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1 | INTRODUCTION

Cystathionine B-synthase (CBS, EC 4.2.1.22) is a pyridoxal 5'-
phosphate (PLP) dependent enzyme that works in the transsulfuration
pathway to produce L-cysteine (L-Cys). The enzyme catalyzes the

Abstract

Cystathionine B-synthase (CBS) catalyzes the condensation of L-serine and
L-homocysteine to give L-cystathionine in the transsulfuration pathway. Recently, a
few O-acetylserine (L-OAS)-dependent CBSs (OCBSs) have been found in bacteria
that can exclusively function with L.-OAS. CBS from Toxoplasma gondii (T3CBS) can
efficiently use both L-serine and L.-OAS to form L-cystathionine. In this work, a series
of site-specific variants substituting S84, Y160, and Y246 with hydrophobic residues
found at the same positions in OCBSs was generated to explore the roles of the
hydroxyl moieties of these residues as determinants of L-serine/L.-OAS preference in
TgCBS. We found that the S84A/Y160F/Y246V triple mutant behaved like an OCBS
in terms of both substrate requirements, showing p-replacement activity only with
L-OAS, and pH optimum, which is decreased by ~1 pH unit. Formation of a stable
aminoacrylate upon reaction with L-serine is prevented by the triple mutation, indi-
cating the importance of the H-bonds between the hydroxyl groups of Y160, Y246,
and S84 with L-serine in formation of the intermediate. Analysis of the independent
effect of each mutation on TgCBS activity and investigation of the protein-
aminoacrylate complex structure allowed for the conclusion that the hydroxyl group
of Y246 has a major, but not exclusive, role in controlling the L-serine preference by
efficiently stabilizing its leaving group. These studies demonstrate that differences in
substrate specificity of CBSs are controlled by natural variations in as few as three
residue positions. A better understanding of substrate specificity in TgCBS will facili-

tate the design of new antimicrobial compounds.
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B-replacement of the hydroxyl group of L-serine (L-Ser) by
L-homocysteine (L-Hcys) to yield L-cystathionine (L.-Cth) and water
through the formation of an aminoacrylate intermediate (ping-pong
reaction) (Figure 1). The resulting L-Cth is further converted to (-Cys,
ammonia, and a-ketobutyric acid by cystathionine y-lyase (CGL, EC
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FIGURE 1
OAS), the aminoacrylate intermediate and the external aldimine of L-Cth, respectively.

4.4.1.1). CBS can also catalyze alternative L-Cys- and L-Hcys-
dependent reactions to release hydrogen sulfide (H,S), an important
signaling molecule that is involved in modulating cell function.

CBS is a modular enzyme that, depending on the organism,
adopts different domain architectures.® Mammals possess the most
complex version of the enzyme in which the N- and C-terminal
domains bind heme and the allosteric modulator S-adenosyl-L-
methionine (AdoMet), respectively. The C-terminal domain includes a
pair of CBS domains, named the Bateman module, which prevents the
access of substrates into the catalytic site by acting as a cap. The
binding of AdoMet to this C-terminal region causes a rotation of the
CBS domains and triggers clashes with the structural elements config-
uring the entrance of the catalytic core. Such steric hindrance pro-
motes the displacement of the Bateman module from the catalytic
cavity and alleviates the cap effect by increasing substrate access and
enabling the enzyme to shift from a basal to an activated state.?™ In
insects CBSs, like those from the fruit fly® and honeybee,” the Bate-
man module associates with the same area of a complementary subu-
nit, forming a disk-shaped assembly known as “CBS module.” This
CBS module remains distant from the entry of the catalytic cavity and
contributes to maintaining the enzyme in a constitutively activated
state. In contrast, most CBSs from bacteria have a simpler domain
architecture in which both the heme and the C-terminal Bateman
domains are absent. Recently, some CBSs, referred to as O-
acetylserine dependent CBSs (OCBSs), have been found in bacteria.®”
These enzymes not only lack the N-terminal heme-binding domain
and the C-terminal Bateman regulatory domain, but also do not need
AdoMet for their activation and exclusively function with L-OAS, thus
significantly differing from CBSs of higher organisms. In particular, the
ability of bacteria OCBSs to use L-OAS as substrate might be related
to specific functional constraints that are required for the survivability
of microorganisms. However, the regulatory aspects of the different
CBS substrate requirements are still poorly understood. It has been

Reaction mechanism of CBS. E, E-Ser, E-OAS, E-AA and E-Cth refer to the internal aldimine, the external aldimine of L-Ser (or L-

speculated that the difference in some residues close to the active site
in CBS and OCBS can affect the ability of the enzyme to process L-
OAS or 1-Ser.8? Three residues, Ser82, Tyr158, and Tyr248 (residue
number according to the conventional yeast CBS), were assumed to
be the determinant of this substrate specificity, which differ from
OCBS where they are replaced by Ala74, Phe147, and Val226, respec-
tively (residue numbers refer to H. pylori OCBS).2

