1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochemistry. Author manuscript; available in PMC 2019 June 05.

-, HHS Public Access
«

Published in final edited form as:
Biochemistry. 2018 June 05; 57(22): 3134-3145. doi:10.1021/acs.biochem.8b00092.

Crystal Structures of Cystathionine f-Synthase from
Saccharomyces cerevisiae: One Enzymatic Step at a Time

Yupeng Tu®, Cheryl A. Kreinbring®, Megan Hill¥, Cynthia Liu®, Gregory A. Petsko$,
Christopher D. McCune', David B. Berkowitz!, Dali Liut, and Dagmar Ringe™T#V
TDepartment of Biochemistry, Brandeis University, Waltham, Massachusetts 02454, United States

*Department of Biology, Brandeis University, Waltham, Massachusetts 02454, United States

SDepartment of Neurology and Neuroscience, Weill Cornell Medical College, New York, New York
10021, United States

'Department of Biochemistry, University of Nebraska, Lincoln, Nebraska 68588, United States

LDepartment of Chemistry and Biochemistry, Loyola University Chicago, Chicago, lllinois 60660,
United States

#Department of Chemistry, Brandeis University, Waltham, Massachusetts 02454, United States

VRosenstiel Basic Medical Sciences Research Center, Brandeis University, Waltham,
Massachusetts 02454, United States

Abstract

Cystathionine B-synthase (CBS) is a key regulator of sulfur amino acid metabolism, taking
homocysteine from the methionine cycle to the biosynthesis of cysteine via the trans-sulfuration
pathway. CBS is also a predominant source of H,S biogenesis. Roles for CBS have been reported
for neuronal death pursuant to cerebral ischemia, promoting ovarian tumor growth, and
maintaining drug-resistant phenotype by controlling redox behavior and regulating mitochondrial
bioenergetics. The trans-sulfuration pathway is well-conserved in eukaryotes, but the analogous
enzymes have different enzymatic behavior in different organisms. CBSs from the higher
organisms contain a heme in an N-terminal domain. Though the presence of the heme, whose
functions in CBSs have yet to be elucidated, is biochemically interesting, it hampers UV-vis
absorption spectroscopy investigations of pyridoxal 5"-phosphate (PLP) species. CBS from
Saccharomyces cerevisiae (yCBS) naturally lacks the heme-containing N-terminal domain, which
makes it an ideal model for spectroscopic studies of the enzymological reaction catalyzed and
allows structural studies of the basic yCBS catalytic core (yCBS-cc). Here we present the crystal
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structure of yCBS-cc, solved to 1.5 A. Crystal structures of yCBS-cc in complex with enzymatic
reaction intermediates have been captured, providing a structural basis for residues involved in
catalysis. Finally, the structure of the yCBScc cofactor complex generated by incubation with an
inhibitor shows apparent off-pathway chemistry not normally seen with CBS.

Graphical Abstract

8. )

E-PLP-LSer

L-Methionine is an essential sulfur-containing amino acid for mammals. Its metabolism
comprises two intersecting metabolic pathways: the synthesis pathway for methionine via
the S-adenosylmethionine (SAM) cycle and the trans-sulfuration pathway leading to
glutathione synthesis. Both pathways compete for homocysteine, a central intermediate that
is generated from methionine and adenosine triphosphate (ATP).1 In the trans-sulfuration
pathway, believed to be the sole route for cysteine biosynthesis in vertebrates, homocysteine
is converted to cysteine. Cystathionine B-synthase (CBS, EC 4.2.1.22) is the key enzyme
that regulates the flux of homocysteine through this pathway.22 Two trans-sulfuration
pathways are known: the forward and reverse pathways. The forward pathway is present in
organisms such as bacteria,? plants,® and yeast® and involves the transfer of the thiol group
from cysteine to homocysteine on the way to methionine. The reverse pathway is present in
many organisms, including humans, and involves the transfer of the thiol group from
homocysteine to cysteine.’

CBS catalyzes the first of two pyridoxal 5" -phosphate (PLP)-dependent reactions that
convert the essential amino acid L-methionine to L-cysteine by the condensation of L-homo-
cysteine and L-serine to yield (L,L)-cystathionine, which is then converted to L-cysteine by
the action of cystathionine y-lyase (Figure 1).28 Homocysteine is toxic in mammals, and
mutations in the gene encoding the human form of the enzyme (hCBS) are the major causes
of homocystinuria.®~12 Deficiency in the activity of the enzyme leads to accumulation of L-
homocysteine, a risk factor for cardiovascular, Alzheimer’s, and other human diseases.13-1°

In addition, CBS is the predominant source of H»S biogenesis in the brain, where increased
levels are associated with neuronal death pursuant to cerebral ischemia (vide infra).16-18
Recently, it has been shown that CBS silencing can inhibit ovarian tumor growth and
sensitize ovarian cancer cells to cisplatin.1®

The synthesis of cystathionine starts when the internal aldimine between the enzyme active-
site lysine and pyridoxal 5"-phosphate (E-PLP) is displaced by the incoming a-amino acid
L-serine (Figure 2). The serine external aldimine adduct (E-PLP-L-ser) forms an
aminoacrylate intermediate (E-PLP-aa) that reacts with the incoming second substrate, such
as L-homocysteine, to form the (L,L)-cystathionine external aldimine, which is then
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displaced by the active-site lysine to regenerate the active enzyme. The enzyme can also
operate in the reverse direction, in which the PLP form of the enzyme reacts with
cystathionine directly and can convert to the serine external aldimine or the native internal
aldimine.20 This reverse reaction with cystathionine has also been reported as far as the
aminoacrylate intermediate.21-23 The enzyme does not readily perform a reaction often seen
for PLP-dependent enzymes, the further reaction of the external aldimine to form a ketamine
followed by B-elimination and release of an a-keto product and the pyridoxamine phosphate
form of the enzyme (E-PMP). The rate of pyruvate formation from serine in the absence of
homocysteine has been reported to be less than 2% of the tritium exchange rate of the a-
proton of serine.24

