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ABSTRACT: The first dual-function assay for human serine _ PCNMR Analysis
racemase (hSR), the only bona fide racemase in human biology, is
reported. The hSR racemization function is essential for neuronal
signaling, as the product, D-serine (D-Ser), is a potent N-methyl -
aspartate (NMDA) coagonist, important for learning and memory,
with dysfunctional D-Ser-signaling being observed in some
neuronal disorders. The second hSR function is f-elimination
and gives pyruvate; this activity is elevated in colorectal cancer.
This new NMR-based assay allows one to monitor both a-proton-
exchange chemistry and f-elimination using only the native L-Ser
substrate and hSR and is the most sensitive such assay. The assay
judiciously employs segregated dual '*C-labeling and "“C/*H
crosstalk, exploiting both the splitting and shielding effects of
deuterium. The assay is deployed to screen a 1020-compound library and identifies an indolo-chroman-2,4-dione inhibitor family
that displays allosteric site binding behavior (noncompetitive inhibition vs L-Ser substrate; competitive inhibition vs adenosine §’-
triphosphate (ATP)). This assay also reveals important mechanistic information for hSR; namely, that H/D exchange is ~13-fold
faster than racemization, implying that K56 protonates the carbanionic intermediate on the si-face much faster than does S84 on the
re-face. Moreover, the *C NMR peak pattern seen is suggestive of internal return, pointing to K56 as the likely enamine-protonating
residue for f-elimination. The *C/*H-isotopic crosstalk assay has also been applied to the enzyme tryptophan synthase and reveals a
dramatically different partition ratio in this active site (f-replacement: si-face protonation ~6:1 vs f-elimination: si-face protonation
~1:3.6 for hSR), highlighting the value of this approach for fingerprinting the pyridoxal phosphate (PLP) enzyme mechanism.

B INTRODUCTION although L-glutamate is the primary agonist for the NMDAR, it
has now been established that p-Ser is the most potent
NMDAR coagonist, binding to the receptor at the “glycine
site” approximately 2 orders of magnitude more potently than
glycine itself. Both structural studies of the Gly-NMDAR and
p-Ser NMDAR complexes'” and “patch-clamp”-type experi-
ments'® support this conclusion, underscoring the importance
of careful regulation of the p-Ser concentration.

Proper homeostatic control of p-Ser levels is essential for
long-term potentiation (LTP)"* associated with learning and
memory."> Conversely, a myriad of neurobiological disorders

Pyridoxal phosphate (PLP)-dependent enzymes constitute a
critical component of the human proteome' being responsible
for some 4% of all EC-catalogued catalytic activities” and are
the targets for important therapeutics from ornithine
decarboxylase (difluoromethylornithine (DFMO); African
sleeping sickness)® to 3,4-dihydroxyphenylalanine (DOPA)
decarboxylase (carbidopa; Parkinsonism)® to 4-aminobuta-
noate (GABA) transaminase (vigabatrin, epilepsy, and drug
addiction)® to ornithine aminotransferase (hepatic carcino-
ma),6 and continue to emerge as potential new targets in
bacterial,” parasitic,8 and mammalian’ systems. All this said,
PLP-dependent, human serine racemase (hSR) is the first bona Received: November 30, 2022
fide amino acid racemase to be identified in human biology"’ Published: January 25, 2023
and is the source of p-serine (D-Ser), a potent coagonist of the

N-methyl D-aspartate receptor (NMDAR) and a critical

component of both normal and dysfunctional neuronal

signaling."' The hSR protein converts 1-Ser to p-Ser, and
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Figure 1. Biological relevance of hSR. (A) p-Ser serves as a coagonist of the NMDAR. (B) SR (—/—) mice exhibit reduced neuronal infarction in
an MCAO-model for ischemic stroke (adapted with permission from ref 17, copyright 2010 Society for Neuroscience). (C) hSR-derived pyruvate
leads to increased acetyl-CoA and resultant phosphohistone H3 acetylation. (D) Tumor lesions show higher levels of SRR EV and acetylated
histone H3 than in sgSRR. (E) Higher acetyl-CoA levels also result from increased metabolism via the Krebs cycle. (F) MitoTracker Deep Red
stains the mitochondrial mass of EV and SRR-KO. DLD-1 cells show less mitochondrial mass than is seen in SRR-KO. This is restored after
incubation with pyruvate or acetate (figures in panels (D) and (F) are adapted with permission from ref 28, copyright 2020 Springer Nature).
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Figure 2. hSR mechanism and bifurcated aminooxyacetic acid (AOAA) quench. (A) Schematic view of the hSR mechanism; following
transaldimination, a-deprotonation leads to a presumed carbanionic intermediate that bifurcates into f-elimination and racemization pathways.
AOAA is added with the dual purpose of quenching the hSR reaction (B) and derivatizing the f-elimination product (C). Note that the AOAA
molecule is ideally tailored for the hSR active site, as the AOAA-carboxylate presumably interacts with R135 while its hydroxylamine moiety

engages the aldimine carbon of the PLP cofactor in a stable oxime linkage in the resting state of the enzyme as well as in aldimine intermediates
along the reaction coordinate as illustrated here.
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have been associated with hSR dysfunction. For example, hSR
hypofunction correlates with schizophrenia and with a reduced
expression of the cyclic adenosine monophosphate (cAMP)-
response-element-binding protein (CREB) (Figure 1A).'° On
the other hand, high levels of hSR and p-Ser may be excitotoxic
and may lead to neuronal infarction in ischemic stroke.
Consistent with this hypothesis, provocative model work from
Dore, Snyder, Coyle, and co-workers showed a reduced infarct
volume of SR-knock-out mice in a middle cerebral arterial
occlusion model for ischemic stroke (Figure 1B).'” More
recently, the Coyle lab provided compelling evidence that
neurotoxic astrocytes associated with Alzheimer’s disease
overexpress SR,'® consistent with earlier observations of
Mori'® and Panizzutti.”® These findings align with emerging
reports of the role of hSR in neuronal disorders including
amyotrophic lateral sclerosis (ALS),”' neuropathic pain,®

chronic social defeat stress,”’ post-traumatic stress (PTSD)
syndrome,”* and traumatic brain injury.”® As hSR is the sole
source of D-Ser in human neurobiology, there is clearly a need
for better tools to study this enzyme and for inhibitors/
activators to modulate its activity as tools for chemical biology.