We recently showed that CBS from Toxoplasma gondii (T3CBS)
can use both L-Ser and L-OAS to give L-Cth and is unresponsive to
AdoMet, likely linking its catalytic ability to the OCBS enzymes.1°-12
However, TgCBS possesses higher sequence similarity to CBS than
OCBS as it contains a C-terminal Bateman module and, with respect
to the above-mentioned active site fingerprint, the residues of canoni-
cal CBS (Ser, Tyr, and Tyr). The particular structural features of TgCBS
were recently unraveled from the crystal structure of the enzyme.12
We found that, as expected, each protomer includes two independent
domains, corresponding to an N-terminal catalytic core and a C-
terminal Bateman module, which are connected by a long, partially
helical linker that maintains tight interactions with both modules
(Figure S1). Interestingly, the structure showed that the Bateman
module lacks important amino acid residues that are needed to stabi-
lize AdoMet within its two main cavities, thus explaining why TgCBS
does not bind and is not activated by this allosteric effector. Further-
more, structural and biophysical data also suggest that TgCBS exists in
a sole basket-like dimeric conformation which is similar to that so far
found only in the basal state of the human enzyme.? In TgCBS, how-
ever, the occlusive effect observed in the human enzyme is released
by a slight approach of the Bateman module toward the central cleft
of the dimer, giving higher space and mobility to the structural ele-
ments that configure the entrance of the catalytic cavity, and conse-
quently, the access of substrates.

In the present work, in order to understand the specific features

that allow TgCBS to efficiently process L-OAS and L-Ser and whether
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the above-mentioned fingerprint residues are important for substrate
specificity, we chose Ser84, Tyr160, and Tyr246 for a mutagenesis
approach to simulate the substrate-binding site of OCBS. Single-
residue substitution mutants (S84A, Y160F, and Y246V) and one triple
mutant (S84A/Y160F/Y246V) were constructed and characterized.
The detailed kinetic and spectroscopic analysis of the recombinant
enzymes in combination with a structural inspection of the active site
of TgCBS revealed that the three residues are critical in L-Ser/L.-OAS
recognition, thus demonstrating that differences in substrate specific-
ity of CBSs are controlled by natural variations in as few as three resi-
due positions.

Investigation of the elements that allow enzymes to control the
substrate preference might have important consequences for the

development of therapeutics and antimicrobial compounds.

2 | MATERIALS AND METHODS

21 | Protein production
TgCBS was expressed in Escherichia coli Rosetta (DE3) and purified as
previously described.'® The site-specific mutants were generated by
mutagenesis of the pET21a-TgCBS construct, using the QuikChange®
site-directed mutagenesis kit (Agilent Technologies). The primers used
for all mutations are listed in Table S1. The verified plasmids for the
mutated forms of TgCBS were transformed into E. coli Rosetta (DE3)
host cells and the corresponding proteins were purified as for the
wild-type enzyme.!° The expression levels of all of the TgCBS mutants
varied from 60 to 80 mg/L in LB medium. The purity of enzymes was
confirmed by SDS-PAGE. The PLP content was measured by releasing
the cofactor in 0.1 M NaOH and monitoring absorbance at 388 nm
(€388 = 6600 M~ cm~1).28

The oligomeric state of TgCBS variants was analyzed via gel filtra-
tion (GE Healthcare Superdex 200 10/300 GL column) in 20 mM
sodium phosphate buffer pH 8.5, 150 mM NaCl and 0.1 mM DTT. A
high molecular weight gel filtration calibration kit (GE Healthcare) was

employed to generate a calibration curve, following protocols in.2+1>

2.2 | Spectroscopic measurements

Absorption spectra were recorded on a Jasco V-750 spectrophotome-
ter in a buffer containing 20 mM sodium phosphate pH 8.5 at 25°C
using a protein concentration of 12 uM.1%!! CD spectra were
recorded on a Jasco J-1500 CD spectropolarimeter equipped with a
Peltier-type temperature controller as previously described.**”
Briefly, near UV-Vis (250-600 nm) spectra of 1 mg/mL TgCBS vari-
ants were recorded in 1-cm path length quartz cuvette at a scan
speed of 50 nm/min. Far-UV (200-250 nm) spectra of 0.2 mg/mL
enzyme variants were recorded using a 0.1 cm path length quartz
cuvette. A minimum of three accumulations were made for each scan,
which were averaged and corrected for the blank solution of the cor-

responding buffer.