The eukaryotic CBS has several domains, depending on the organism from which it is
derived.28 Thus, the human (hCBS) and Drosophila melanogaster (dACBS) enzymes have
three domains, while the enzyme from yeast (yCBS) has only two. Of the three domains,
two are regulatory and one is catalytic. The catalytic domain contains the active site and is
flanked by an N-terminal heme-binding domain (hCBS and dCBS) and a C-terminal
Bateman module2’-28 consisting of two CBS domains (hCBS, dCBS, yCBS).29 Sequence
comparisons of CBSs exhibit extensive homology between yeast and parts of hCBS and
dCBS, particularly in the catalytic core domains, which contain the PLP-cofactor binding
sites (the sequence identities in this domain for yCBS/hCBS and yCBS/dCBS are 52%;
Figure S130). The main differences for the overall protein come from the presence of an N-
terminal extension on hCBS and dCBS that binds a heme (residues 1-71 and 1-41,
respectively), which is absent in yCBS. The C-terminal domains (sequence identities: yCBS/
hCBS < 40%, yCBS/dCBS < 50%), composed of two tandem CBS domains, are common to
all CBSs although their functions seem to be different. Three-dimensional structures of a C-
terminally truncated form of hCBS containing the heme-binding and catalytic core domains,
31,32 3 full-length hCBS construct missing an internal loop (hnCBSA516-525),33-35 and full-
length dCBS36 and two structures from bacterial CBSs (Lactobacillus plantarun?’ and
Bacillus anthracis®®) that have only the catalytic domain have been reported. In all cases, the
catalytic domain belongs to fold-type-11 of the PLP-dependent enzymes.

The differences in activity among the CBSs are related to the influences of the regulatory
domains, making direct comparisons among enzymes from different species difficult. It has
been suggested that the heme-binding domain serves a regulatory function, possibly as a
redox sensor.3? Truncation of this domain in the human protein produces an enzyme that is
still active, albeit less so (19%) than the wild type.4? The C-terminal Bateman module also
has a regulatory function. In the absence of allosteric regulators, truncation of this domain
activates the truncated enzyme over the full-length enzyme by ~5-fold for the human
enzyme?0 and ~2-fold for the yeast enzyme.20 In addition, deletion of the Bateman module
from hCBS and yCBS leads to a change in oligomerization from a tetrameric form to a
dimeric form of the enzyme.#142 In contrast, dCBS is dimeric in the presence or absence of
this domain.36

SAM can act as an allosteric regulator of the enzyme. In the absence of SAM, specific
activities of 106, 1227, and 1245 units/mg of protein for the reaction forming cystathionine
from serine and homocysteine have been reported for the hCBS, dCBS, and yCBS enzymes,
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respectively. In the presence of SAM, these activities are reported to be 424, 1279, and 1260
units/mg of protein, respectively.#243 The same trend was observed in a later study not only
for the cystathionine synthesis reaction but also for other reactions catalyzed by CBS, such
as H,S-generating reactions or H,S-utilizing reactions.28 The effect on hCBS is striking,
especially in comparison with dCBS and yCBS, where SAM has very little or no effect. The
C-terminal domain in the human full-length enzyme has an autoinhibitory effect that is
alleviated by truncation of the domain or by binding of SAM.#* A structural interpretation of
these results for hCBS focuses on different conformations of the Bateman module relative to
the catalytic domain. The interaction of SAM with the Bateman module leads to
conformational changes whereby autoinhibition of this regulatory region is eliminated,
making the active site more accessible to substrate.26:33-354546 The Drosophila enzyme is
constitutively active, does not bind SAM, and is insoluble when C-terminally truncated.
Yeast CBS is activated by C-terminal truncation but does not bind to either SAM or ATP.26

The physiological relevance of the CBS reaction derives from its importance in homeostasis
of homocysteine, a toxic substance in eukaryotes.’ Several alternate reactions have been
described that utilize cysteine in either g-elimination or B-replacement reactions to yield
H,S.8 The importance of H,S stems from its involvement as a factor in modulating cell
function in the vasculature and in the cerebrum (for a recent review, see ref 48) Although
there are two other enzymatic sources of H,S (cystathionine y-lyase and 3-
mercaptopyruvate sulfotransferase), CBS serves as the principal source of H,S biogenesis in
the brain.18:49-51 Numerous experiments linking cysteine, CBS, and H,S levels support the
notion that CBS is the key enzyme modulating levels of cysteine-derived H,S in the cerebral
cortex and that H,S mediates ischemic damage pursuant to stroke.52-57

Given the evidence that implicates elevated levels of H,S in ischemic neuronal damage, an
inhibitor of the enzyme could be an important therapeutic agent for treatment of stroke. A
unique inhibitor of the enzyme [(L,L)-2,7-bis(hydrazino)-1,8-octanedioic acid] has been
designed that shows promise as a modulator against the deleterious effects of stroke.18 The
compound has been shown to inhibit purified CBS and to reduce H,S production in a
neuroblastoma model study designed to simulate ischemic conditions, thereby reducing cell
death. In a rat transient middle cerebral artery occlusion (tMCAQ) model for ischemia, the
inhibitor reduces infarct volume by ~83% or 66% relative to control when the inhibitor is
injected 30 min prior to or 60 min after the onset of tMCAO, respectively.18 Gaining
additional insight into how this compound and other CBS inhibitors interact with the
enzyme is an essential early step toward the development of more druglike compounds that
effectively inhibit CBS.

In order to gain further understanding of the mechanism of this enzyme and to understand
how regulation and inhibition occur, the yCBS catalytic core (yCBS-cc) was studied, and
intermediates in the reaction were trapped crystallographically. Spectroscopic studies of the
catalytic domains in the human and Drosophila enzymes are hampered by interference by
the heme-binding domains, which absorb in the same spectral region. Thus, the yeast
enzyme, which consists only of the core catalytic domain and the CBS domain, provides a
model system from which to study the basal condensation reaction without regulation by the
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heme and CBS domains and to study inhibition mechanisms that are related to the PLP-
dependent active site without interference from a regulatory domain.

