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Abstract
O-acetylserine sulfhydrylase (OASS), the enzyme catalyzing the last step of cysteine biosynthesis

in bacteria, is involved in antibiotic resistance and biofilm formation. Since mammals lack OASS, it
is a potential target for antimicrobials. However, a limited number of inhibitors has been developed
and crystallized in complex with OASS. STD-NMR was applied to study the interaction of the
inhibitory pentapeptide MNYDI with the CysK and CysM OASS isozymes from Salmonella
typhimurium. Results are in excellent agreement with docking and SAR studies and confirm the

important role played by the C-terminal Ile5 and the arylic moiety at P3 in dictating affinity.

Keywords:

Cysteine biosynthesis
Cysteine synthase
CysK

CysM

Saturation Transfer Difference NMR

Abbreviations:

GEM, Group Epitope Mapping; CysK, O-acetylserine sulfhydrylase-A; CysM, O-acetylserine
sulfhydrylase-B; OASS, O-acetylserine sulfhydrylase; PLP, pyridoxal 5'-phosphate; CysE, serine
acetyltransferase; STD-NMR, Saturation Transfer Difference-NMR; ASTD, STD amplification

factor; MIFs, Molecular Interaction Fields.

Highlights:

e Cysteine can be synthesized in bacteria by either one of the two isozymes CysK and CysM
e STD-NMR allows to study protein-ligand binding specificity in solution

e Peptidic inhibitors of the two isozymes with MNX; X1 sequence have been developed

e An arylic substituent at position X; improves affinity for CysK

e The N-terminal amino acids dictate the specificity for CysM



Introduction

The pyridoxal 5’-phosphate-dependent enzyme O-acetylserine sulfhydrylase (OASS) catalyses the
last step of the reductive sulfate assimilation pathway and has been identified in bacteria, protozoa,
mycobacteria and plants [1-6]. Different isoforms of OASS are differentially expressed depending
on growth conditions, with at least two isoforms being identified for each organism [4, 7-10]. Most
proteobacteria, including Salmonella enterica serovar Typhimurium and Haemophilus influenzae,
express the CysK and CysM isoforms, that share a very similar three-dimensional structure and a
70% sequence identity for residues in the active site [11, 12]. Both isozymes can synthesize
cysteine from O-acetylserine and bisulfide (Figure 1) but CysM, owing to a larger active site, can
also use thiosulfate as nucleophile [13, 14]. Under basal growth conditions CysK is largely over-
expressed with respect to CysM, whose expression is possibly triggered by anaerobiosis [14, 15].
However, little is known about the differential expression of the two isoforms during
physiologically-relevant processes like infection and long-term survival [16]. CysK activity within
the bacterial cell is inhibited by CysE, the enzyme that catalyzes the previous step in the reductive
sulfate assimilation pathway, i.e. L-serine activation to O-acetylserine [17]. CysE binds at CysK
active site to form a stable complex with a dissociation constant in the low nM range [18-22]. The
recognition element of Cysk is the C-terminus that penetrates with the last five amino-acids
(MNLNI in the case of H. influenzae) in CysK active site. While the function and structure of
OASS have been thoroughly investigated, the intricate metabolic and regulatory networks in which
OASS is involved are only recently being unveiled [23], finding that they encompass the activation
of a toxin involved in contact dependent growth-inhibition [24] and biofilm formation [25].
Therefore, specific CysK/CysM inhibitors represent not only research tools but also potential
innovative antibiotics that might interfere with the ability of bacteria to perform essential functions
for infection and long-term survival [26, 27]. Unfortunately, only a limited number of specific, low-
affinity inhibitors of either CysK or CysM has been identified to date [4, 11, 26, 28-37], and for an
even smaller number of them three-dimensional structures of complexes with the enzyme are
available [19, 34, 35]. Of these none pertains to CysM isozyme, an apparently harder target, for
which no high-affinity ligands have been identified yet [11, 36]. The most extensive study on the
structure-activity relationship (SAR) of inhibitors directed to CysK and CysM from S. Typhimurium
(StCysK, StCysM) was carried out using a small library of pentapeptides and a mixed experimental
and virtual-screening approach [11, 35, 36]. Two main findings arose: i) the occupation of a small
hydrophobic pocket in the active site, also identified in Mycobacterium CysK [31], is essential for
high-affinity binding to CysK [11, 36]; ii) the selectivity for CysK/CysM is dictated by the two N-



terminal residues of the peptide that protrude outside the OASS active site and that were not visible
in the crystal structures of CysK solved to date [19, 35, 36].