Interestingly, hSR catalyzes the f-elimination of L-Ser to
pyruvate even more effectively than it racemizes L-Ser to D-Ser
(k,./ K, (B-elim):k /K, (rac) ~ 4:1)."°%*° While the related
P-elimination function of D-Ser to pyruvate has been
implicated in regulating D-Ser levels,”” noteworthy recent
work from Morii and co-workers indicates oncogene-like
behavior of hSR in colorectal cancer. These workers have
shown that elevated acetyl-SCoA emanating from hSR-derived
pyruvate both fuels elevated metabolism through the
tricarboxylic acid (TCA) cycle and leads to histone H3
acetylation at lysine 27, preventing apoptosis (Figure 1C—F).*
Indeed, transcription regulation associated with the acetylation
state at the H3K27 locus has been linked to colorectal
cancer.”” Perhaps related to these observations, a recent report
identifies serine racemase as a possible oncogene in
endometrial cancer.”

We report here the first direct dual-function assay providing
kinetic information that relates to both biologically relevant
hSR functions and the deployment of this new NMR-based
assay to screen for inhibitors of hSR. These studies provide an
important fundamental tool development step in the quest for
effective modulators of this important enzyme. There is
currently great interest in finding inhibitors of hSR as tools for
chemical biology’' to probe the roles of hSR in p-Ser
regulation/homeostasis and to understand how hSR dysfunc-
tion contributes to the etiology of neurodegenerative disease
and neoplasia. The quest for function-based inhibitors of PLP-
enzymes”®** also aligns well with a long-standing program in
this research group that includes their effective deployment as
chemical biological tools.”

Mechanistically, hSR follows the prototypical PLP enzyme
trajectory (see Figure 2A for a schematic representation) with
the resting state of the enzyme being an internal aldimine
whereby the active site lysine, K56, holds the PLP cofactor in
an internal aldimine linkage. The substrate, L-serine, displaces
KS6 in a transaldimination reaction to give the external
aldimine. As is depicted in Figure 2A, K56 a-deprotonates this
species leading to a presumptive carbanionic intermediate.””
Protonation on the re-face by S84 leads to p-Ser. We proposed
that the pK, of the serine-84 residue is lowered through a H-
bond network to K114,%° based upon an analogy with the Ser-
cis-Ser-Lys triad seen in structures of the signature amidase
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enzyme family (see animation in the Supporting Information
(SI)). On the other hand, protonation of the f-hydroxy group
and p-elimination gives a bound enamine that after
protonation, transaldimination, and imine hydrolysis yields a
molecule of pyruvate and a molecule of ammonia. In this way,
the dual functions of the hSR enzyme pass through a common
putative carbanionic intermediate.

That said, to our knowledge, there has not yet been reported
a dual-function assay for SR. Moreover, a survey of the
literature indicates that all SR activity assays reported
heretofore involve either the installation of a chromophore in
the enzymatic product or the coupling of SR activity to that of
one or two additional reporting enzymes. The most widely
employed assays for SR monitor the S-elimination of either L-
serine or, more commonly, of the faster unnatural substrate, L-
serine-O-sulfate (L-SOS). In these assays, the pyruvate product
is detected by reduction to L-lactate by lactate dehydrogenase
(LDH) with the concomitant decrease in the absorbance at
340 nm as NADH is converted to NAD".'****"** These
assays measure exclusively [-elimination activity and take
advantage of the nicotinamide cofactor chromophore asso-
ciated with the LDH reporting enzyme.

Similarly, one racemization assay utilizes a doubly coupled
assay that combines D-amino amino oxidase (DAAO) and
peroxidase as sequential reporting enzymes, exploiting a dye
cofactor, often Amplex Red,* associated with the peroxidase
enzyme to produce a colorimetric or fluorometric output.
Alternatively, several methods to detect the racemization
function involve the covalent adduction of both L-Ser and p-
Ser to give chromophoric species that can be detected
spectroscopically. These include condensation with the chiral
Marfey reagent,'” the adducts of which are separated on
reverse phase-high-performance liquid chromatography (RP-
HPLC) or adduction with o-phthaldialdehyde (OPA)/f-
mercaptoethanol®* or fluorescein isothiocyanate (FITC),*
followed by capillary electrophoresis using a y-cyclodextrin-
based chiral matrix, and detection by UV/absorbance or laser-
induced fluorescence, respectively.

B RESULTS AND DISCUSSION

As noted, these SR assays are all single-function assays; we
disclose here the first dual-function SR assay of which we are
aware. As will be delineated, the assay relies on the strategic
use of C-labeling at both C2 and C3 of 1-Ser so that no
coupling enzyme or chromophore is needed. This assay is
performed in a 200 uL volume across a 96-well format that
then, via liquid handler technology, translates into a 96 X 3
mm?” array of NMR tubes in an autosampler rack. In this
manner, we can assay a significant number of conditions in
parallel. To ensure this level of throughput, we found it
valuable to use a fixed time point per tube. We present our
information-rich NMR-based assay that can independently
read two important activities of hSR simultaneously.
Bifurcating Quench with Aminooxyacetic Acid
(AOAA). As is illustrated in Figure 2, the new hSR assay
utilizes AOAA to produce crisp time points and provide tight
signature NMR peaks for the S-elimination product, as well as
sharp internal standards to ensure a clean quantitation of this
enzymatic function and a favorable signal/noise (S/N) ratio.
Specifically, AOAA is a well-tuned irreversible inactivator of
the hSR enzyme as it bears a carboxylate functional group
(FG) that is expected to engage the R135 residue in the active
site in a salt bridge and, in this way, deliver the hydroxylamine