Although CBSs from various sources display different kinetic properties and regulation, they
all catalyze the same overall reactions. Therefore, the kinetic mechanisms are expected to be
the same, and information from one enzyme can be transferred to another. Kinetic studies of
the yeast enzyme showed that hydrolysis of the external aldimine of cystathionine is the
rate-determining step in the reaction leading to cystathionine.32:58 Consequently, it was
possible to trap an intermediate along the reaction path. To that end, we have determined the
structures of the catalytic domain and those of two intermediates: the external aldimine
formed between PLP and serine and that formed between PLP and the aminoacrylate
intermediate in the reaction. Intermediates have also been trapped for dCBS,38 but one of
them is not the same as for yCBS. The structure of the enzyme soaked with the hydrazine-
based inhibitor suggests that the compound is an “inactivator” in that it converts the enzyme
into the pyridoxamine form, which is inactive as a producer of H,S.

MATERIALS AND METHODS

Cloning, Expression, and Purification of Recombinant yCBS Proteins

yCBS DNA was cloned from the yeast genome using primers for pYPT200 in the forward
and reverse directions. The full-length and catalytic-core yCBS constructs were designed
using reported methods with some modifications.#2 The gene was amplified using the
following primers: for full-length yCBS (residues 1-508), the forward primer was 5’-
ggccagCATAT Gatgactaaatctgagcagcaagc, and the reverse primer was 5”-
ccgtgCTCGAGtcatgctaagtagetcag; for yCBS-cc (residues 1-353), the same forward primer
was used with a different reverse primer, 5”-ccgtgCTCGAGtcacagctttgaagagtc. The PCR
products were digested with Ndel and Xhol (New England Biolabs) and ligated into a
PET-28(+) vector (Novagen) containing an N-terminal His tag.

All of the yCBS constructs were transformed into Escherichia coli expression strain
BL21(DE3). Cells were grown overnight at 37 °C in 5 mL of LB broth containing 50 pg/mL
kanamycin. The overnight culture was inoculated into 1 L of LB broth containing 50 zg/mL
kanamycin at 37 °C with shaking at 200 rpm. Once the culture reached an optical density at
600 nm (ODgqp) of approximately 0.8, isopropyl s-D-1-thiogalactopyranoside (IPTG) was
added to a final concentration of 500 ¢M. Fresh kanamycin or ampicillin was added, and the
culture was grown overnight at 30 °C at 150 rpm. Cells were pelleted and resuspended in
lysis buffer containing 1 mM PLP, 1 mM dithiothreitol (DTT), and one complete EDTA-free
Protease Inhibitor Cocktail Tablet (Roche) in 50 mM Tris buffer (pH 8.0). Cells were
sonicated for 20 s on and 40 s off for a total of 4 min of sonication time. This suspension
was centrifuged at 10 000 rpm for 1 h, and the supernatant was collected and filtered to
remove any cell debris.

The enzyme was purified using first a nickel agarose column (Ni-NTA Agarose, Qiagen).
Ni-NTA resin was washed and equilibrated with lysis buffer containing 10 mM imidazole.
The filtered supernatant was passed through the column and then washed with 50 mL of
wash buffer #1 (20 mM imidazole, 1 mM DTT, 1 mM PLP, and 50 mM Tris pH 8.0)
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followed by 50 mL of wash buffer #2 (50 mM imidazole, 1 mM DTT, 1 mM PLP, and 50
mM Tris pH 8.0). The yCBS constructs were eluted with 25 mL of elution buffer (250 mM
imidazole, 1 mM DTT, 1 mM PLP, and 50 mM Tris pH 8.0).

Next, the eluent was passed through a Mono Q column that was equilibrated with buffer A
(I mM DTT and 50 mM Tris pH 8.0). The protein was eluted using a gradient of buffer B (1
M NaCl, 1 mM DTT, and 50 mM Tris pH 8.0). The yCBS constructs eluted at around 150
mM NacCl. Final protein fractions were collected and flash-frozen in liquid nitrogen for
storage at —80 °C.

Crystallization

Both full-length and catalytic-core yCBSs were set up for crystallization. Only the catalytic
core succeeded. The yCBS-cc was crystallized in hanging drops containing 10 mg/mL
protein, 30% PEG 400, 100 mM calcium acetate, and 100 mM Tris pH 8.0 at 4 °C against a
well solution containing 40% PEG 400 and 50 mM Tris pH 8.0. Crystals were yellow,
indicating the presence of the PLP-derived internal aldimine. Crystals were cryoprotected
with 40% PEG 400/50 mM Tris pH 8.0 and flash-frozen in liquid nitrogen. The substrate -
serine was cocrystallized with yCBS-cc at pH 6.5 and 8.0 with a concentration ratio of 2:1.
At pH 8.0, yellow crystals appeared overnight. At pH 6.5, orange crystals, indicative of the
PLP-aminoacrylate external aldimine at the active site, appeared overnight. Crystals were
harvested, soaked in appropriate cryoprotectant, and flash-frozen in liquid nitrogen for data
collection. The hydrazine inhibitor at 500 /M was soaked into crystals for 1 h at room
temperature and pH 8. The color of the crystal changed from yellow to colorless. Crystals
were harvested, soaked in appropriate cryoprotectant, and flash-frozen in liquid nitrogen for
data collection.

X-ray Diffraction Data Collection, Phasing, and Refinement

Data sets and refinement statistics are listed in Table S1. Diffraction data for substrate-free
yCBS-cc, yCBS-cc with the substrate L-serine at pH 6.5 and 8.0, and yCBS-cc with
hydrazine inhibitor were collected using synchrotron radiation at 100 K at APS SBC-CAT,
beamline 19-1D-D, using an ADSC Quantum 315 detector. The diffraction data were
processed using the program package HKL2000.5° The structure of the yCBS-cc construct
was solved by molecular replacement using a monomer of the catalytic domain of hCBS
(PDB ID 1JBQ31) as a search model. All of the structures were refined using the program
package PHENIX80 with model building in Coot.51 In later rounds of refinement, the
electron density in yCBS-cc cocrystallized with L-serine at pH 8.0 was modeled and refined
with either the PLP-L-ser adduct or the PLP—aa adduct in the active site. Only the PLP-L-ser
adduct fit the electron density and was amenable to refinement (Figure S2). In this structure,
there was weak electron density that might suggest a potential alternate conformation for
K53 as the geminal diamine. However, because it was so weak, it was not modeled. The
electron density in the yCBS-cc/hydrazine inhibitor complex indicated that the enzyme had
turned over into the PMP form, and the model was built accordingly (Figure S2). Model
quality was assessed throughout using MolProbity.52 During the last stage of this process,
models were submitted to the online PDB_REDO server,53 followed by a final round of
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refinement using REFMAC.54 All of the models included residues 4-348 of the protein and
the relevant PLP species.