Saturation Transfer Difference (STD)-NMR is an NMR technique that measures the saturation
transferred from a protein to its bound ligand, and allows the determination of the spatial proximity
between the functional groups on a ligand and the protein matrix within a binding site [38]. In this
work the complex between MNYDI and HiCysK, for which the three-dimensional structure has
been solved [35], was first analyzed by STD-NMR. The approach was subsequently used to
characterize the interaction of either StCysK or StCysM with MNYDI, a pentapeptide identified as
a high affinity OASS ligand by a computational-experimental analysis of an in silico-generated
library [35]. The experimental data are in excellent agreement with docking poses and confirm
previous SAR studies. This method can be applied to the screening of peptide-mimetic libraries for

the identification of specific or dual CysK/CysM inhibitors, and for ligand optimization.



Materials and Methods

Protein expression and purification. HiCysK, StCysK and StCysM were expressed and purified as
previously described [18, 22, 36]. The N-terminal His-tag was removed and protein purity was

higher than 98%. The specific activity was comparable to that of previous preparations [8].

Peptide synthesis. The peptide (MNYDI) was prepared by microwave-assisted solid phase synthesis
[39] based on Fmoc chemistry on preloaded Wang resin (0.7 meg/g substitution), using a fivefold
molar excess of 0.2 M Fmoc-protected amino acids dissolved in N-methyl pyrrolidinone, and using
HOBT/HBTU/DIEA (5 : 5: 10 eq) as activators. Coupling reactions were performed for 5 min at 40
W with a maximum temperature of 75 °C. Deprotection was performed in two stages using 20%
piperidine in dimethylformamide (5 and 10 min each). Cleavage was performed using 10 mL of
Reagent K (trifluoroacetic acid/phenol/water/thioanisole/ 1,2-ethanedithiol; 82.5:5:5:5: 2.5) for
180 min. Following cleavage, the peptide was precipitated and washed using ice-cold anhydrous
ethyl ether. The peptide was purified by RP-HPLC using a gradient elution of 5-70% solvent B
(solvent ~ A: water/acetonitrile/trifluoroacetic acid 949 : 5 : 0.1; solvent B:
water/acetonitrile/trifluoroacetic acid 5 : 94.9 : 0.1) over 20 min at a flow rate of 10 mL/min™. The
purified peptide was freeze-dried and stored at 0 °C. The identity of the peptide was assessed by
MS/MS analysis using a 4800 MALDI TOF/TOF ABSciex mass spectrometer and NMR (vide

infra).

Binding studies. The dissociation constant of MNYDI peptide to the enzyme isoforms was
previously determined in Hepes buffer [36]. The peptide dissociation constant was re-measured in a
solution containing 5 mM phosphate buffer, pH 8.0, the buffer used for STD-NMR measurements
(see below). The binding of peptide to the enzyme isoforms was determined by monitoring the

increase in fluorescence emission of PLP at 500 nm following excitation at 412 nm [18, 35].

NMR Spectroscopy. All NMR spectra were recorded at 20 °C on a Varian INOVA 600AS
spectrometer operating at 599.730 MHz for the *H frequency. Proton assignment of free MNYDI
was carried out on a solution containing 3 mM peptide, 5% D,0/95% phosphate buffer, pH 4.0. The
two-dimensional *H homonuclear, TOCSY and ROESY, experiments were performed using the
standard pulse sequences [40] and proton chemical shifts were referenced to water signal. Data

were processed using NMRPipe/NMRView programs [41, 42]. The spin systems were identified,



and the sequential assignment was obtained using the standard method [43]. The assignments were

confirmed at pH 8.0, under the same experimental conditions of binding experiments.

STD-NMR. Saturation transfer-difference experiments were performed on solution containing 6.7
uM enzyme and 2 mM MNYDI peptide (molar ratio of enzyme/peptide equal to 1:300), 5 mM
phosphate buffer, 5% D0, at pH 8.0. NMR spectra were acquired with 32k data points and 3500
scans in a spectral window of 9000 Hz. The water signal suppression was achieved by the excitation
sculpting method (dpfgse-water) [44].
For selective saturation, a train of Gaussian shaped pulses with a length of 30 ms and 46 dB of
attenuation were employed, with an inter-pulse delay of 1 ms for a saturation time of 3 s. The
irradiation field strength was 81.5 Hz. Selective saturation of the proton resonances (on-resonance)
was performed by selective irradiation at frequency — 0.2 ppm, while for the reference spectrum
(off-resonance) the samples were irradiated at 26.6 ppm. The protein signals were suppressed by a
10 ms T1p-spinlock. The spectra were processed and analyzed using MestReNova 8.1 software.
STD experiments were optimized for the enzyme StCysM (1D spectrum, figure 1S). The enzyme
upfield signal (-0.2 ppm) is relatively close to the peptide methyl protons. To eliminate the partial
contribution of the peptide saturation, STD spectra of MNYDI and the MNY DI/enzyme complexes
were acquired under the same experimental conditions, and the STD spectra of MNYDI was
subtracted from the STD-NMR spectra of the complexes.
To derive the ligand Group Epitope Mapping (GEM), the STD amplification factor (ASTD) was
calculated as:

ASTD =lstp / lo * MR
The saturation of individual protons was normalized using the highest saturated signal as 100% to
generate GEM and derive information of the proximity of each proton to the surface of protein

binding pocket.

Molecular modelling. Docking simulations were performed as previously described [36]. Molecular
Interaction Fields (MIF) were calculated with GRID implemented in the FLAP software [45],
developed and licensed by Molecular Discovery Ltd. (www.moldiscovery.com). The DRY probe
was used to describe hydrophobic regions within the binding site, while the O (sp2 carbonyl
oxygen) and N1 (neutral amino nitrogen) probes were used to identify H-bond acceptor and donor

regions, respectively.



Results and Discussion

The complex between MNYDI peptide and HiCysK was previously studied by fluorescence
spectroscopy and protein crystallography [35] and was used as a model for setting up the STD-
NMR experiments with StCysK and StCysM. MNYDI peptide interacts with HiCysK active site
mainly through H-bonds involving its C-terminal carboxylate and hydrophobic interactions
involving the side chains of 1le5 and Tyr3 (Figure 2a). The dissociation constant of MNYDI for
either CysK or CysM was measured in phosphate buffer, i.e. the buffer used for STD-NMR
measurements, because anions, like sulfate, significantly reduce the affinity of peptides for CysK
[35]. A representative fluorimetric titration of HiCysK with MNYDI is reported in Figure 2b,c and
the dissociation constants are reported in Table 1. The affinity of MNYDI falls within a range that
allows to carry out STD-NMR experiments, as the efficiency of the saturation transfer to the ligand
depends on its off-rate, i.e. a fast chemical exchange is required to collect spectra with a good
signal-to-noise ratio [46, 47]. The *H chemical shifts of MNYDI peptide were attributed as reported
in Table 2. The saturation frequency of on-resonance spectra is close to the peptidic ligand
resonances. To overcome this problem the on-resonance spectrum of the peptide alone was acquired
and a correction in the calculation of the saturation transfer (ASTD) and Group Epitope Mapping
(GEM) was applied. The STD difference spectrum of the HiCysK:MNYDI complex is reported in
Figure 3. The observed resonances arise from the saturation of the ligand bound to the enzyme and
the subsequent dissociation, which transfers this saturation into solution. To gain information on the
binding mode of the peptide and the proximity of each proton to the interacting protein surface, the
GEM was calculated for each proton from the STD spectrum (Figure S2), as reported in Figure 4.
The saturation of individual protons was normalized to the highest saturated proton in the peptide.
For all the three complexes the highest saturated proton belongs to the C-terminal lle (Ile5), in
particular to the BH (StCysM) or to the y;H (StCysK, HiCysK). This finding is in excellent
agreement with previous structural, computational and functional data [4, 19, 20, 35, 48]. A
distinguishing feature of StCysK:MNYDI complex is a high saturation of the arylic protons that
reaches 64% of GEM in the case of StCysK &H of Tyr3. This is also in agreement with previous
SAR analysis [11, 35] that attributed to an aromatic residue at position P3 a high contribution to
peptide binding to StCysK.

In order to interpret the GEM signals, we took advantage of previous Molecular Modelling studies
carried out on thirteen peptides interacting with HiCysK, StCysK and StCysM [36]. The predicted
poses for the MNYDI peptide within the protein binding site, shown in Figure 5, are in strong
agreement with the GEM signals. The fundamental role played by 1le5 in stabilizing the protein-

peptide interaction is evident in the three complexes, being the amino acid deeply buried within the