Thermal unfolding was monitored by recording ellipticity at
222 nm between 20 and 90°C (scan rate 1.5°C/min) using 0.1 cm
path length quartz cuvettes and protein concentration of 0.2 mg/mL.
All CD measurements were carried out in 20 mM sodium phosphate
pH 8 or 8.5 at 25°C. 1820

2.3 | High-performance liquid chromatography

High-performance liquid chromatography (HPLC) analysis was per-
formed on a Jasco LC-4000 HPLC system with a FP-4020 fluores-
cence detector as previously reported.'® Briefly, the production of L-
Cth was analyzed by incubating for 2 h at 37°C the TgCBS variants
(5 uM) with 1 mM L-Ser (or L-OAS) and 0.8 mM L-Hcys. Upon
removal of the enzyme by centrifugation (Vivaspin Turbo centrifugal
concentrator, Sartorius), the sample solutions (120 uL) were mixed
with the ortho-phthaldialdehyde (OPA) derivatization reagent to a
180 pL final volume using the autosampler. After a 2-min reaction at
4°C, 10 uL of the mixture was injected onto a C-18 RP column
(Agilent Poroshell 120 HPH RP-C18, 4 um, 4.6 x 250 mm). The deri-
vatized products were eluted at a flow rate of 1 mL/min at 40°C
using a gradient elution with buffers A (80% 0.1 M sodium acetate
pH 4.75 and 20% methanol) and B (20% 0.1 M sodium acetate
pH 4.75 and 80% methanol) as described previously.'®?? Excitation
of the fluorescence detector was set at 340 nm and emission at
450 nm.

2.4 | Enzyme assays

CBS canonical activity utilizing L-Ser (or L.-OAS) and L-Hcys was mea-
sured by applying the continuous cystathionine B-lyase (CBL) and
lactate-dehydrogenase (LDH) coupled-coupled assay as previously

described??

with the following modifications. The coupling enzymes
were recombinant CBL from E. coli, which is produced in our labora-
tory, and commercial LDH from bovine heart. Enzyme activity was
measured at 37°C in a final volume of 200 pL using a Jasco V-750
spectrophotometer. The reaction mixture contained 20 uM PLP,
0.2 mM NADH, 2 uM LDH, 1.5 uM CBL, 0.1-20 mM L-Ser (or 1-
50 mM -OAS) and 0.05-10 mM (-Hcys. The assay buffers were
50 mM Hepes pH 7.0, 7.5 and 8.0 or sodium phosphate pH 8.0 and
8.5 or 50 mM MOPS, 50 mM bicine, 50 mM proline (MBP) pH 8.5
and 9.0. The reaction was triggered by the addition of 0.5-2 uM
TgCBS variants and the oxidation of NADH was monitored at
340 nm.?2 Since -Ser and L-OAS work as inferior CBL substrates
compared to CBS-generated L-Cth, 152223 3 background rate was col-
lected for each sample before starting the reaction by the addition
of CBL.

The production of H,S was determined following the formation
of lead sulfide at A = 390 nm (e300 = 5500 M~* cm~2) upon the reac-
tion of H,S with lead acetate, as described in,10:21
Steady-state kinetic studies were performed using the dimeric

fraction of the enzyme isolated by gel filtration.
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2.5 | Structural analysis

The structural analysis and graphical representation of TgCBS

1.2* L-OAS was modeled by superim-

were performed with Pymo
posing TgCBS with the equivalent region of the structurally related
O-acetylserine sulfhydrylase (OASS) enzyme from Haemophilus
influenzae in complex with prereactive L-OAS. The structures of
target proteins were obtained from the PDB Database (http://
www.rcsb.org) (PDB IDs: 6XWL [TgCBS]; 6Z3S [TgCBS soaked
with L-OAS]; 4ZU6 [Haemophilus influenzae OASS]). Protein struc-
ture predictions were performed with AlphaFold 2.3.0%° using an
adapted version of the AlphaFold code (https://github.com/

deepmind/alphafold).

3 | RESULTS

A global overview of the primary structure of CBSs and OCBSs from
different organisms with an eye toward highlighting key residues that
have been assumed to govern L-Ser/L-OAS substrate specificity is pre-
sented in Figure 2. The multiple alignment pointed out the presence
of the proposed active site fingerprint residues Ser, Tyr, and Tyr at
positions 82, 158, and 248 (residue number according to yeast CBS)
in all conventional CBSs, except for CBS from M. tuberculosis where a
Glu was found at position 248. On the other hand, Ala74, Phel47,
and Val226 were found in OCBSs (residue number according to

HpCBS). Of note, divergences are present in the case of Val226 of
some OCBSs, where Leu was also found.