All structural figures were created using MacPyMOL (PyMOL version 1.8.2.3 Enhanced for
Mac OS X: The PyMOL Molecular Graphics System, Schrodinger, LLC, New York).
Schematics were generated with ChemDraw (ChemDraw Professional, version 16.0.1.4,
PerkinElmer Informatics, Inc., Cambridge, MA). Distances for key interactions between
atoms are reported in Table S2. Sequence comparisons and structural alignments were done
using the Dali server.3% Atomic coordinates and structure factors for these crystal structures
have been deposited in the Protein Data Bank (www.rcsb.org5®) with accession codes 6C2H,
6C2Q, 6C2Z, and 6C4P.

Kinetic Assays

The activities of the full-length and catalytic-core yCBS were determined using the lead(Il)
sulfide-forming assay.*® L-cysteine was used as the substrate, and S-mercaptoethanol was
excluded to avoid disruption of the protein oligomeric state. The assays were conducted in
10 mM phosphate buffer (pH 8.0) and 0.4 mM lead(ll) acetate, and the progress of the
reaction was followed spectroscopically at 300 nm. A standard curve for the generation of
PbS was generated using NaSH at concentrations ranging from 10 to 100 x#M. A standard
curve was generated using constant enzyme and homocysteine (5 mM) concentrations,
varying the L-cysteine concentration from 10 to 100 mM. The results displayed Michaelis—
Menten-type kinetics and agreed with published results (Table $3).4° The reaction of the
enzyme with the hydrazine compound was followed by incubating the enzyme at 50 x/M
with 50 to 500 xM compound in Tris pH 8.0 at room temperature and recording the UV-vis
absorption spectrum from 250 to 400 nm over time (Figure S3).

Oligomerization and Stability/Ligand Binding

Analytical Gel Filtration—A high molecular weight (HMW) gel filtration calibration kit
(GE Healthcare) was used for protein molecular weight determination. Protein samples of
yCBS-cc in 150 mM NaCl/50 mM Tris pH 8.0 at 2 mg/mL were passed through a Superdex
200 5/15 GL column (GE) on an FPLC system (AKTA FPLC, GE), and their elution
volumes and partition coefficients were determined.

Native Polyacrylamide Gel Electrophoresis—Protein samples were run through 10%
PAGE separation gels at 4 °C. Some samples were incubated with 1 mM SAM or 1 mM
ATP for 30 min at room temperature prior to the native PAGE analysis. In all cases, yCBS-
cc appeared as a dimer in solution.

ThermoFluor Stability Assay—~Protein samples were exchanged into 100 4M HEPES
buffer (pH 8.0). Solutions containing protein at 5 M and 1X Sypro Orange (Invitrogen)
alone or with added small molecules (1 mM) were mixed and added to a 96-well RT-PCR
plate. The change in fluorescence was monitored over the temperature range from 25 to
95 °C at a heating rate of 0.3 °C/min in an RT-PCR machine (StepOnePlus, Applied
Biosystems). Data were normalized with appropriate buffer-only controls. The full-length
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protein seems to have two unfolding transitions, one starting at about 30 °C and the other at
58 °C (Table S4 and Figure S4).

Circular Dichroism—~Protein samples were buffer-exchanged into 1x PBS (pH 7.4).
Protein samples at 20 1M were scanned from 260 to 200 nm using a J-810 CD spectrometer
(Jasco). Measurements were taken in triplicate at 20 °C. CD melting curves in the presence
of inhibitors were obtained from protein samples that were preincubated at room
temperature for 10 min. yCBS unfolding was monitored at 222 nm from 25 to 72 °C. The
curves for full-length and catalytic-core yCBS displayed unfolding transitions at 57.5 and
59.2 °C, respectively.

RESULTS AND DISCUSSION

Biochemical and Structural Characterization of yCBS

The C-terminally truncated form of the yeast enzyme has the same CD spectrum (not
shown) as the full-length enzyme, indicating that it is folded. The UV-vis spectrum of the
full-length enzyme (not shown) is identical to that reported previously, with a major peak at
412 nm characteristic of the internal aldimine with PLP and a shoulder at around 320 nm
whose interpretation is not clear, possibly a different protonation state of the cofactor.26 The
spectrum of yCBS-cc (Figure S3A) shows the peak at 412 nm but not the shoulder at 320
nm. Since the only difference between these two proteins is the loss of the CBS domain, the
shoulder in the full-length enzyme may be due to interactions between the catalytic core and
the CBS domain.

The stabilities of the protein in the full-length and truncated forms are very similar (Table
S4) but are lower than that of full-length hCBS. Two methods were used to determine the
unfolding temperatures of the proteins: CD spectroscopy and ThermoFluor assay. The 7y
values obtained varied slightly between measurements, but the differences observed for the
full-length form versus the catalytic core are consistent (Table S4). The differences observed
may be due to the slightly different protein concentrations used (20 ;M for CD and 5 @M for
ThermoFluor) and the possibility that oligomers are more stable at higher concentrations.
The Tys of the full-length protein and catalytic core indicate that the CBS domain
contributes only very little to the thermal stabilization of the enzyme, at best stabilizing it by
1-2 °C. An early weak unfolding transition for the full-length form is observed starting
around 30-35 °C (Figure S4). This transition can be attributed to the CBS domain since it is
not observed in the absence of that domain. Addition of SAM has a negligible effect on 7y,
indicating that SAM, if it binds at all, does not stabilize the protein. However, the early
transition seen in the full-length protein is no longer observed in the presence of SAM.