https://doi.org/10.1021/jacs.2c12774
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Figure 3. f3-Testing the segregated '*C-dual label assay for hSR. (A) Isotopically enriched serine has three possible fates upon reaching the
carbanionic intermediate, si-face protonation (simple H/D exchange), re-face protonation (racemization), or f-elimination to pyruvate, which is
subsequently captured as the oxime. (B) Segregated dual "*C-labeling at C2 and C3 gives four readouts, two for each function. (C) Signal using the
known inhibitor, malonate, at various concentrations. The assay is run in standard, disposable 96-well microtiter plates (200 yL assay volume; 220
UL after quenching). The heat maps shown are designed to represent this 96-well plate format, and the numbers depict the percent inhibition for
the compound in the given well. (D) C3-position was selected for the H/D exchange readout and the C2-position was selected for the f-
elimination readout as they provide the most tightly reproducible datasets with the narrowest experimental uncertainty envelopes.
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nitrogen to the C-4'-carbon of the cofactor, thereby facilitating
rapid capture of the cofactor in an oxime linkage. The
formation of this active site-directed salt bridge between the
AOAA-carboxylate and RI13S is supported by molecular
docking (Figure 2B) and is consistent with the crystallographic
record (Protein Data Bank (pdb) 3L6B) showing that
malonate forms a similar salt bridge36 when bound to
mammalian SR. Moreover, an AOAA-PLP oxime is seen in
the active site of inactivated GABA transaminase with a similar
salt bridge to R141 there (pdb 1SFF).> This proposal is also
consistent with previous molecular modeling results from our
group on hSR suggesting that the f-carboxylate of the excellent
substrate L-threo-f-hydroxyaspartate (L-THA) engages in such
a salt bridge with R13S, positioning the L-THA both for
transaldimination and subsequent f3-elimination.*®

The AOAA not only captures the hSR-PLP by attacking and
“transaldiminating” at C-4', but it also captures the pJ-
elimination product pyruvate as an AOAA-pyruvate oxime
that can be quantitated easily (Figure 2C). Two diagnostic
B3C-signals at C2 (C=NOR) and C3(Me) of this pyruvate-
derived oxime appear in open regions of the NMR spectrum
[~156—157 and 12—16 ppm, respectively; two geometric
oxime isomers are observed with the E-(trans)-isomer
predominating as determined by nuclear Overhauser enhance-
ment spectroscopy (NOESY)—Figure S11]. The AOAA-
oxime offers additional advantages as it essentially chemically
freezes out deuterium exchange at the a-carbon (see Figure
S8) and the attendant splitting that this gives (see Figure S9
for a representation). In fact, control experiments (Figure $10)
show that pyruvate itself readily undergoes nonenzymatic a-
deuteration, particularly at higher pH values (7.5—8.5) leading
ultimately to broadening of the C3-signal and reduced S/N. To
further optimize S/N and reduce potentially artefactual
hydrogen-coupled signal enhancement, the T, delay was
optimized (8 s) and an inverse-gated pulse program was
used. The addition of excess AOAA at the quench lowers the
pH from the assay pH of 8 to 2—4, which both slows down
pyruvate deuteration (one D should be introduced in the hSR-
mediated p-elimination process in the enamine protonation
step) and favors its capture as the stable oxime. Moreover,
control experiments (Figure S6) reveal that the lower pH
sends the two triethanolamine (TEA) carbon peaks upfield and
sharpens them, allowing these peaks to serve as internal
standards.

Dual '3C-Labeling, *C/?H-Crosstalk hSR NMR Assay.
The assay utilizes >C and *H-labels strategically in several
important ways that provide for the high S/N and specificity of
information: (1) Specifically, '*C-enrichment spotlights the
enzymatic reaction chemistry alone, against a carbon-rich
background, both in this in vitro system and potentially in
more complex systems as well. (2) Site-specific labeling
pinpoints functional group (FG)-critical loci in the educt/
product that are diagnostic for the specific chemistry being
probed. For example, for the f-elimination reaction of hSR, in
terms of the C2 and C3-labels installed, the chemistry
proceeds via FG transformations at C2 from CH(NH,)-
(CH,0H) to C=0 to C=NHOR and at C3 from CH,OD to
(C=0)CH,D to (C=NHOR)CH,D (Figure 3B); the former
signal migrates well downfield and the latter well upfield, in
parallel with the chemical transformation. (3) 'C-label
isolation, i.e., using an equimolar ratio of 13C2 and 13C3-single
labels across the substrate population, ensures that both
positions are amplified 50-fold above the background "*C noise
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and abrogates *C—"C splitting across C2 and C3, ensuring
sharp signals. Finally, both (4) *C/*H-splitting, leading to the
characteristic 1:1:1 triplet for C2 associated with Ca-
deuteration, and (S) the '*C/’H-shielding effect, leading to
upfield chemical shifts at both '*C2 (attached carbon) and
3C3 (adjacent carbon) are direct reflections of the *C—?H
crosstalk that is at the core of the assay.

P-Test of the'>C/?H-Crosstalk-Based hSR Assay. This is
an information-rich assay; the dual labeling system at C2 and
C3 enables two independent readouts for each function as can
be seen from the spectral data in Figure 3. For the Ca-proton
exchange, one sees upfield-shifted signals for *C2 (56 ppm)
and C3 (60 ppm); for p-elimination, one sees the
characteristic AOAA-oxime peaks in open spectral windows
for *C3 (12 ppm, *CH,D) and *C2 (156 ppm, *C=NOR)
(Figure 3B). To ensure that the new assay is well-behaved, we
have taken time points (AOAA quench) every S min across the
early conversion (v,) domain, and we observe linearity (see
Figure S13 and the surrounding discussion for details).

We next set out to f-test the assay as an inhibitor screen,
utilizing the best-known hSR inhibitor, malonate, across a
range of 12 concentrations from 0 to 1000 M in 8 replicates
in the 96-well plate format (Figure 3C). Each well was read in
four different ways based on the four diagnostic signals
described. The relative integrals of these characteristic peaks
from the primary NMR spectra were translated into a 96-well
plate heat map format using a Python program in a Pandas
DataFrame. All four independent signals display a color
gradient across the heat map typical of such an inhibitor
titration and report out an ICs, for malonate in the 100—200
UM range consistent with literature values (Figure
3C)***¥7°°%37 highlighting the value of the dual label format.

For the Ca-exchange function, the 13C3-signal was found to
yield data with a smaller uncertainty envelope, particularly with
the Lorentzian curve fitting to ensure baseline resolution. The
C3-deuterated serine peak gives a sharper peak than the C2-
triplet and highlights the value of reading a deuteration event
at the carbon adjacent to the locus of C—D bond formation, a
subtle but important point. At this adjacent carbon, the
shielding effect of the introduced deuterium is felt and seen at
the resolution of a 700 MHz (175 MHz for '*C) instrument,
without the signal broadening associated with C—D splitting
that is seen at the attached carbon. Only the *C3-oxime signal
shows really significant uncertainty (gives ICy, = 206 + 53
uM) of the four independent readouts, owing to the most
significant broadening due to pyruvate deuteration beyond the
initial monodeuteration in the hSR-catalyzed reaction, as has
been discussed. Interestingly, the '*C2-“quaternary” carbon
signal from the oxime was the most reproducible signal for the
P-elimination function, providing a clear sharp peak that
integrates well (Figure 3D).

