7.7, —41.3 £ 6.6 17/2
Cs6,dpt 3,2 2 6 -30.1 +16.0; -63.3 £ 7.1 6/0
3 4 344 +9.6; -38.4 + 86 2/2
4 3 -46.7 +10.5 3/0
1 3 -56.6 9.0 3/0
CS6,dp6 3,2 2 3 -339+92 3/0
3 3 —-36.8+7.1; —64.2 + 11.8 3/0
1 6 355+ 6.3; —41.5 £ 6.8 5/1
DS, dpé 5,2 2 4 —-36.7 + 6.6 4/0
3 3 —63.7 8.3 3/0
4 3 —37.8+8.2 211
1 25 —449+93; -411+73;-231+7.6 25/0
HP, dp2 5,2 2 12 —27.9+92 12/0
3 9 —42.0+9.0 9/0
4 3 —27.7 +89; -28.7 +56 3/0
1 32 —-39.0 +7.2; -29.4 + 10.4 21/11
HP, dp4 3,2 2 3 —53.9+72 3/0
3 3 —50.6 + 11.5; =57.4 + 8.6 2/1
1 15 —69.5 + 7.8, —56.7 + 7.4; —43.5 + 9.7; =54.0 + 14.8; —80.5 + 10.7 9/6
HP, dp6 3,2 2 7 —68.3 +11.0; —44.7 + 7.5; -57.1 + 10.6; —=55.4 + 9.1 4/3
3 6 —50.1 + 10.0; —44.6 + 9.5; =65.7 + 11.5; =61.8 + 13.6 4/2

1 DBSCAN parameters 1, the minimal neighborhood size, and ¢, neighborhood search radius [33]; 2 cluster number;
3 cluster size (number of solutions); 4 free energy of binding obtained by MM-GBSA,; ® the polarity of a GAG binding
pose was defined as its preferred orientation in relation to the reducing and non-reducing end.
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CS6, dp4

Figure 3. Molecular docking and molecular mechanics-generalized born surface area (MM-GBSA) for
NTR-glycosaminoglycan (GAG) complexes. The structure of the NTR domain is shown in cartoon
representation at the top. For each GAG, the analyzed clusters of docking solutions are shown in
blue, red, yellow and green (from the most to the less populated cluster); the top 10 residues binding
to GAGs according to MM-GBSA calculations averaged per GAG are highlighted in red surface.
Note that the clusters for CS6 dp6 are shown for a different protein spatial orientation to allow for a
better visualization. In addition, averaging the per-residue energy for very different clusters could be
misleading as shown for CS6 dp6: the residues shown in red do not overlap with the surface patches
where the most representative clusters of solutions are located.
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Figure 4. NTR amino acid residues identified in the top 10 for binding GAGs according to MM-GBSA
calculations per cluster are labeled as an asterisk.

Table 3. Similarity of GAG binding poses for the NTR domain as of common amino acid residues
identified in the top 10 for binding according to MM-GBSA calculations per cluster.

GAG CS6, dp4 CS6, dp6 DS, dp6 HP, dp2 HP, dp4 HP, dp6
0 7 7 6 6 4 7 5 6 6 4 7 5 5 5 6 6 6 7 7 7
cs, 7 10 6 9 3 2 6 6 6 7 5 6 7 6 6 5 8 7 8 7 9
dp¢ 7 6 10 5 4 3 5 6 5 7 4 7 4 6 5 4 5 7 7 7 6
6 9 5 10 3 2 5 6 6 6 4 5 7 5 5 6 9 6 7 6 8
6 3 4 3 10 7 5 2 5 3 1 4 3 1 1 5 3 2 5 5 4
gig 4 2 3 2 7 105 2 4 2 1 5 2 1 1 4 2 1 4 3 3
7 6 5 5 5 5 10 5 5 4 5 6 5 4 4 7 5 4 7 6 7
5 6 6 6 2 2 5 10 5 6 6 6 6 7 6 5 6 & 7 7 7
DS, 6 6 5 6 5 4 5 5 10 5 5 4 6 4 4 6 7 5 7 6 6
dp6 ¢ 7 7 6 3 2 4 6 5 10 6 6 6 6 6 3 5 7 7 8 6
4 5 4 4 1 1 5 6 5 6 10 4 4 5 5 3 4 6 5 5 5
7 6 7 5 4 5 6 6 4 6 4 10 5 5 5 5 5 6 7 7 7
mp, 5 7 4 7 3 2 5 6 6 6 4 5 10 5 5 7 7 5 7 7 7
2 5 4 5 5 1 1 4 7 4 6 5 5 5 10 6 3 5 7 6 6 6
5 6 5 5 1 1 4 6 4 6 5 5 5 6 10 3 5 6 6 6 6
6 5 4 6 5 4 7 5 6 3 3 5 7 3 3 10 7 3 6 5 6
i}l 6 8 5 9 3 2 5 6 7 5 4 5 7 5 5 7 10 6 7 6 8
6 7 7 6 2 1 4 8 5 7 6 6 5 7 6 3 6 10 6 7 7
7 8 7 7 5 4 7 7 7 7 5 7 7 6 6 6 7 6 10 9 9
ggz 7 7 7 6 5 3 6 7 6 8 5 7 7 6 6 5 6 7 9 10 8
7 9 6 8 4 3 7 7 6 6 5 7 7 6 6 6 8 7 9 8 10