Structure of the Catalytic Core

The structure of yCBS-cc is a homodimer consisting of two monomers related by
crystallographic symmetry that form a tight dimer (Figure 3). The dimer interface buries
2235 A? of surface area, representing 15% of the monomeric surface area and involving 61
residues from each monomer. Gel filtration and native gel data all agree with a dimer in
solution for both full-length yCBS and yCBS-cc. The N-terminus of each monomer extends
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into the other monomer, forming interactions that contribute to the dimeric interface. The
overall fold resembles that of the tryptophan synthase (8-subunit) family of fold-type-II
PLP-dependent enzymes and is similar to the catalytic cores of hCBS (PDB ID 4C00,3°
root-mean-square deviation (rmsd) = 1.2 A) and dCBS (PDB ID 3PC2,36 rmsd = 1.6 A)
(Figure S6). There are some minor differences due to small insertions or deletions in yCBS
relative to hCBS and dCBS, but they are in loops on the surface (residues 74, 181-185, and
304-306; asterisks in Figure 3). All of these insertions, which are far removed from the
active site and the dimer interface, are not expected to contribute to differences in enzymatic
activity or structural integrity of the enzyme.

Binding of SAM has a significant effect on the human enzyme but practically none on the
Drosophila or yeast enzymes. Both the full-length and A516-525 truncated hCBS enzymes
are significantly activated by binding of SAM.*4 The effect is ascribed to a conformational
change of the Bateman module relative to the catalytic domain from an inactivated
conformation to an activated one in which SAM is involved in a domain—domain interaction
that helps to stabilize the catalytic dimer.343% The full-length dCBS is observed only in the
conformation that corresponds to the activated state of hCBS, with or without SAM.36 The
C-terminus of the catalytic domain of the yeast enzyme is ordered and extends in a direction
that is different from that of the C-terminal CBS domains in hCBS and dCBS. It is not
known how significant that observation could be, except that yCBS is activated only slightly
(approximately 2-fold) by the presence of the Bateman module but is not activated by SAM,
and the linker orientation indicates that the domains may not interact at all (Figure S6).

The effect of the absence of the N-terminal heme-binding domain on stability cannot be
determined directly. Comparisons of the unfolding transitions of yCBS and hCBS indicate
that this domain may contribute to stabilization of the protein. However, since the overall
sequences are not the same, the differences in stability may not be due to the N-terminal
domain. The N-terminal domains in hCBS (70 residues) and dCBS (40 residues) are
sequence extensions that are absent in yCBS. The heme that is part of this domain is cradled
by approximately 15 residues within this extension and the surface of the catalytic domain.
The corresponding surface of yCBS where the heme would interact would not accommodate
a heme in the same position. The remaining residues of the extension are involved in
contacts with the surface of the catalytic domain.

The yCBS-cc monomer contains two structurally conserved salt bridges that are also seen in
the structures of other members of the fold-type-1l family of PLP-dependent enzymes. These
are E174/K42 and E44/R55 (E239/K108 and E110/R121 in hCBS; E208/K77 and E79/R90
in dCBS). These salt bridges occur on the si side of the PLP cofactor and seem to have a
structural stabilization role. The structural importance of E44/R55 is underscored by the
proximity of R55 to K53 (the active-site lysine; vide infra) and by the fact that both salt
bridges have limited or no solvent accessibility.

The Active Site

All of the residues that interact with the cofactor are contributed from the monomer in which
the active site is found (Figure 4). The cofactor forms a Schiff base with K53 and makes
numerous hydrogen-bonding interactions with the surrounding residues, many of which are
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conserved among PLP-dependent enzymes or are indicative of the type of reaction
catalyzed. N84 interacts with the phenolic oxygen, a type of interaction seen in all fold-type-
Il PLP-dependent enzymes (either N or Q) and frequently in other fold types as well. The
phosphate is held in place at the center of loop 196-200, interacting mainly with backbone
amides. The pyridine nitrogen interacts with S289, an interaction also found in tryptophan
synthase. A serine in this position is also seen for Oacetylserine sulfhydrylase (OASS), an
interaction thought to disfavor the formation of a quinonoid intermediate. This intermediate
has not been observed by rapid-scanning spectroscopy in either OASS or yCBS.%6 It has,
however, been observed in tryptophan synthase, where the serine that interacts with the
pyridoxal nitrogen also interacts with an adjacent serine, which is thought to help stabilize
such a quinonoid intermediate.87 Interestingly, several PLP-dependent enzymes, including
OASS, tryptophan synthase,%8 threonine deaminase,® and CBS, all of which go through an
aminoacrylate intermediate as part of the reaction catalyzed, have a serine interacting with
the pyridine nitrogen.

A salt bridge with a structural role that is important for the integrity of the active site is
E244/K327. Residue 244 is part of a loop from residues 244—-246 that covers the re face of
the pyridine ring of PLP and is positioned by this salt bridge interaction. The interaction
becomes important at the external aldimine stage of the reaction, when the cofactor is no
longer tethered to the protein and can easily diffuse out of the active site. The loop (244-
EGI-246) and K327 are conserved in other CBS enzymes. In dCBS, binding of substrate
induces another loop containing S116 (yCBS S82) to shift toward the PLP cofactor (Figure
S7). This change, along with movement of other loops in the region, effectively close access
to the PLP site. In contrast, all of these loops in the yCBS-cc structures presented here adopt
a “closed” conformation. The aminoacrylate external aldimine forms of both yCBS-cc (PDB
ID 6C2Z) and dCBS (PDB ID 3PC33%) also adopt a “closed” conformation with respect to
these loops, as do the internal aldimine forms of hCBS (PDB IDs 4L3V32 and 4CO0%).
However, structures of both truncated forms of hCBS (PDB 1Ds 1JBQ3! and 1M5432) and of
the SAM-activated full-length hCBS (PDB ID 4PCU34) adopt an “open” loop conformation
similar to that seen in the internal aldimine dCBS structure. It is possible that these loops
also adopt a different configuration in full-length yCBS.