On the Putative Carbanionic Intermediate in hSR. By
the classical Dunathan hypothesis, alignment of the Ca—H
bond with the extended z-system of the cofactor in the external
aldimine complex should weaken this bond in the hSR active
site and allow for si-face deprotonation by the K56 active site
base. This ordinarily gives a fully delocalized “quinonoid”
intermediate in active sites for which an Asp or Glu residue
protonates the PLP-pyridine nitrogen as is commonly seen in
fold-type I PLP enzymes. However, hSR is in the fold-type II
family of PLP enzymes in which a Ser-residue is typically
juxtaposed with the PLP-ring nitrogen, likely forming only a
weak H-bond,*® disfavoring full delocalization of the electron
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seen reflect proton transfer chemistry.

density in the carbanionic intermediate. Toney and co-workers
pointed out early on that there might well be PLP enzymes
that generate carbanionic intermediates that are not fully
delocalized.” As pertains to the studies reported herein, this
work suggests that fold-type II PLP enzymes that perform fS-
elimination or replacement chemistry on L-Ser, such as the title
enzyme, hSR and tryptophan synthase (TS), cystathionine f-
synthase (CBS), tyrosine phenol lyase, or tryptophanase might
proceed via a less delocalized, carbanionic intermediate.
Consistent with this thinking, such a more localized
carbanionic intermediate has been observed for CBS by
Banerjee, Smith, and co-workers crystallographically at higher
pH”" and for TS in elegant solid-state NMR crystallography
experiments by Mueller, Caulkins, and co-workers.*” On the
basis of these observations and the similarities of these
enzymes to hSR (see Figure S16 and the surrounding
discussion of these carbanionic intermediates), one might
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expect that such a localized carbanionic intermediate obtains in
the hSR active site. The data provided here are consistent with
the reversible formation of such an intermediate (Figure 4) in
the hSR active site.

Tripartite Partitioning of the Putative Carbanionic
Intermediate-Mechanistic Insight from the Rapid H/D-
Exchange Seen. During preliminary experimental runs with

e ®C/*H NMR assay for hSR, it became evident that the
rate of a-deuteration observed far exceeded what one would
expect based upon the typical 4:1 ratio for f-elimination to
racemization observed by us and others for this enzyme.”®*’
The observed ratio by NMR appeared to be almost 4:1 in the
opposite direction strongly suggesting that we might be
observing a previously unseen a-proton-exchange reaction
leading to a-deuterated L-Ser, a reaction that would have gone
undetected with all previously reported assays for this
important enzyme.
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Figure S. Dual label *C—D crosstalk-based hSR assay provides mechanistic insight for the fS-elimination reaction. The '*C-signatures seen in the
NMR assay for the '*C3 methyl of the AOAA-oxime of the pyruvate f-elimination product (lower left-hand corner; major geometric isomer)
include an upfield triplet (1:1:1; 11.7 ppm) and a downfield singlet (11.9 ppm), consistent with the formation of ~80% —0,C(C=0)CH,D (t)
and ~20% —0,C(C=0)CHj; (s), featuring the characteristic shift perturbation and multiplicity associated with a-deuteration. The mechanism for
P-elimination shown is aligned with these observations and utilizes KS6 for (i) si-face deprotonation; (ii) f-OH leaving group protonation; and (iii)
enamine protonation, consistent with the “minimum base number rule” of Hanson and Rose. Assuming a complete exchange of K56 with the D,0
solvent and a primary kinetic isotope effect (KIE) of 3—7 for H+-transfer over D+-transfer from the —ND,H group, one arrives at a prediction of
~20—25% internal return of the a-proton of L-Ser to the C3-position of the pyruvate f-elimination product. [Note: for clarity, the a-proton of L-Ser
is painted red in the scheme so that the internal return pathway (~20%) and its wash-out pathway (~80%) can be easily followed].

To probe this carefully, we next set out to compare the rate
of H/D exchange being observed experimentally directly with
the rate of L-Ser — D-Ser racemization in the same sample.
This experiment was run in triplicate under standard
conditions [30 mM L-Ser (segregated '*C-labeling at C2 and
C3; 50% enrichment each), 2.5 mM adenosine S'-triphosphate
(ATP), 5 mM MgCl,, 150 mM KCl, 200 mM TEA buffer, pH
8, 10% dimethyl sulfoxide (DMSO)—400 uL total volume].
After addition of hSR (~27 mU—L-Ser fS-elim. units), the
enzymatic reaction was run for 30 min, then split into two
equal portions; one portion was subjected to the usual AOAA
quench and the other to a thermal quench (S min, 70 °C water
bath). The AOAA quenched portion was analyzed by C
NMR at 175 MHz (700 MHz instrument), whereas the
thermally quenched portion was filtered and then subjected to
derivatization with the Marfey reagent/RP-HPLC, as described
in detail in SI Figure S depicts the results of these parallel *C
NMR/Marfey derivatization runs. Detailed analysis shows that
74 + 0.8% of the deuterated serine is L-Ser, whereas only 5.7 +
0.6% is D-Ser, revealing that the putative carbanionic
intermediate passages ~13-fold faster in the direction of L-
Ser (simple H/D exchange) than in the direction of p-Ser
(racemization). The remaining hSR chemistry consists of 20 +
3.4% p-elimination. These results provide the first measure of
the tripartite partitioning of the putative carbanionic
intermediate, yielding a ratio of 1:3.6:12.8 for racemization/
P-elimination/internal si-face reprotonation, assuming that
chemistry emanating from the putative carbanionic inter-
mediate is fully rate-limiting (Figure 4B,D).