To examine the validity of fingerprint residues hypothesis, three
single mutant enzymes of TgCBS, in which Ser84 is replaced by Ala
(S84A), Tyr160 by Phe (Y160F), and Tyr246 by Val (Y246V), and one
triple mutant in which Ser84, Tyr160 and Tyr246 are replaced by Ala,
Phe and Val, respectively (S84A/Y160F/Y246V) were constructed. All
four mutant enzymes were purified as for the wild-type enzyme and
showed a single main band on the SDS-PAGE gel with molecular weight
identical to wild-type TgCBS (Figure S2). Structural integrity of the
mutants was then analyzed by absorbance and far-UV CD spectroscopy
(Figure S3A,B). The spectroscopic behavior of all variants closely resem-
bled that of the wild-type in both the absorbance (peak at 410 nm typi-
cal of the internal aldimine, Figure S3A) and CD (content of secondary
structure elements) spectra (Figure S3B), suggesting no global protein
conformational changes. Moreover, the mutations did not change the
thermal stability (Figure S3C and Table S2) or oligomeric state of the
mutant enzymes. All the variants exist mainly as dimers in solution with
a small portion of tetramer as for wild-type TgCBS (Figure S3D).

3.1 | Effects of amino acid substitutions on L-Cth
production

In a first approach to investigate the impact of amino acid substitu-

tions on the ability of TgCBS to process L-Ser or L-OAS, we applied

H.sapiens 85 |G|D VR INK IGKK KCELL CE
S.cerevisiae 19 @GN KLPKA IKPQ IY L
D.melanogaster 54 GIC N IPASDG IECEMY C
A.mellifera 44 G0 NIPKSYG IKCEIY @
T.cruzi 30 G|s HVPKKHGVCCDVV (e}
T.thermophila 47 @R N IM KAEHLKCELL @
M.tuberculosis 12 GG SVVP—Dﬂ—AGTVA \
L.plantarum 11 @H [LP IE-VPN--HSH IY L
H.pylori 12 GR VFKFTNKDYP IPLNSA IY L
B.anthracis 12 GH IVEITRFSLPE--GVRLF L
T.gondii 22 @GN VRMKRLAKVYELECDLL C
-
H.sapiens 170 NARFDS
S.cerevisiae 105 AAAWD SEE SHIE
D.melanogaster 139 EAAYDSPEGLIYV
A.mellifera 129 PEAHT
T.cruzi 115
T.thermophila 132
M.tuberculosis 95
L.plantarum 93 SEEG I---KGA RK.EA
H.pylori 97 SEG I---SGA[IKK SKE
B.anthracis 95 EQGM---TGA AKIKE
T.gondii 107 EAAWNDEN SHM GVAAK ITECD ----- GD IDM 187
—
H.sapiens 251 -GCR E AEPEELNQ-TEQT KﬁFESN EEAETF 334
S.cerevisiae 191 -KIQ| E AQPENLNK-TD ITDEK VWYRKTDDIKP SIEKY 274
D.melanogaster 220 -SC Y ARPAELNK-TDVQ \4 GB|SDCEPM 303
A.mellifera 210 - N IK. K DPSS-DSQ-NEVG K EPDNESLNA 292
T.cruzi 195 LLP-NI ¥ ADPSVP--L-DPK R ADKESEAL 276
T.thermophila 213 HLP- SCK X AMPQ SKN-E-RME DWVEKNTBIVPT M 295
M.tuberculosis 176 VSGGRV EERVY SGG------- AGR EIIAVSDSD SEDM 254
L.plantarum 171 -ATK EEESENGG - - - - - - - PAHAHRT D QTLT IADDDAEAQ 248
H.pylori 175 RI-AIRL ENEEENNGG - - - - - - - EPGPHE I PFFENLD IDGFET ISDIEEGESY 252
B.anthracis 173 KN I-D IKTEI E NGG======= KAGSHET PFLKTSYFPIEIHT ISPRNAELR 250
T.gondii 188 v RcB-KCK K AVEPDSLNDEKRLQ S¥ GvVLDRkVVBERVEVGBAESHT T 272

FIGURE 2

Sequence analysis. Multiple alignments of CBSs and OCBSs from different organisms. Red boxes indicate the fingerprint residues

that have been assumed to govern L-Ser/L-OAS substrate specificity. A darker color indicates a higher conservation index of the residue. The
alignment was obtained with Jalview.3! Homo sapiens (UniProt: P35520); Saccharomyces cerevisiae (UniProt: P32582); Drosophila melanogaster
(UniProt: Q9VRDY); Apis mellifera (UniProt: Q2VOC9); Trypanosoma cruzi (UniProt: Q9BH24); Tetrahymena thermophila (UniProt: 1I7M350);
Mycobacterium tuberculosis (UniProt: P9WP51); Lactobacillus plantarum (UniProt: F9UT54); Helicobacter pylori (UniProt: P56067); Bacillus anthracis