There is an acetate ion in the active site of yCBS-cc, presumably derived from the
crystallization mother liquor (Figure 4A). An acetate ion is also observed in the structure of
hCBS (PDB ID 4CO03%), but it is oriented differently than observed in yCBS-cc. The
orientation of the anion in yCBS-cc is supported by the types of interactions made with
protein residues and favors hydrogen bonding with backbone and sidechain atoms over
waters. Anions derived from crystallization media have been observed in the active sites of
structures of other PLP-dependent enzymes, for instance, acetate in alanine racemase,”°
sulfate in aspartate aminotransferase,’! and sulfate in the CBS from Lactobacillus.3" In all
cases, the anion occupies the position that the carboxylate of a ligand does in structures of
intermediate or substrate analogues. The structures of yCBS-cc intermediates show the same
pattern of interactions (vide infra) for such a carboxylate group.
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Structures of yCBS Intermediates

The mechanism of the CBS canonical reaction is shown in Figure 2. All of the intermediates
have signature UV absorption maxima, although some of these signals overlap. In an attempt
to characterize the steps in this mechanism, some of these intermediates have been trapped
crystallographically at different pH values.

yCBS PLP-L-Serine External Aldimine—The first step in the CBS-catalyzed reaction
is the replacement of the internal aldimine by the substrate, forming the external aldimine.
The structure of this complex was obtained by cocrystallization of yCBS-cc with L-serine at
pH 8.0. The electron density for this adduct is clear and was interpreted as the external
aldimine with L-serine (Figures 5A,B and S2C,D). In the refined structure, the a-carbon of
the serine moiety is not planar, indicating that the next step of the reaction has not yet
occurred. A similar intermediate was trapped in dCBS but was interpreted as a carbanionic
intermediate3® based on planarity at the a-carbon of the L-serine adduct. Attempts to model
the electron density observed for the yeast adduct as a carbanion could not be refined as a
planar moiety and always reverted to a model where the a-carbon has sp® geometry. The
differences between the Drosophila structure and this one may be due to differences in pH at
which the intermediate was crystallized (pH 7.0 for dCBS vs pH 8.0 for yCBS-cc). The
pyridine ring of the cofactor is tilted away from the position of the internal aldimine by
about 11° (Figure S8) and away from the active-site lysine and toward S82. The active-site
lysine, which has been released from the cofactor, interacts with the phosphate of the PLP
moiety and forms a hydrogen bond to a water molecule that is also seen in the internal
aldimine structure (Figure 4). Although the Lys side chain points away from the
intermediate, the active configuration where Lys can carry out acid—base chemistry is readily
accessible by simple conformational rearrangement of the side chain. A water molecule is
seen in all of the structures reported here and is held in place by hydrogen bonds with one
oxygen of the phosphate, the amide oxygen of N163, and the ring nitrogen of H167. The
orientation of the amide side chain of N163 is interpreted in terms of an interaction between
the amide nitrogen and the backbone carbonyl of Q157.

yCBS PLP-Aminoacrylate Intermediate—The rate-determining step for yCBS, as it is
for hCBS and dCBS, is the conversion of the aminoacrylate intermediate to the product,
suggesting that this intermediate should be kinetically accessible. This external aldimine
intermediate between the enzyme and serine has been reported for the dCBS3¢ and
Lactobacillus plantarum enzymes.3” For yCBS, this intermediate was trapped at pH 6.5. The
electron density for this intermediate is unambiguous. The structure (Figure 5C,D) shows a
planar arrangement from the nitrogen of the pyridine ring through the carboxylate group of
the acrylate moiety. The pyridine ring of the cofactor is again tilted away from the position
of the internal aldimine, and the active-site lysine makes the same interactions as it does in
the serine adduct structure.

The remarkable feature of this intermediate is the position of the carboxylate group, which
corresponds perfectly with the position of the acetate ion in the active site of the substrate-
free enzyme. Superposition of the aminoacrylate model with that of the E-PLP-L-ser adduct
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emphasizes the nonplanarity of the serine a-carbon. The structure and conformation of E-
PLP-aa match those reported for dCBS, making the same inter-actions.36

A water molecule is positioned in the active site of the aminoacrylate intermediate, held in
place by hydrogen bonds between the side-chain OHs of S82 and Y248 and the backbone
NH of G245. The position of this water molecule coincides with the expected position of an
attacking sulfur atom in the addition reaction of homocysteine to the acrylate to form
cystathionine or the addition of H,S to form cysteine. A water molecule is also observed in
the same position in the aminoacrylate dCBS structure, indicating that it is potentially
conserved.38 This same water is observed in the yCBS internal aldimine complex structure
but not in that of native dCBS.36

Inhibition of yCBS and yCBS-cc

Two types of inhibitors were tested with the enzyme: D-cycloserine, a mechanism-based
inactivator of some PLP-dependent enzymes that can undergo a transamination reaction to
give a dead-end complex, and an inhibitor designed by the Berkowitz laboratory® that is
based on structural and mechanistic considerations of the catalyzed reaction.

To test the potential of cycloserine as an inhibitor of yCBS, the inactivator was mixed with
the protein, and the course of inactivation was followed spectrophotometrically. The
resulting complex was tested for stability using CD and ThermoFluor assays (Table S4). The
absorption spectrum does not support the formation of an adduct. However, in the presence
of 1 mM cycloserine, the full-length and catalytic-core enzymes are destabilized by 12 and
14.5 °C, respectively. Attempts to obtain a crystal structure of the complex with cycloserine
failed.

The hydrazine inhibitor was expected to give an adduct similar to that observed for BioA of
Mycobacterium tuberculosis.’? The affinity of the hydrazine inhibitor was reported to be K;
=48 + 2 1M versus homocysteine as the substrate,18 indicating that full inactivation is to be
expected. Reaction of the hydrazine inhibitor with the enzyme did not change the CD
spectra for either yCBS or yCBS-cc, indicating that the overall structures of the proteins
were not altered by interaction with the inhibitor. Destabilization of the protein has been
observed in other PLP-dependent enzyme studies using hydrazine compounds.’? In the case
of yCBS, the presence of the inhibitor destabilized both the full-length and catalytic-core
enzymes by about 6 °C. A possible explanation for the decrease in thermal stability when
the enzyme is treated with cycloserine or the hydrazine compound is that the PLP cofactor is
no longer covalently attached to the protein, thereby removing the stabilization that such a
covalent interaction can provide.