Each line/column in front/below each GAG reflects a separate cluster, for which average values were taken

into account.
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Table 4. Similarity of GAG binding poses for the NTR domain as of the number of common amino acid
residues identified in the top 10 for binding according to MM-GBSA calculations per GAG.

GAG CSé6, dp4 CSe6, dp6 DS, dp6 HP, dp2 HP, dp4 HP, dp6
CSé6, dp4 10 5 7 6 9 8
CS6, dpb 5 10 4 4 6 6
DS, dp6 7 4 10 6 7 7
HP, dp2 6 4 6 10 7 7
HP, dp4 9 6 7 7 10 9
HP, dp6 8 6 7 7 9 10

2.3.2. CUB1-CUB2 Domains

Although there is no experimental evidence suggesting that CUB1-CUB2 domains of PCPE-1
directly interact with GAGs, the differences in binding of NTR and full-length PCPE-1 to HP and
HS [28] indicate that CUB1-CUB2 domains could affect GAG binding to the full-length PCPE-1 protein.
Therefore, we analyzed the potential binding of these domains to GAGs using the same procedure
as above.

All the predicted binding poses were either located in the cleft region between the CUB domains or
bridged both CUB domains (Supplementary Figures S2 and S3). In both cases, such potential binding
would lead to restricted movements of the CUB domains relative to each other, which, in turn, would
affect the overall flexibility of PCPE-1 and its ability to recognize and to bind its partners. Calculated
GAG free binding energies were essentially less favorable than those calculated for the NTR domain
(Supplementary Table S1), which is consistent with NTR being responsible for GAG binding in PCPE-1.
No binding poses of the analyzed GAGs or the structures that can be obtained from them by GAG
chain elongation were found to be in close proximity to the Ca?* binding sites or at the interface with
procollagen peptides [23]. In a number of cases, the binding poses predicted by molecular docking were
unstable (AG higher than —15 kcal/mol), and the GAG dissociated from the protein. Such behavior was
typically observed for HP oligosaccharides and is explained by the repulsion of these highly charged
molecules by the negatively charged residues of the CUB1-CUB2 domain. Poses corresponding to
the binding of C56 and DS, which are less negatively charged than HP, were globally more stable.
However, some binding poses were very stable and comparable with those found in the NTR domain
(e.g., cluster 2, solution 2 for CS6 dp4). In such cases, bound GAGs protruded deeply into the cleft
between the CUB1 and CUB2 domains forming strong van der Waals interactions in addition to the
electrostatic interactions, which are believed to be the driving force in the formation of protein-GAG
complexes [31,34]. As reported for the NTR domain, highly significant differences in free energy were
found for GAGs within and beyond the same clusters. One major cluster was found for CS6 of various
length in contrast to what was observed for other GAG analyzed. No correlation was found between
the size of clusters and their free binding energies. The comparison between the observed clusters and
the data averaged for different GAGs in terms of the most important protein binding residues showed
high similarities for all GAGs, suggesting weak and rather unspecific binding to CUB1-CUB2 domains
(Supplementary Figure S2, Supplementary Tables S2 and S3). Interestingly, for CS6 dp4 the differences
between the clusters were more prominent than the differences of these clusters with those obtained
for other GAGs. The increase in length of HP from dp2 to dp6 did not modify the potential interaction
pattern with the CUB1-CUB2 domains. All clusters revealed strong polarity preferences except for the
DS clusters.