(UniProt: AOA6L8PXKO); Toxoplasma gondii (UniProt: AOA125YSJ9).
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reverse phase HPLC with derivatization using ortho-
phthaldialdehyde (OPA). This method is a very useful tool to analyze
the products of the TgCBS-catalyzed reactions in the presence of dif-
ferent substrates. The formation of L-Cth was investigated for the
S84A/Y160F/Y246V mutant after 2 h of reaction time with L-Ser or
L-OAS (in the presence of L-Hcys) at pH 9, where maximum activity
of TgCBS was previously reported.’® As shown in Figure 3A,B, L-Cth
was the only product detected upon incubation of wild-type TgCBS
with L-Ser or L-OAS, confirming that the enzyme is proficient at cata-
lyzing the p-replacement reaction of the two substrates. Notably, no
detectable L-Cth product was seen when the triple mutant was incu-
bated with L-Ser (Figure 3A), indicating that the protein variant failed
to process L-Ser (as confirmed by the high fluorescence intensity of
the unreacted L-Ser substrate). On the other hand, the S84A/Y160F/
Y246V mutant was able to produce L-Cth upon incubation with
L-OAS (Figure 3B).

Since OCBSs usually possess a shifted optimal pH toward more
neutral values (pH ~ 7.5-8) compared to conventional CBS
(pH ~ 8.5-9), we next performed HPLC at different pH between
7 and 9.5. We found that the pH optimum of the triple variant was
decreased by ~1 pH unit (from 9 to 8) for L-OAS B-replacement activ-
ity (Figure 3C), resembling that of OCBSs. No significant product was
detected with L-Ser at any pH value tested in agreement with the sup-
posed inability of the triple variant to process L-Ser.

3.2 | Steady-state characterization

To validate the functional meaning of our HPLC observations that the
triple mutant exclusively works in the presence of L.-OAS without any
functionality with L-Ser, we estimated the steady-state kinetics for the
triple variant using a CBL-LDH coupled-coupled assay.?? Initially, the
assay was performed from pH 7 to 9.5 and confirmed that the S84A/
Y160F/Y246V mutant has optimal activity for the condensation of
1-OAS and L-Hcys at pH 8 (Figure 4A), in agreement with HPLC data
(Figure 3C). Thus, pH 8 was used for further S84A/Y160F/Y246V
mutant enzymatic characterization. Figure 4B shows enzyme kinetics
assays for the triple mutant, while Table 1 summarizes the parameters
determined. The triple mutation led to a small decrease in k., for
L-OAS (~1.6-fold) compared to the wild-type enzyme, while no signifi-
cant differences were observed for K,,. On the other hand, the triple
mutant reduced enzyme activity toward L-Ser below the level that
could be detected by our assay.

To investigate the individual residue contribution to the enzyme
substrate preference, we next analyzed the behavior of each mutation
in TgCBS. We found that in the presence of L-Ser, the S84A and
Y160F mutations do not affect the optimal pH of the enzyme
(pH optimum ~8.5) (Figure S4A). Interestingly, the Y246V mutation
significantly impaired the enzyme's ability to process L-Ser at all pH
values. On the other hand, in the case of L-OAS, all the single variants,
including Y246V, showed an optimal pH that was shifted to ~8
(Figure S4B).
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FIGURE 3 Analysis of L-Cth product using reverse phase HPLC.
(A) Pure standard -Ser and L-Cth (top), and product obtained
following a 2 h incubation of TgCBS wild-type and its triple variant
with 1 mM -Ser and 0.8 mM L-Hcys. (B) Pure standard .-OAS and L-
Cth (top) and product obtained following a 2 h incubation of TgCBS
wild-type and its triple variant with 1 mM (-OAS and 0.8 mM L-Hcys.
(C) Effect of pH on L-Cth production. The peak areas of L-Cth product
detected by HPLC (representative values) were plotted against pH.

Enzymatic assays performed at the specific optimal pH for each
variant (Table 1) showed that, similar to the triple mutant, Y246V has
severely reduced activity with -Ser (below the detection level of our

coupled assay), suggesting a crucial role of the hydroxyl group of
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Steady state characterization of S84A/Y160F/Y246V mutant. (A) Effect of pH on (-Cth production using L-OAS and L-Hcys as

substrates. (B) Steady-state initial velocity kinetics for S84A/Y160F/Y246V variant for the canonical L-OAS + L-Hcys condensation.