The nature of the product of the reaction between the hydrazine compound and the enzyme
was studied in two ways: the change in the absorption spectrum of the enzyme upon
incubation with the compound and the crystal structure of the adduct. The absorption
spectrum of the compound reacting with free PLP had been reported previously!® and was
used to interpret the absorption spectra of the compound reacting with yCBS and yCBS-cc.
The reaction of the compound with free PLP at pH 8.0 showed a loss of the peak at 390 nm
(free PLP) and the formation of two peaks at 305 and 329 nm, which were interpreted as the
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rearrangement of the hydrazine adduct to a hydrazone adduct (Figure 6).18 The reaction of
the compound with yCBS or yCBS-cc at pH 8.0 gave rise to peaks at 308 and 336 nm with
the disappearance of the internal aldimine peak at 412 nm. The slight differences in the new
absorption peaks compared with those for free PLP and the enzyme can be attributed to the
effect of the protein environment. The initial interpretation of these spectra was that a
hydrazone adduct had formed (Figure 6). The time course of the reaction was determined
spectroscopically at pH 8.0 and room temperature (Figure S3). Under these conditions, the
rate of the reaction was concentration-dependent, and the reaction was almost complete
within 1 h at 0.5 mM added compound. Therefore, it should be possible to capture the
expected hydrazone product in the crystal by soaking for an hour.

Structure of the Inhibited Enzyme

The structure of the hydrazine inhibitor bound to yCBS-cc yielded a surprise relative to the
expected outcome but not inconsistent with biochemical observations such as loss of color
and loss of thermal stability. The interpretation of hydrazine inhibition in vivo was based on
the expectation that the inhibitor can form an essentially irreversible dead-end complex
featuring a tightly bound PLP—-inhibitor hydrazone. The structure shows that the enzyme did
indeed turn over into a dead-end complex, but not the expected one (Figures 6 and 7). The
electron density in the active site for this structure can only be interpreted as the PMP form
of the enzyme on the basis of interactions that the PLP species makes. On the basis of the
above spectroscopic data, the expected product of the reaction between the enzyme and
inhibitor is the hydrazone, which forms within minutes but disappears with consequent
formation of PMP, rather than the initially interpreted PLP-hydrazone complex.1® Therefore,
over sufficient time, the enzyme—inhibitor adduct has followed a mechanistic path that yields
the pyridoxamine form of the cofactor bound in the active site. An attempt to capture the
putative adduct at lower pH failed. Crystals of yCBS-cc soaked with the hydrazine
compound at pH 6.5 gave the structure of the native enzyme.

There is certainly precedent for hydrazine-based inhibition of PLP enzymes, including the
clinically widely used drug for Parkinson’s disease, carbidopa, a 3’,4"-
dihydroxyphenylalanine (DOPA) decarboxylase inhibitor,”3:74 and hydrazino analogues of
y-aminobutyric acid (GABA) that are known to inhibit GABA transaminase.”® However, in
these cases, the inhibitors are thought to act by forming stable PLP-hydrazone adducts in the
active site. Indeed, for carbidopa, this enzyme-bound PLP hydrazone has been observed
crystallographically.”8 There are also a number of inhibitors of oxidase-type enzymes that
bear a hydrazine moiety.”7-81 At least in one such case, there is crystallographic evidence
for tautomerization from the hydrazone form to the azo form of the inhibitor.82 This is seen
in the active site of the enzyme bovine serum amine oxidase that utilizes a topaquinone (2”,
4’5’ -trihydroxyphenylalanine) cofactor. Interestingly, the favored azo tautomer in the bovine
enzyme appears to be the opposite of the favored hydrazone tautomer in the corresponding
E. coli amine oxidase active site. On the basis of the notion that such a hydrazone-azo
tautomerization equilibration can obtain in an enzyme active site, we illustrate in Figure 6
two pathways, both emanating from this azo tautomer (highlighted in the center of the
figure), that could give rise to the observed PMP-bound form of the cofactor here. As
pertains to pathway A, it should be noted that the generation of a nitrile via decarboxylation
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and C==N-X cleavage has been postulated for related intermediates in both enzymatic8 and
nonenzymatic systems.84 The possibility of such mechanisms, at least over extended times,
will be the subject of future studies.

CONCLUSION

The intermediates that have been trapped in the yeast CBS catalytic core in this study
provide added structures from which the mechanistic pathway of the reaction can be
described. The E-PLP-L-ser structure for yCBS-cc reported here is for the first step,
formation of the external aldimine with serine bound. Elimination of the hydroxyl from the
serine side chain to form the aminoacrylate intermediate, E-PLP-aa (Figure 2), could then
proceed through the intermediate described for dCBS and interpreted as a carbanionic
intermediate.36

We have also shown that yCBS can undergo off-pathway reactions with the appropriate
reagents. Cystathionine S-synthase does not normally go through the PLP/external
aldimine/PMP cycle and its reverse, exhibited by many other PLP-dependent enzymes.
Arguably, it only goes as far as the aminoacrylate external aldimine followed by addition of
the incoming nucleophile to the acrylate moiety. Release of product and re-formation of the
internal aldimine form of the enzyme bypasses the PMP form of the enzyme that would be
derived from hydrolysis of the external aldimine in the standard ping-pong mechanism. The
implication of the structure of a PMP enzyme when treated with hydrazine inhibitor is that
the reverse reaction to release the hydrazine adduct and re-form the PLP form of the enzyme
is slow and that, given time, alternative pathways are possible, including tautomerization and
subsequent inhibitor—cofactor fragmentation, leading to the inactive PMP form of the
enzyme. Although many PLP-dependent enzymes are highly specific for a particular type of
reaction, they are known to undergo side reactions. For instance, alanine racemase can
undergo a transamination half-reaction when exposed to cycloserine.85 The observation of
off-pathway chemistry opens up new possibilities for inhibitor design and modification in
the quest to develop potent and effective small-molecule inhibitors of CBS with potential
applications in the protection against neuronal damage pursuant to ischemic stroke.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
CBS cystathionine B-synthase
PLP pyridoxal 5”-phosphate
PMP pyridoxamine 5’-phosphate
yCBS cystathionine g-synthase from Saccharomyces cerevisiae
yCBS-cc catalytic core of cystathionine B-synthase from Saccharomyces

cerevisiae consisting of residues 1-353 and an N-terminal Hisg tag

hCBS cystathionine S-synthase from Homo sapiens
dCBS cystathionine g-synthase from Drosophila melanogaster
DOPA 3’,4’-dihydroxyphenylalanine
GABA ~y-aminobutyric acid
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Figure 1.