Putting these results in context with the literature, it is
worthy to note that Nitoker and Major had previously
endeavored to theoretically probe the mechanism of hSR
using a multiscale modeling approach.”’ To obtain a free
energy profile for the hSR reaction, a hybrid quantum
mechanics/molecular mechanics (QM/MM) molecular dy-
namics simulation was run with umbrella sampling. The
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authors arrive at a prediction that, indeed, si-face protonation
(KS6) of the hSR-derived carbanionic intermediate would be
favored over re-face protonation (S84) by 1.9—2.9 kcal/mol for
the CM and QM estimates, respectively. The current
experimental data support and build upon this calculation,
demonstrating for the first time that, indeed, for L-Ser, si-face
deprotonation/reprotonation is in rapid equilibrium with
respect to racemization for hSR. This is almost certainly a
testament to the greater efficiency with which the active site
KS6 si-face base protonates the putative carbanionic
intermediate in comparison to the S84 re-face base. Perhaps
most importantly, the rapid si-face reprotonation chemistry
seen here constitutes the most sensitive measure of active site
chemistry for human serine racemase yet observed with the
native substrate, L-serine. One might view the newly uncovered
H/D exchange activity as a pseudoracemization half-reaction,
and effectors that inhibit this activity will almost certainly
inhibit racemization, as well, suggesting that this is an excellent
activity window to probe in a screen, as is demonstrated
herein.

Probing Internal Return in the -Elimination Pathway
for hSR. As noted at the outset, in addition to generating the
important neuronal signaling molecule, D-serine, via its
racemization function, hSR also generates pyruvate via its
second, f-elimination function, and this activity is especially
pronounced in colorectal cancer.”® In addition to the si-/re-
face H/D exchange activity discussed above, this segregated
3C-dual labeling assay also gives rise to two diagnostic signals
for -elimination in the *C-2 C=NOR and the *C3 methyl
peaks (Figure 3).

When the assay was run diagnostically, under standard
conditions as just described, ~20% f-elimination was seen,
giving a 3.6:1 rate ratio for f-elimination to racemization,
similar to what has been seen both in our own experience and
in other laboratories using the steady-state kinetic analysis.

https://doi.org/10.1021/jacs.2c12774
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However, by providing for C/?H crosstalk, this assay
provides a level of mechanistic information not attainable
from previously available assays, also as regards this f-
elimination pathway. Specifically, as is shown schematically
in Figure S, for the J-elimination of L-Ser by hSR, the
mechanism is expected to begin from L-Ser a-deprotonation at
the si-face by K56-ND, to give the common carbanionic
intermediate. Then, presumably the #-OH leaving group must
be protonated, and parsimony would argue for the K56-ND,H
+ group to fulfill this function by pivoting modestly across the
si-face. The probability for H+ transfer over D+ transfer to the
leaving water molecule is estimated to be ~78% (3.5:1),
assuming a primary kinetic isotope effect ky/kp ~ 7:1 (classical
harmonic oscillator approximation value for a rate-limiting
primary H/D KIE) in favor of hydrogen and a statistical
preference of 1:2 in favor of deuterium.

This leaves 22% of a KS6-ND,H+ species (lower pathway;
loss of D,0) and 78% of a KS6-ND5+ species (upper pathway,
loss of HOD) available for the third and final role of the si-face
base; namely, protonation of the extended enamine-like
intermediate. From this 22% of the KS6-ND,H+ species that
still retains the original *C2-a-proton (H+, lower pathway),
there is now a 78% probability of internally returning that
proton to *C3 of the pyruvate formed. This corresponds to an
~17% probability (0.22 X 0.78 = 0.17) of internal H-return
(and an ~83% probability of D-introduction). Note that if one
assumes a KIE of ~5:1 for protonation from the K56-ND,H+
group, one obtains an estimate of 21% internal return, and if
one assumes a KIE of ~3:1, then one would predict a 24%
internal return. Note that in the “C—?H crosstalk NMR
experiment, we reproducibly see a pattern of ~20—25% *CH,
(downfield singlet) and 75—80% CH,D (upfield 1:1:1 triplet)
at the methyl group of the pyruvate-AOAA oxime (lower left-
hand corner, Figure 5), consistent with the mechanism
delineated in detail in Figure S.

The mechanism just described for hSR-catalyzed f-
elimination from L-Ser ascribes three roles to K56 along the
si-face: (i) a-deprotonation, (ii) f-OH protonation, and (iii)
extended enamine protonation to give the pyruvate methyl
group. While additional experiments are surely warranted to
test this proposed mechanism, this postulate is not only
consistent with the ¥C/*H crosstalk signatures seen here, but
this mechanism would also appear to follow the “miminal base
number rule” articulated by Hanson and Rose™ in putting
forward principles of maximum parsimony in the evolution of
catalytic efficiency for enzyme catalysis.

This pattern has been noted by others in f-elimination
reactions, for example, by Cane for the polyketide synthase f-
dehydratase mechanism wherein a catalytic base (His) is
postulated to perform both the a-deprotonation and S-LG
protonation functions.*’ This postulate is also consistent with a
recent elegant ssNMR study by Mueller, Caulkins, and co-
workers in which good evidence was provided for TS, the
active site-Lys protonates, the f-LG of serine, as well.*** In
terms of the facial selectivity of PLP-enzyme-dependent f-
elimination reactions, both tyrosine phenol lyase** and
tryptophanase®” are known to catalyze f-elimination from L-
Ser with protonation from the same face of the putative
extended enamine intermediate from which the OH Ileft,
consistent with the single base mechanism presented here.

hSR Inhibitor Candidate Screening. Given the im-
portant biological activities of hSR, there has been great
interest in developing inhibitors.”"*”**® There are only two
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medium to high throughput assays for hSR binding yet
reported, to our knowledge. Toney, Kurth, and co-workers
used a one bead-one compound approach to screen >10,000
bead-bound peptides, identifying pseudotripeptidic inhibitor-
s>7* And recently, Bax and co-workers used an X-ray
crystallographic soaking screen of 600 XChem fragments at
150 mM in 30% DMSO to identify a half-dozen fragments that
bind in an array of pockets, including two that bind at the
dimer interface with mM ICj, values.”** Two fragments, x0482
and x0458, display IC, values of 5.1 + 0.8 and 10.6 + 1.4 uM
and bind at a pocket flanking the ATP-binding pocket and the
dimer interface (see Table S3 for a full accounting of the Bax
results). From the wide range of activity-based screening
efforts in the literature, the most potent inhibitors yet
identified include malonate (K, ~ 20—120 uM),>** dichlor-
omalonate (K; ~ 20 #M),*” and r-erythro-fB-hydroxyaspartate
(L-EHA; K, ~ 30 uM).