Protein Substrate Keat (s74) Ken (MM)
L-OAS + L-Hcys — L-Cth + acetate
wrT® L-OAS 7503 5104
S84A/Y160F/Y246V° -OAS 47+04 46105
Y246V© -OAS 63+0.3 20+02
Y160F¢ L-OAS 31+03 6.9+0.5
S84A° -OAS 1.8+0.2 101 0.6
L-Ser + L-Hcys — L-Cth + H,O
wrTP L-Ser 64+03 0.7+0.1
S84A/Y160F/Y246V° L-Ser n.d. n.d.4
Y246V* L-Ser n.d.d n.d.
Y160F¢ L-Ser 37+02 38+02
S84A° L-Ser 0902 9.6+0.5

TABLE 1 Steady-state kinetic
parameters for TgCBS variants® at
optimal pH.

kcat/Km (mM71 571)

1.5+0.2
1.0+£0.2
32+05
0.5+0.1
0.20 £ 0.03

91+17
n.d.
n.d.
1.0+0.1
0.10 £ 0.03

Note: Each result shown is the mean + SE of three (n = 3) independent experiments.
ACBS activity utilizing L-OAS and L-Hcys was determined using CBL from E. coli and commercial LDH

coupled-coupled assay as in.??
PKinetic measurements for the wild-type TgCBS were carried out at pH 9.

“Kinetic measurements for all TgCBS mutants in the presence of L-OAS were carried out at pH 8.

9n.d. denotes that activity was not detectable.

®Kinetic measurements for all TgCBS mutants in the presence of L-Ser were carried out at pH 8.5.

Y246 residue in L-Ser processing. On the other hand, the same muta-
tion did not affect the ability of the enzyme to use L-OAS (Table 1).

The HPLC data for all the variants showed very good agreement
with the kinetic profiles obtained (Figure 5) and no L-Cth product was
observed for Y246V mutant upon reaction with L-Ser.

Sequence alignment of TgCBS with other CBSs/OCBSs
(Figure 2) showed that CBS from M. tuberculosis (MtCBS) contains
Glu at position 246, whereas other CBSs and OCBSs include Tyr and
Val, respectively. Interestingly, MtCBS was recently shown to strictly
use L-Ser over L-OAS.2¢ Based on this information and to investigate
whether Glu at position 246 can determine the selection of L-Ser in
TgCBS, we generated also the mutant Y246E. The analysis of the
steady-state kinetics (Figure S5A) clearly showed that the Y246E
mutation significantly impaired the enzyme's ability to process L-Ser
at all pH values, while it only slightly affects the ability of the enzyme

to use L-OAS for which optimal pH was shifted to ~8. The HPLC
data agree with the kinetic results; very low L-Cth product was
observed for Y246E mutant upon reaction with L-Ser (Figure S5B),
while the peak corresponding to L-Cth was evident upon incubation
of Y246E with L-OAS (Figure S5C). Thus, the effects of Tyr substitu-
tion with Glu resemble those of Tyr substitution with Val, confirming
the crucial role of the hydroxyl group of Y246 in TgCBS L-Ser
processing.

The enzymatic ability of the TgCBS variants to produce HsS in
the presence of L-Cys and L-Hcys was also analyzed. Interestingly, we
found no significant differences in the H,S generating abilities
between wild-type and mutant enzymes (Figure Sé), indicating that
the S84, Y160, and Y246 residues are not crucial for this H,S alterna-
tive reaction and therefore suggesting that the canonical and alterna-
tive H,S-generating activities could be disconnected in TgCBS.
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FIGURE 5 Analysis of L-Cth production for T3CBS single mutants using reverse phase HPLC. (A) Pure standard 1-Ser and L-Cth (top), and
product obtained following a 2 h incubation of TgCBS single variants with 1 mM L-Ser and 0.8 mM L-Hcys. (B) Pure standard .-OAS and L-Cth
(top) and product obtained following a 2 h incubation of TgCBS single variants with 1 mM -OAS and 0.8 mM L-Hcys. The profile of wild-type
TgCBS was added for comparison. The analysis was performed at the optimal pH for each variant.

3.3 | Spectroscopic study of catalytic
intermediates

CD spectroscopy is a useful technique to readily monitor the reaction
intermediates of CBS in the presence of its substrates L-Ser (or L.-OAS)
and L-Hcys. Thus, we used CD spectroscopy to check whether the
loss of activity in the triple and Y246V mutants with L-Ser was
because of an alteration in the forward half-reaction with L-Ser or in
its complex with L-Hcys. We previously showed that the CD spectrum
of wild-type TgCBS exhibited a peak at 410 nm, which corresponds to
the internal aldimine (ketoenamine tautomer), formed between the
cofactor PLP and the catalytic K56 residue.'® Addition of either L-Ser
or L.-OAS to TgCBS leads to the formation of the aminoacrylate, which
possesses a negative CD band at 460 nm (Figure 6A,B).2° Addition of
L-Hcys to the aminoacrylate-L-Ser (or L.-OAS) complex results in CD
spectra that are essentially identical to those of TgCBS alone, indicat-
ing the release of the L-Cth and the regeneration of the internal aldi-
mine of the free enzyme.