Reactions catalyzed by CBS.8 (A) Canonical reaction of CBS. (B) CBS reactions that

generate or utilize H,S.
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Figure2.
Proposed enzymatic mechanism for the yCBS reaction with absorption maxima.2® Possible

quinonoid intermediates between E-serine (E-PLP-L-ser) and E-aminoacrylate (E-PLP-aa) or
between E-aminoacrylate and E-cystathionine are not shown. The growing consensus among
those working on fold-type-11 PLP-dependent enzymes is that the ring nitrogen does not
undergo protonation during the catalytic cycle in these enzymes.2> However, at pH 6.5 the
expectation is that the ring nitrogen is protonated as shown.
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Figure 3.
The yCBS catalytic core (residues 1-353) is a head-to-tail homodimer. One monomer is

colored light blue, and the other monomer is colored according to secondary structure, in
which a-helices are red, g-strands are cyan, and loop regions are green. PLP and the
covalently linked K53 are shown in ball-and-stick with carbon atoms colored yellow.
Asterisks and magenta-colored ribbons indicate locations of sequence insertions of yCBS
residues (residues 74, 181-185, and 304-306; Figure S1) relative to the hCBS and dCBS
protein sequences. There is one c/s-proline in the structure, at Q229-P230, which forms a
tight turn between a strand and the following short a-helix. All of the structures reported
here show this same cis-proline configuration. A comparison of the overall structures of all
of the yCBS-cc structures reported here is shown in Figure S5. No major rearrangements are
observed.
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Figure 4.
The yCBS catalytic core active site. (A) PLP is held in the active site as an internal aldimine

formed by a Schiff base linkage with K53. The Fyps — Fealc €lectron density contoured at 3o
from a simulated annealing omit map is shown in green. An acetate ion has been modeled
into the active site and is held in place by interactions with residues 81-84. The carboxylate
groups of the E-PLP-L-ser and E-PLP-aa intermediates are similarly coordinated (Figure 5).
Atoms are colored according to element as follows: gray, carbon; blue, nitrogen; red,
oxygen; orange, phosphorus. The carbon atoms of PLP and acetate are colored yellow. (B)
Schematic diagram of the yCBS-cc active site. Hydrogens are shown for side-chain and
backbone amide groups only because their locations can be defined chemically, whereas
those of side-chain hydroxyl groups, especially those involved in hydrogen bonds, cannot.
Distances for key interactions between atoms are reported in Table S2.
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Figureb.
yCBS-cc active site intermediates. (A) The PLP—L-serine intermediate active site at pH 8.0.

K53 is shifted away from PLP, and the pyridine ring is tilted away from its position in the
apoenzyme by about 11° (Figure S8). The Fops — Fealc €lectron density contoured in green at
3o from a simulated annealing omit map supports the external aldimine intermediate
modeled into the active site. (B) The hydroxyl group of S82 is within hydrogen-bonding
distance of the 5-OH leaving group of the L-serine intermediate. The carboxylate group of
the intermediate makes similar interactions as the acetate noted in the internal aldimine
yCBS-cc active site (Figure 4). (C) The PLP-L-aminoacrylate intermediate active site at pH
6.5. K53 is shifted away from PLP. The carboxylate group of the intermediate makes similar
interactions as the acetate noted in the internal aldimine yCBS-cc active site (Figure 4). (D)
A water in the active site indicates the expected position of the attacking sulfur on the
substrate. This water is also noted in the internal aldimine active site (Figure 4) but is absent
in the E-PLP-L-ser intermediate active site in (A), where it is displaced by the 5-OH group
of the serine moiety, and in the PMP complex active site (Figure 7), where lower-resolution
electron density does not support placing it there. Atoms are colored according to element as
follows: cyan or green, carbon; blue, nitrogen; red, oxygen; orange, phosphorus. The carbon
atoms of PLP are colored yellow.
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Potential mechanisms for tautomerization and subsequent fragmentation of the PLP
hydrazone expected to form from the designed hydrazine inhibitor and the internal aldimine
form of the CBS enzyme. The crystallographically observed reduced form of the cofactor
(PMP), under redox-neutral conditions, suggests that the initial PLP hydrazone may
tautomerize to the azo form, which itself could undergo N-N cleavage following a second
tautomerization and decarboxylation (pathway A) or via hydration and disproportionation
(pathway B), at least at sufficient levels to result in significant active-site occupancy by the
PMP form of the cofactor. Although the pyridine nitrogen appears as protonated in this
figure, there is some question about its state of protonation (Figure 2).
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Figure7.

PMP active site at pH 8.0. (A) Active site of yCBS-cc after soaking with hydrazine. Fyps —
Fealc electron density contoured at 3o from a simulated annealing omit map is shown in
green. K53 is shifted away from PMP. Acetate does not appear to be present in this active
site; a water molecule is bound instead (WA). (B) K53 is shifted away from its internal
aldimine position and interacts with a water molecule that is held in place by surrounding
residues. This latter water is also present in the other active-site structures reported here
(Figures 4 and 5) and interacts with K53 in all of the external aldimine intermediate
structures (Figure 5). Atoms are colored according to element as follows: magenta, carbon;
blue, nitrogen; red, oxygen; orange, phosphorus. The carbon atoms of PLP are colored
yellow.
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