binding site. The Ile5 orientation is maintained in the three complexes, with the terminal carboxylic
group interacting with T69, N72, T73, Q143 in HiCysK, with the corresponding T68, N71, T72,
Q142 in StCysK, and with T68, G70, T72 and Q140 in StCysM. As previously reported [20, 35,
36], the energetic contribution of the interaction provided by lle5 seems to be the most important, in
particular for CysM (Figure 5c), where the residues contributes by itself for more than 50% in
GEM. This difference with respect to CysK might be due to the presence of R210 side chain, a
residue absent in CysK, that directly points towards the interior of the pocket. R210, replacing G230
in StCysK, also contributes to increase the polarity of StCysM binding site, generating a H-bond
donor contour in correspondence to Ile5 hydrophobic side-chain (red contour in Figure 6c) and,
likely, to decrease the affinity of MNYDI towards the protein. Asp4 occupies a similar position in
the three analyzed complexes. In HiCysK binding site Asp4 forms favourable interactions by
contacting S70 through the side-chain carboxylic group, and G71 with the backbone carbonyl. The
hydrogen atoms located on the B-carbon are distant from the residues lining the pocket, as well as
the backbone amino hydrogen, which might justify the poor and absent corresponding GEM signal.
Similar interactions are maintained within StCysK binding site with S69 and G70 and, in
agreement, a comparable GEM signal was registered. In StCysM the Asp4 carboxylic side-chain
mainly contacts S69 and R99 and, reasonably, gives a similar GEM signal. Tyr3 shows very
different orientations in the three complexes (Figure 5), in particular in HiCysK and StCysK
binding sites. In the HiCysK-peptide complex, Tyr3 is oriented towards the domain interface
possibly making n-n interactions with F144, to which the positive 6H and éH GEM signals might be
attributed. No direct hydrogen bond is formed by the side-chain hydroxyl group. In the StCysK-
peptide model the residue side-chain is able to directly H-bond R99, being oriented towards the
opposite domains interface crevice. Interestingly, when docked in StCysM binding site, Tyr3
assumes an orientation more similar to that proposed in the HiCysK-peptide complex, forming an
H-bond with E120 and possibly making n-cation interactions with R210. The peculiar arrangement
assumed by Tyr3 in the StCysK-peptide complex might explain the higher GEM signal registered
for this interaction with respect to the other two complexes, in particular for the aromatic hydrogen
atoms. Lower signals are reasonably generated by Asn2 and Met1, being the two terminal residues
more solvent exposed and, consequently, more flexible with respect to the previous ones. For
instance, no specific contact is formed by Asn2 in HiCysK and a single H-bond with 1229 backbone
is observed in StCysK. Differently, in StCysM multiple H-bond interactions are made by Asn2
side-chain with S205 side-chain and 1206 and 1209 backbone carbonyl groups. This would likely
imply a higher complex stability, supporting the more relevant GEM signal recorded for the
StCysM-peptide complex. Metl assumes a very similar orientation in HiCysK and StCysK binding



sites. The charged terminal amino group possibly interacts with G222 backbone carbonyl while the
side-chain points towards the outer part of the pocket, close to P221. The a-hydrogen, for which no
signal has been observed in the difference spectrum, seems to be quite far from residues lining the
pocket. A completely different orientation is assumed by Metl when complexed with StCysM.
Metl is not involved in any specific interaction, but the side-chain is less solvent exposed and
occupies a hydrophobic region delimited by M95 and P207. This different orientation is consistent
with STD-NMR data, showing closer contacts between the N-terminal Met and StCysM binding
site.

This interpretation of the GEM signals is further supported by the comparison between the H-bond
acceptor and DRY molecular interaction fields (MIFs) for the three complexes (Figure 6, red and
yellow contours), as calculated by GRID within FLAP [45]. In general, DRY fields are occupied by
the hydrophobic and partially hydrophobic residues lle4, Tyr3 and Metl, while H-bond acceptor
fields are superimposed to Asp4 side-chain and to the terminal carboxylic group of Ile5. While the
DRY fields are larger and present different extension and shape in the three binding sites, the H-
bond acceptor fields are much more conserved, in particular in HiCysK and StCysK. Interestingly,
as previously noticed, in StCysM the red contour, corresponding to the H-bond acceptor field,
extends towards the PLP region and the area occupied by lle5. This difference might contribute to
explain the lower affinity measured for the MNYDI peptide towards HiCysK, with respect to
StCysK and StCysM. The DRY field appears, in general, more compact in StCysK binding site and
is properly occupied by lle5, Tyr3 and also Met1, differently from the other two complexes, where
an opposite orientation is assumed by Met1.