2.3.3. Full PCPE-1

GAG binding was characterized with full-length PCPE-1 models obtained using UNRES CG
simulations and HP dp6 as a ligand. Binding to Model 1, which was the most probable model among
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the ones obtained without the SAXS-based restraints, was significantly stronger than to Models 2, 3
and the SAXS Model (Table 5, Supplementary Table 54), as well as to the NTR domain (t-test, p-value
< 0.05). Binding to Model 3 was also significantly stronger than to Model 2 and to the NTR domain.
All clusters of HP dp6 solutions obtained for Model 1 were located in the region formed by the same
residues of the NTR domain, the linker and the CUB1-CUB2 domains. For Model 2, the first cluster was
located differently from the second and the third clusters. All the clusters correspond to the residues
belonging predominantly to the NTR domain and the linker, but also partially to the CUB1-CUB2
domains. For Model 3, only NTR residues contributed to the binding of HP dp6. Cluster 1 was the most
representative for Model 3 according to the molecular docking results, although not the most favorable
according to MM-GBSA calculations, which again points to the essential differences in molecular
docking and MD-based scoring. In the SAXS Model, GAG binding occurred at the NTR/linker interface.
In all cases, the clusters were located in PCPE-1 patches corresponding to the positive electrostatic
potential shown in Figure 2 and Figure S1.

Table 5. Molecular docking MD-based analysis summary for PCPE-1 SAXS Model/HP dp6 interaction.

5 Topmm-GBsa 10 Residues for

1 2 3Q; 4 6 .
m, € # Size AG, kcal/mol GAG Binding Polarity
1 4 —-62.4.8 +19.0;, -54.9 + 9.1 R435, K436, R275, R288, K279, 40
—49.6 +18.6 K299, K365, K434, N331, K295
2,2.64 2 3 -50.1 £9.7, -79.0 = 17.0; K436, R435, K365, K299, K434, 30
-38.1+94 K271, K295, R288, K165, K279
3 3 -30.8 +10.7; =36.0 + 7.8; K299, K436, K279, K365, K271, 21
423 +10.6 K434, K295, K165, Q282, R435

1 DBSCAN parameters 1, the minimal neighborhood size, and ¢, neighborhood search radius [33]; 2 cluster number;
3 cluster size; * free energy of binding obtained by MM-GBSA; ® residues identified in the top 10 for binding
according to MM-GBSA calculations per cluster ordered by the impact (starting from the most favorable one).
® The polarity of a GAG binding pose was defined as its preferred orientation in relation to the reducing and
non-reducing end.

2.4. The Potential Role of Ca’* in PCPE-1 Interactions with Glycosaminoglycans

2.4.1. Prediction of Ca®* Binding Sites

According to the experimental data, the interactions between both full-length PCPE-1 and the
NTR domain with HP and HS are cation-dependent [28]. Therefore, we attempted to analyze the
impact of Ca®* ions on HP binding in silico, which allowed us to evaluate the available computational
tools in terms of sensitivity and prediction power to account for divalent ions in such calculations.
As a first step, we applied three different approaches (see Section 3.7 for details) to annexin V protein,
which has 9 experimentally identified occupied Ca?* binding sites, some of which are occupied upon
HP binding [35]. The IonCom server predicted correctly eight out of nine experimentally known
binding sites, while FoldX and MD approaches correctly predicted six binding sites (Table 6).
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Table 6. Ca?* predictions for annexin V and PCPE-1 domains: number of the binding sites predicted
are provided.

Protein PDB ID Experimental Structure Method
FoldX IonCom 1MD

Annexin V 1G5N 9 6 8 6
2

3

NTR 1UAP 0 0 0 1

1

1

2

2

CUB1-CUB2 6FZV 2 2 2 1
2

1

1 Five repetitions of the MD simulations were performed for PCPE-1 domains.

Furthermore, we performed MM-GBSA calculations to estimate if the strength of the Ca?* binding
in these experimentally known binding sites correlated with the predictions (Table 7). As shown in
the table, the total energies of interactions were positive despite the fact that all the ions were stable
during the entire MD simulation performed in explicit solvent. This reflects the fact that the implicit
continuous solvent model in MM-GBSA fails to properly account for the strength of binding for these
divalent ions in terms of the full binding free energy. At the same time, in vacuo electrostatic energy
was highly negative and could be meaningful for comparing binding sites since the studied interactions
were electrostatically driven. A t-test performed for the in vacuo electrostatic energy values did not
point out any statistical differences between the sites, which were properly predicted and the ones
which the MD-based approach failed to predict.

Table 7. MM-GBSA free energy calculations (per Ca%* ion) for the experimentally known CaZ* binding
sites in annexin V.

Ca?* Number (X-Ray) 1 AG, kcal/mol 2 AGyje, keal