There is clearly a need for new types of lead compounds for
hSR inhibition. To this end, we report here on the application
of the new *C—?H-isotopic crosstalk to the screening of a
structurally diverse library of 1020 inhibitor candidates with
the aim of exploring the efficacy and dynamic range of the
assay and identifying new inhibitors for this enzyme. Library
design was motivated by a desire to achieve structural
diversity"® with an eye toward natural productlike scaffolds,*
including heterocycles such as quinazoline, indole, benzopyr-
an,”® chromane,”’ benzimidazole, and pyrimidine. An addi-
tional consideration was given to systems that might be
assembled in a modular fashion by diversity-oriented synthesis
(DOS)** (see the SI for the complete library profile).

Several Disparate Chemotypes for hSR Inhibition
Emerge. In the event, the 1020-compound library screen led
to several distinct chemotypes for further exploration, as will be
discussed sequentially here. We spiked plate I intentionally
with a couple of potential malonate analogues; namely,
phosphonoacetate 1 (I-C0S) and diethyl phosphonate acetate
2 (I-E08), each run at a high concentration (100 mM), into
their respective wells. IC, plots for both H/D exchange and -
elimination 1 and 2 conveniently served as positive controls.
This gave us the opportunity to establish our protocol for
generating the heat map readouts (Figure S18B) and to exploit
the assay to simultaneously generate ICs, plots. (Note: all ICq,
graphs are plotted in the semilog format after fitting the data to
a four-component Hill-type dose—response curve.””) These
compounds displayed only weak affinity for hSR with
phosphonacetate 1 giving IC;o(H/D-exchange) = 89 =+ 35
uM and ICsy(f-elimination) = 39 + 2 mM (Figure S18A).
Diethyl phosphonoacetate 2 showed slightly better numbers,
coming in at IC4(H/D-exchange) = 95 + 10 and IC,y(f-
elimination) = 96 + 19 mM (Figure S18C).

Biginelli Adduct. During the preliminary screening, 3 (II-
C03) otherwise denoted here as a Biginelli adduct™® showed
significant precipitation at the 1 mM concentration (10% (v/v)
DMSO) generally used for screening (see Figure S19A). To
address this problem, compound 3 was re-examined at a
saturating concentration of 30% (v/v) DMSO. This allowed
for increased solubility and at these saturating conditions
(~8.4 mM) showed ~50% inhibition. Because of solubility
limitations, the inhibition data for 3 were plotted in the bar
graph form (Figure S19B) and are consistent with an ICq,
between S and 10 mM for both reactions; H/D-exchange (red
bars) and f-elimination (blue bars).
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5-(Aryl)Furfuryl Aminotetrazole Chemotype. As was
noted earlier, a number of carboxylate surrogates were
included in the library, and among these, a series of 5-
(aryl)furfuryl aminotetrazoles, varying only in the substitution
in the arene ring, were distributed across plate III and quite a
few showed evidence of inhibiting hSR in the screen (Figure
S20B,D). The most prominent among these was III-FOS (4)
showing ~70% (several runs, see S20D) inhibition@1 mM for
the H/D exchange and f-elimination reactions (Figure S20B).
Interestingly, entry III-G12 (S5) featuring a very similar
structure but differing only in the positioning of the two
aromatic chlorine substituents (3',5'- vs 2/,4’-) showed almost
no inhibition in the screen at 1 mM. Interestingly, as is
reflected in the bar graph in Figure S20D, across the range of
5-(aryl)furfuryl aminotetrazole family members on plate III,
there is quite a structure—activity relationship (SAR) seen in
this family. Holding the furfuryl and aminotetrazole moieties
fixed (painted red and green in Figure 8) and varying only the
substituents’ phenyl ring (painted blue), one sees inhibition
ranging from 10 to 67% inhibition at the 1 mM screening
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concentration, depending on the precise constellation of
substituents.

Indolo-chroman-2,4-dione Chemotype. The most
interesting “hit” in the library turned out to be N-phenyl
indolo-chroman-2,4-dione 6 (IV-F10) showing ~76% inhib-
ition for the H/D-exchange reaction and nearly complete
inhibition for the f-elimination reaction at 1 mM (Figure 6A).
A complete titration using the new '*C/*H-isotopic crosstalk
assay gave IC;o(H/D-exchange) = 23 + S uM for H/D
exchange and ICy(f-elimination) = 25 + 13 uM (Figure 6B).
This result was quite promising as this is comparable to the
most potent hSR inhibitors yet described (see the tabular
collection in the SI), as has been discussed. This observation
spurred us on to build out some initial SAR around this
structure, as will be described below. Figure 7 provides an
overview of the best inhibitors found through this screen/hit
elaboration approach, as is described in more detail below.

“Hit Chemotype” Elaboration-Modular Syntheses.
The three most interesting chemotypes identified in the
1020-compound screen represent readily diversifiable scaffolds
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Figure 7. hSR inhibition profile of the best chemotypes. Library
screening and follow-on synthesis yielded the above results. Both the
S-(aryl)furfuryl aminotetrazole and indolo-chroman-2,4-dione chemo-
types display noncompetitive inhibition (see the SI for a complete set
of steady-state kinetic data).

as these are constructed through modular syntheses that allow
for structural variation across two to three domains of the
target by a judicious choice of synthetic building blocks.
Compound 3, though only a modest binder, is the product of a
Biginelli condensation, a “multicomponent” reaction in which
thiourea, a f-keto ester, and an aryl aldehyde are condensed in
a one-pot procedure, leading to the product via sequential

imine formation, Mannich condensation, and nucleophilic ring
closure, as is illustrated schematically in Figure 8.

As noted above, by far the most interesting chemotype to
emerge from this screen was the indolo-chroman-2,4-dione
family. The N-phenyl member of this family (6) emerged as
the most interesting “hit” in the 1020-compound library
screen, and this compound could be synthesized de novo in
larger quantities for kinetics studies through Cu-mediated N-
arylation to introduce the N-Ph group, followed by aldol
condensation with 4-hydroxycoumarin and in situ thermal
dehydration to give 6. This promising lead scaffold also proved
to be amenable to SAR studies. Accordingly, the indole N—H
in indole-3-carboxaldehyde was deprotonated and alkylated
(BnBr, i-BuBr, Mel), followed by the aldol/dehydration
chemistry with 4-hydroxycoumarin, as before, to smoothly
generate the N-benzyl (7), N-i-Bu (8), N-methyl (9),
analogues of 6 (Figure 8—see the SI for full synthetic details
and characterization).