Conclusions

For all OASS isoforms here investigated the protons of the side chain of Ile5 give the largest signal
in the STD spectrum, indicating that they are saturated to the highest degree. The side chain of lle5
is thus the nearest to the active site residues and dominates the binding. This is in agreement with
mutagenesis studies, where removal and/or substitution of the C-terminal lle of CysE or peptides
consistently prevent complex formation [48]. For CysM this interaction seems to give the
predominant contribution to the binding energy and suggests that the larger binding site of this
isoform, which binds bulkier substrates than CysK [13, 49], is not able to make strong contacts
other than with the side chain of 1le5. This might explain the consistently lower affinity shown by
peptides and small inhibitor molecules for CysM with respect to CysK [11, 36]. It has been
suggested that the bias towards the CysK isoform might be a consequence of different interactions

between the N-terminal sequence of ligand peptides and the residues lining the active site entrance



in CysK and CysM [36]. STD-NMR results confirm this observation and show closer contacts
between the N-terminal Met and Asn of the pentapeptide and StCysM binding site. In the case of
StCysK, that shows the highest affinity for the MNYDI peptide, a significant saturation transfer to
the arylic protons is observed in the STD-NMR spectrum. In particular 5H of Tyr3 contributes more
than 60% to GEM. This finding is in very good agreement with the in silico analysis predicting a

higher affinity of the peptide for StCysK, likely due to a different orientation of Tyr3 side chain.
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Tables

Table 1. Dissociation constant of MNYDI for HiCysK, StCysK and StCysM, in a solution
containing 5 mM phosphate buffer, pH 8.0, at 20 °C.

Complex Kd (uM)
HiCysK - MNYDI 109 + 10
StCysK - MNYDI 44+0.3
StCysM - MNYDI 275+ 40

Table 2. *H chemical shifts (ppm) of MNYDI peptide, 50 mM phosphate buffer, pH 4.0 at 20 °C.

The assignments were confirmed at pH 8.0.

Residue | NH oH BH others

Metl - 3.77 1.99, 2.09 yCH, 2.48, 2.34
¢CH3 2.06

Asn2 8.77 4.78 2.80, 2.71 YNH; 7.67, 6.99

Tyr3 8.37 4.65 2.88, 3.20 oH 7.18
eH 6.87

Asp4 8.46 4.70 2.76, 2.63

Ile5 7.65 4.13 1.86 yCH, 1.44,1.15
vCH3 0.91
3CH; 0.91
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Figure labels.

Figure 1. Cysteine biosynthesis in bacteria. Inorganic sulphur enters the cell as sulfate, which is
activated and reduced to bisulfide (top). Bisulfide is used by CysK to synthesize L-cysteine from O-
acetylserine through a multi-step catalytic mechanism involving the coenzyme PLP (bottom).
Figure 2. Binding of MNYDI to HiCysK. a) Interaction map of MNYDI peptide with HiCysK
active site. Modified from [35]. PDB code: 3IQH. b) Fluorescence emission spectra upon excitation
at 412 nm of a solution containing 1 uM HiCysK, 5 mM phosphate buffer, pH 8.0, at 20 °C, and
increasing concentrations of MNYDI. ¢) Dependence of the fluorescence emission intensity at 500
nm on the peptide concentration. Line through data points is the fit to a binding isotherm with Ky =
109 £ 10 uM.

Figure 3. STD spectrum of MDYDI-HiCysK, molar ratio 1:300 (assignment of resonances).

Figure 4. a) Group Epitope Mapping (GEM) of HiCysK (green), StCysM (cyan) and StCysK (blue)
in complex with MNYDI peptide. The saturation of individual protons was normalized to the
highest saturated proton in the peptide. b) GEM represented on the peptide structure.

Figure 5. Docking poses for the MNYDI peptide within HiCysK (a), StCysK (b) and StCysM (c)
binding site. The peptide and the interacting residues lining the pocket are labelled and shown in
capped sticks. Hydrogen bonds are displayed as black dashed lines.

Figure 6. Molecular Interaction Fields calculated for the three complexes HiCysK (a, a’), StCysK
(b, b’) and StCysM (c, ¢’). For clarity only H-bond acceptor (red contours in panels on the left) and

DRY (yellow contours in panels on the right) fields are reported.
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Figure 5




Supplementary Material
Figure S1.
1D NMR spectrum of 400 uM StCysM, 5 mM phosphate buffer, pH 8.0, 20 °C.
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Figure S2.
STD-NMR experiments.

Panel a. Off-resonance spectrum of MNYDI-HiCysK*.
Panel b. On-resonance spectrum of MNYDI alone.
Panel c¢. STD spectrum of HiICysK/MNY DI complex.
Panel d. STD spectrum of StCysK/MNYDI complex.
Panel e. STD spectrum of StCysM/MNY DI complex.

*For visualization reasons the off resonance spectrum is attenuated 100x.
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