Notably, when the behavior of the single mutants was analyzed
in the same conditions, they were able to promote the formation of
the aminoacrylate following the addition of either L-Ser or L-OAS
(Figure 6). These data suggest that the punctual substitution of any of
the three residues (584, Y160, and Y246) by a nonpolar amino acid of
equivalent size is not a sufficient condition to impair the first step of
the ping-pong fB-replacement reaction. Of note, the S84A and Y160F
variants were able to catalytically progress through the second reac-
tion step to the formation of the final product, L-Cth, upon addition
of the second substrate (L-Hcys) to the enzyme-aminoacrylate inter-
mediate formed in the presence of either L-Ser or L-OAS
(Figure 6C-F). On the other hand, the Y246V mutant did not spectro-
scopically recover the 410 nm band characteristic of the internal aldi-
mine upon addition of L-Hcys to the enzyme-aminoacrylate-L-Ser
complex, while it did upon addition of L-Hcys to the enzyme-aminoa-
crylate-L.-OAS complex (Figure 6G,H). Therefore, the inability of the

variant Y246V to yield .-Cth using L-Ser appears to affect the second
step of the reaction.

Of note, the S84A/Y160F/Y246V mutant was able to produce
the aminoacrylate intermediate and the final L-Cth product upon incu-
bation with L-OAS and L-Hcys, while no aminoacrylate formation was

observed upon reaction with L-Ser (Figure 61,L).

4 | DISCUSSION

The understanding of the structure-function relationships and the
factors underlying specificity in bacterial and parasite CBS enzymes
can provide the framework for the design of antimicrobial
compounds.

Canonical CBS prefers L-Ser as its first substrate to conduct
B-replacement reaction, whereas bacterial OAS-dependent CBS
(OCBS) essentially utilizes L-OAS for the reaction and shows no activ-
ity toward L-Ser.24892627 CBS from T. gondii provides a particularly
valuable model for exploring the enzyme-substrate specificity because
it similarly processes both L-Ser and L-OAS for p-replacement activity
to produce L-Cth.10-12

Our analysis of a representative group of 11 prokaryotic and
eukaryotic CBSs and OCBSs, for which substrate preference is known,
revealed that the polar residues Ser82, Tyr158, and Tyr248 (num-
bered according to the conventional yeast CBS) are conserved among
canonical CBS sequences, while distinct hydrophobic residues (Ala,
Phe, and Val) are usually found in OCBSs. Considering the proposal of
Devi et al, this provides indirect support that these positions play criti-
cal roles in defining the L-Ser/L-OAS preference of the two proteins.®
Since these residues are located close to the active site and help
define its architecture, roles in substrate binding have been
suggested.®

Mutants of TgCBS (S84A, Y160F, Y246V, and S84A/Y160F/
Y246V) were generated to explore the roles of the parent amino acids
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FIGURE 6 CD spectra of wild-type
TgCBS and its variants in the presence of
L-Ser or L-OAS. Near-UV CD spectra of

1 mg/mL protein variant upon addition of
20 mM -Ser (A, C, E, G, ) or 20 mM L-
OAS (B, D, F, H, L) and 10 mM -Hcys.
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in the L-Ser/L-OAS specificity of the enzyme. The results show that
the triple mutation (S84A/Y160F/Y246V) suppresses the L-Ser
B-replacement activity of TgCBS, while it does not affect L-OAS bind-
ing and processing. Along with this, the triple mutation affects the
optimal pH for TgCBS activity toward L-OAS, which is decreased by
~1 pH unit. Although CBSs and OCBSs have a similar structure and
share many residues in the active-site, the pH optima for the CBS-
catalyzed B-replacement of L-Ser (8.5-9.5) are different from the 7-8
range for the p-replacement of L-OAS catalyzed by OCBSs. The reduc-
tion in the catalytic efficiency of OCBSs at higher pH may constitute
an evolutionary tradeoff within bacterial OCBS and eukaryotic CBSs.
The group responsible for this difference may be the amino group of
the substrate. It is possible that the pK, of this group in -Ser and L-
OAS is influenced by the different active-site environments of CBS
and OCBS.?228

Analysis of the independent or combined effect of each mutation
in catalytic cavity, by combining the predictive accuracy of AlphaFold-
225 with the crystal structure of the native enzyme solved by our
group,’? allowed us to conclude that, despite the variation in steric
hindrance and reduction of polarity within the cavity caused by the
lack of the hydroxyl groups in the substituted side chains, the catalytic
site remained basically unaltered when mutations were introduced in
the protein sequence.

The initial orientation of L-Ser and L-OAS within the catalytic cav-
ity could be easily modeled based on the orientation of the

(A)

FIGURE 7 Overview of the
TgCBS catalytic site. (A) Main amino
acid residues configuring the catalytic
site of native TgCBS. The coordinates
are extracted from the crystal
structure of the native enzyme
(PDB:6XWL).** The three residues
S84, Y160 and Y246 are shown in
magenta, while the catalytic K56
residue and the PLP are shown in pale
yellow. (B) Location of L-OAS (green)
within the TgCBS catalytic site, (C)
modeled by superimposing TgCBS
with the equivalent region of the
structurally related O-acetylserine
sulfhydrylase from Haemophilus
influenzae in complex with pre-
reactive L-OAS (PDB ID 4ZU6).