Hit Verification by Independent Steady-State Kinetic
Analysis. Two Families of Noncompetitive hSR Inhibitors
Emerge. In assessing the results of the *C-based NMR screen,
including the information-rich, dual-function ICy, curves
(Figures S18—S20 and 6), it became clear that we had
identified a set of inhibitors with affinities for hSR across
several orders of magnitude, with two classes, in particular, the
S-(aryl)furfuryl aminotetrazoles (4 and S) and N-phenyl-
indolo-chroman-2,4-dione (6) displaying both the requisite
affinity and solubility to warrant further kinetic character-
ization. Of course, the newly synthesized N-alkyl indolo-
chroman-2,4-diones 7—9 were also well suited to such detailed
kinetic analysis. With appreciable synthetic quantities of all of
these compounds in hand, as described, we examined
compounds 4 and 5 (see Figure S21), as well as 6—9 (see
Figure S22) by complete, steady-state enzyme kinetic analysis
for the fS-elimination of L-serine-O-sulfate (L-SOS), the most
common substrate for measuring hSR activity (see the SI for
details and Figure 7 for a summary of the kinetic constants and
modes of inhibition observed).

The most exciting result from the NMR screen was N-
phenyl indolo-chroman-2,4-dione (6), which again performed

. Biginelli Aryl Furfuryl Indolo-
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Synthetic o o o H
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Figure 8. *C/*H crosstalk NMR assay for hSR inhibition—DOS-ready “hit chemotypes”. Illustration of the synthetic entry into the “hit”
compounds by a multicomponent synthesis. The compounds display characteristics that are in alignment with Lipinski’s rule of S. (Detailed

synthetic information can be found in the SI).
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Figure 9. Inhibition profile for N—H indolo-chroman-2,4-dione (10). (A) *C—?H-isotopic crosstalk NMR assay for hSR inhibition with 1-Ser (30
mM), giving ICyo(f-elimination) = 36 & 10 uM and giving ICs,(H/D exchange) = 45 + 6 uM, respectively. (B) Steady-state kinetic analysis by
coupled, UV—vis assay for f-elimination with L-Ser, giving K; = 44 + 6 uM. (C) Steady-state kinetic analysis by the coupled UV—vis assay for f3-

elimination with the L-SOS substrate, providing K; = 12 + 4 uM.

well under steady-state kinetic conditions for hSR-mediated -
SOS p-elimination giving K; = 69 + 16 uM and showing a
noncompetitive mode of inhibition (Figure $22). To examine
SAR in this family, N-alkylated systems 7—9 were tested as
well and the data obtained support a noncompetitive inhibition
mechanism for this chemotype with K values ranging from
11.5 to 92 uM (Figures 7 and S22). The K, values seemed to
generally improve with the reduction of the steric bulk on the
nitrogen center of the indole. To test this trend further, we
synthesized the simple N—H indolo-chroman-2,4-dione
compound (10) directly. We were delighted to see that this
compound was both more soluble than the N-alkyl congeners
previously studied and a more potent hSR inhibitor, showing
complete inhibition at 1 mM under C NMR assay
conditions.

Compound 10 was next subjected to complete ICg, analysis
with the new '“C—?H-isotopic crosstalk assay for hSR
inhibition, yielding ICs,(H/D-exchange) = 45 + 6 uM and
IC4(f-elimination) = 36 + 10 uM (Figure 9A). Follow-on
comprehensive steady-state kinetic analysis for hSR-mediated
f-elimination of L-Ser and L-SOS gave, respectively, K; (L-Ser
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elim) = 44 + 6 uM (Figure 9B) and K; (1-SOS elim) = 12 + 4
uM (Figure 9C). Both assays evidence clear noncompetitive
inhibition, as with all other members of this indolo-chroman-
2,4-dione family synthesized and investigated here. This
suggests that this new family of inhibitors may be binding to
the allosteric, ATP-binding site. In fact, in pioneering work,
Mozzarelli and co-workers showed that nicotinamide mono-
nucleotide, reduced form (NMNH), exhibits noncompetitive
inhibition with respect to the substrate and presumably binds
to the ATP-binding pocket of the enzyme. N—H indolo-
chroman-2,4-dione 10 displays a K; = 12 + 4 uM similar to
NMNH for which the reported K; = 18 + 7 uM.
Indolo-chroman-2,4-dione System and hSR Binding. In
support of the noncompetitive inhibition behavior seen here, a
blind-docking exercise suggests that N—H indolo-chroman-
2,4-dione (10) binds to the ATP site. It has been
demonstrated that there is a critical H-bonding network that
connects the ATP site to the active site of the enzyme.*'>>
These important residues are evident in the 6ZSP structure
(Figure 10A). The K279 and N316 are within the hydrogen
bonding range of the ribose hydroxyls. R277 hovers over the
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Figure 10. Indolo-chroman-2,4-dione 10 docks to the ATP site. (A) ATP acts in conjunction with a critical, allosteric network linking its binding to
the catalytic function at the hSR active site (pdb 6ZSP). (B) Docked structure of N—H indolo-chroman-2,4-dione (10) in the allosteric site of hSR
(docking to 6ZSP with the bound-ATP removed) suggests that the indole moiety mimics the adenine ring of ATP. Note that compound 10 bends
about the rotatable exomethylene “double bond” upon docking to the ATP site of hSR (autodock FR). (C) Resonance structure picture of
compound 10, featuring a partial single bond character about the rotatable bond.

adenine ring allowing for a favorable cation— interaction with
the guanidinium group of arginine. KS1 and Y121 anchor in
the triphosphate of the ATP.

As can be seen in Figure 10, N—H indolo-chroman-2,4-
dione 10 finds its way into the ATP site, and in so doing
evidences an apparent inherent malleability for this chemotype.
Resonance structure analysis (Figure 10C) suggests that the
exomethylene “double bond” in the chroman-2,4-dione form
should only confer a partial double bond character to the
system, as a significant contribution to the hybrid from the
oxido-coumarin resonance form is expected. Preliminary
modeling results are consistent with this notion. Thus, an
initial geometry optimization was performed on 10 using
density functional theory (DFT) methods (B3LYP; 6-31G*
basis set). To estimate the barrier to rotation around the
exomethylene z-bond, a profile scan of 24 dihedral angles
incremented every 15° was run using an expanded basis set (6-
311G(d,p)). One obtains a rotational barrier of 14.0 kcal/mol
about this bond, prompting us to set this as a rotatable bond
for the molecular docking to the hSR protein (pdp 6ZSP;*'*
ATP removed).

In fact, in the course of the molecular docking, compound
10 bends about the exomethylene bond by 70° (Figure 10B)
reproducibly docking to the allosteric site in a very similar
manner to the native ATP ligand itself (Figure 10A). Of
particular note, the indole ring in 10 appears to dock well to
the adenine pocket, retaining the favorable cation—x
interaction with R277°° seen in the ATP-hSR crystal structure.
The fact that we observe a Hill coefficient ~2 in the dose—
response curve for compound 10 in the NMR assay (Figure
9A) is indicative of a high level of cooperativity in inhibitor
binding to the native hSR dimer, consistent with its binding to
the ATP site at the dimer interface.

To test this idea further, compound 10 was competed
against ATP, under steady-state conditions with hSR, holding
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the L-Ser concentration constant at 30 mM. One sees an
inhibition pattern consistent with compound 10 competing
with ATP for the allosteric site (see Figure $24). Importantly,
this N—H indolo-chroman-2,4-dione chemotype also has a
favorable Lipinski profile, including possessing three H-bond
acceptors, one H-bond donor, clog, < 5, and a topological
polar surface area estimated to be 59.2. All in all, the
experimental observations and modeling results reported here
are quite promising and auger well for future efforts to both
build around this “hit” result.

B CONCLUSIONS AND GENERALIZABILITY

The title enzyme, human serine racemase (hSR), is the only
bona fide PLP-dependent amino acid racemase known in
human biology, converting L-Ser to D-Ser. Whereas D-amino
acids used to be considered the domain of bacterial biology, we
now know that p-Ser is a critical neuronal signaling molecule in
human biology, serving as the principal coagonist of the
NMDA receptor (NMDAR). Normal p-Ser signaling at the
NMDAR is essential for long-term potentiation (LTP)
associated with learning and memory.'”" On the other
hand, hSR hyperfunction is associated with Alzheimer’s
disease,"® ALS,”' and neuronal infarction pursuant to ischemic
stroke,” whereas hSR hypofunction correlates with schizo-
phrenia.”” Moreover, recent work indicates that the second
hSR function, namely, f-elimination of L-Ser to pyruvate, and
thence acetyl-CoA, is a hallmark of colorectal cancer, leading
to elevated metabolism and acetylation of histone H3.*"
Against the backdrop of this remarkable biology, there is
widespread interest in both developing new tools to measure
hSR activity and developing new inhibitors for the enzyme as
tools for chemical biology. The title assay does both, directly
measuring both the a-deprotonation chemistry associated with
the racemization function and the p-elimination function
associated with pyruvate formation. The assay utilizes only the
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Figure 11. “C/?H NMR crosstalk assay for Salmonella typhimurium tryptophan synthase. Experiments showing the application this isotopic
crosstalk assay to another enzyme, tryptophan synthase (TS), within the same fold-type II PLP enzyme superfamily. The assay utilizes 30 mM L-Ser
labeled equally at C2 and C3 with '*C (segregated isotopic labeling@15 mM each) and 20 mM indole in 100 mM TEA buffer, pD = 8 containing
10% DMSO, 50 mM KCL Once again, crisp time points were obtained by quenching with aminooxyacetic acid (275 mM) every S min. (A) "*C
NMR stack plot (700 MHz NMR; 175 MHz for '*C) of the '*C-enriched serine C3 peak, showing the appearance of the upfield-shifted peak
(~60.05 ppm) corresponding to L-Ser-deuteration at C2. (B) Emergence of a new peak corresponding to C3 of L-tryptophan is indicative of the f-
replacement reaction. (C) Time-point assay plot with TS using this assay. Note that the f-replacement is favored ~6-fold over carbanionic
intermediate reprotonation (H/D exchange). (D) Free energy diagram showing the “partitioning fingerprint” for the carbanionic intermediate in
TS. The coordinates of the TS carbanionic intermediate shown above (II) were imported from pdb 4HPJ. The atoms of the artificial nucleophile, o-
aminophenol, have been deleted and replaced with an OH to model the Ser substrate. The external aldimines for L-Ser (substrate) and L-Trp
(product) were modeled beginning from the coordinates of this structure as well.

native enzyme and the native substrate. There is no need to
use a coupling enzyme or to install a chromophore. The assay
is used here to screen a library of 1020 inhibitor candidates and
identifies an interesting family of indolo-chroman-2,4-diones
that bind as well as any inhibitor yet described. Kinetic analysis
(noncompetitive inhibition vs L-Ser substrate; competitive
inhibition vs ATP) and molecular docking suggest that these
compounds are hitting the interesting allosteric, ATP-binding
pocket.

Finally, this new "*C/?H isotopic crosstalk NMR assay is
expected to be broadly applicable. As a forward-looking test of
this, we have expressed, purified, and characterized another
PLP enzyme, tryptophan synthase (TS), and deployed the
assay in this active site (see the SI for full details). As is
illustrated in Figure 11, in the presence of imidazole and L-
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serine (featuring segregated C2, C3—"3C-labeling as for the
hSR assay) one obtains sharp initial rates for both the f-
replacement reaction characteristic of this enzyme and for si-
face reprotonation (deuteration here). Note the dramatically
different partition ratio in the TS active site (-replacement/si-
face protonation ~6:1) vs that seen with hSR (f-elimination/
si-face protonation ~1:3.6—see Figure 4). This difference in
internal free energy landscapes is quite striking given that hSR
and TS share important common active site characteristics and
are members of the same enzymatic superfamily [fold-type II;
Ser-residue opposite the pyridine N in the PLP binding site
(8313 in hSR; S177 in TS); aromatic residue engaged in an
edge-to-face 7—r interaction with the PLP ring (FSS in hSR;
H86 in TS)]. These results also highlight the novelty and
importance of the si-face protonation window for measuring
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hSR active site chemistry, a window not previously observed
prior to this report.

In summary, from the point of view of chemical biology, the
title assay provides a new NMR-based window through which
experimentalists can screen different activities of PLP enzymes
in parallel to aid in the important search for small-molecule
effectors. From the point of view of mechanistic enzymology,
this assay delivers a diagnostic NMR-based PLP-carbanion
“partitioning fingerprint” that reveals nuanced but distinctive
and important features of the free energy profile surrounding
this ubiquitous, yet elusive intermediate in PLP enzyme active
sites.
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