(C) Location of the aminoacrylate
intermediate (orange) observed in
crystals of TgCBS grown in the
presence of L-Ser or L-OAS.*?

(D) Modeled location of L-OAS within
the catalytic cavity of the triple S84A/
Y160F/Y246V TgCBS mutant,
following the modeling procedure
mentioned in panel B.

aminoacrylate molecule found in the TgCBS crystals grown in the
presence of L-Ser or L.-OAS and coincided with that formerly found in
the structurally related O-acetylserine sulfhydrylase enzyme from
Haemophilus influenzae in complex with prereactive L-OAS (PDB ID
47ZU6) (Figures 7 and S7). Interestingly, the aminoacrylate molecule
isolated in crystals grown with L-Ser or L-OAS orients its double C—C
bond toward the hydroxyl groups of residues S84, Y160, and Y246,
which suggests the formation of H-bonds with the hydroxyl group of
L-Ser, or alternatively the oxygen of acetyl from OAS, when the sub-
strates enter the cavity. Importantly, these stabilizing interactions
favor the release of a water molecule or an acetate group during the
first step of the ping-pong reaction. The protein-aminoacrylate com-
plex structure suggests that residue Y246, which is closer to L-Ser and
L-OAS than Y160 and S84, is likely the amino acid that most effi-
ciently stabilizes the corresponding leaving groups, although not
exclusively, since the Y246V mutation alone is not capable of impair-
ing the formation of the aminoacrylate intermediate. Indeed, as shown
in Figure 6, CD spectra clearly detected the aminoacrylate intermedi-
ate upon addition of both L-Ser and L-OAS, thus suggesting an inca-
pacitating effect on the second reaction step, either caused by an
impaired access or an improper orientation of L-Hcys within the cav-
ity, or by an anomalous release of the L-Cth product that could get
trapped inside the cavity. Accordingly, mutating Y246 to Val
completely abolished the activity of TgCBS for the substrate L-Ser,
suggesting that the hydroxyl moiety of Y246 is critical in L-Ser
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catalysis. The near-wild type kinetic parameters for L-Ser
B-replacement of the Phe variant of Y160 suggest that the hydrogen-
bonding moieties of the side chain of this residue do not have a direct
role in substrate binding. The residue may participate in substrate
positioning or architecture of active site to subtly affect reaction spec-
ificity. On the other hand, the reduction of catalytic efficiency values
by ~90-fold for the S84A mutant, due to a significant increase in the
K. value compared to wild-type TgCBS, demonstrates that hydroxyl
group of Ser84 is also implicated in L-Ser binding and positioning, sup-
porting its importance in the active-site context. However, its punc-
tual substitution by a nonpolar amino acid of equivalent size is not a
sufficient condition to impair the p-replacement reaction.

The absence of the aminoacrylate intermediate and consequent
inactivation of the S84A/Y160F/Y246V construct upon addition of L-
Ser clearly demonstrates that the presence of at least one side-chain
hydroxyl group of these residues in the neighborhood of L-Ser is cru-
cial for the binding of L-Ser and is required to perform the first cata-
Iytic step. This is not essential in the case of L-OAS, which has a better
leaving group (acetate) than L-Ser. As mentioned,® it appears that the
OH of L-Ser requires the presence of residues containing OH groups
in the catalytic site to convert the OH of L-Ser into a good leaving
moiety. In the case of L-OAS, the triple mutant lacks OH groups but
contains hydrophobic side chains that may interact and stabilize the
methyl group of the acetyl moiety, thus debilitating the O—C bond of
L-OAS and converting the acetyl into a good leaving group.

Overall, our study has highlighted a crucial role for S84, Y160,
and Y246 in selective binding to the physiological substrates L-Ser and
L-OAS and affecting the pH optimum of TgCBS. These results increase
our understanding of the intricate factors controlling substrate prefer-
ence in CBSs that are the basis for the design of therapeutics, com-
prising antimicrobial compounds and modulators of H,S production,
and demonstrate that differences in substrate specificity of CBSs are
controlled by natural variations in as few as three residue posi-
tions.2328-3% Gjven the central role of CBS in redox cellular homeosta-
sis and cysteine metabolism, it is not surprising that certain residues
and structural features in different organisms have evolved to regulate
specificity. It is likely that CBSs and OCBSs adapted to dissimilar phys-
iological conditions, in which two substrates have diverse relative con-
centrations. The functional significance of maintaining p-replacement
of both L-Ser and L-OAS in TgCBS is unknown, but it may give a selec-
tive advantage for the survivability of the pathogen within its hosts.
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