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Cyclopropane derivatives as potential human serine racemase
inhibitors: unveiling novel insights into a difficult target
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Abstract

D-Serine is the co-agonist of NMDA receptors and binds to the so-called glycine site. D-Serine is
synthesized by human serine racemase (SR). Over activation of NMDA receptors is involved in
many neurodegenerative diseases and, therefore, the inhibition of SR might represent a novel
strategy for the treatment of these pathologies. SR is a very difficult target, with only few
compounds so far identified exhibiting weak inhibitory activity. This study was aimed at the
identification of novel SR inhibitor by mimicking malonic acid, the best-known SR inhibitor,
with a cyclopropane scaffold. We developed, synthesized, and tested a series of cyclopropane
dicarboxylic acid derivatives, complementing the synthetic effort with molecular docking. We
identified few compounds that bind SR in high micromolar range with a lack of significant
correlation between experimental and predicted binding affinities. The thorough analysis of the
results can be exploited for the development of more potent SR inhibitors.
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Introduction

In the last 20 years, D-amino acids have been recognized to play
functional roles in mammals, including humans1,2, and enzymes
involved in their biosynthesis and metabolism are now emerging
as interesting drug targets3,4. Among the others, D-serine
has drawn the attention of researchers since its role as N-
methyl-D-aspartate receptor (NMDAR) co-agonist was demon-
strated5,6. In mammals, D-serine is synthesized by serine racemase
(SR), which catalyzes the conversion of L-serine into its
enantiomer7. NMDAR hyperfunction and dysregulation are
associated with neuropathologies, such as Alzheimer’s disease,
amyotrophic lateral sclerosis, and neuropathic pain. So far, only a
very small number of NMDAR modulators reached the clinical
use with associated severe adverse effects8. Therefore, SR has
emerged as new potential target for the treatment of neurological
disorders9–11. SR is a pyridoxal 50-phosphate (PLP)-dependent
enzyme, existing as a homodimer in the cytosol of mammalian
cells. It belongs to the fold type-II family of PLP-dependent
enzymes, characterized by two domains, a large one and a small
one12–14. It is mainly expressed in the forebrain regions but it can
also be found in hippocampus and other cortical regions as well as
in the peripheral nervous system7,15,16. SR has also been detected
in other tissues outside the nervous system, such as liver, kidney17

and skin18. In addition to the reversible serine racemization, SR
catalyzes the deamination of both L-serine and D-serine to

pyruvate and ammonia through an a,b-elimination reaction19.
In cells transfected with SR the pyruvate/D-serine ratio was found
to be around 4, thus indicating that the a,b-elimination reaction
might play a physiological role in the control of D-serine
concentration15. Crystal structures of eukaryotic SR were solved
from different sources, human, rat20 and Schizosaccharomyces
Pombe21,22, in holo form or in complex with the inhibitor
malonate (Figure 1). Despite the availability of structural data and
the identification of a few inhibitors23–26, the development of
specific and more potent SR inhibitors remains very challen-
ging13. While this work was in preparation, three papers aiming at
the identification of novel SR inhibitors were published. Harty
et al26. designed substrate analogues as potential inhibitors,
Vorlova et al.25 synthesized a series of malonate analogues, and
Mori et al.24 identified novel potential inhibitors of SR by in
silico ligand-based screening. All the compounds reported in
these works exhibit very low inhibitory potencies, with inhibition
constants in the high micromolar to millimolar range, with the
only exception of 2,2-dichloromalonate, characterized by a Ki of
57 lM (Figure 1)25.

Inspired by SR inhibitors based on the structure of malonate23,
we investigated the possibility of developing a new series of
potential SR inhibitors based on the cyclopropane scaffold.
The rationale for our choice was the overall similarity between cis
1,2-cyclopropanedicarboxylic acid and malonic acid. As can be
noticed in Figure 2, a three-dimensional superposition of the two
molecules shows how the cyclopropane ring allows the right
orientation of carboxylic groups to superimpose with those of
malonate. Moreover, given the apparent difficulty to identify
potent inhibitors, we reasoned that low molecular weight
compounds may increase the probability to find reasonable hits,
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which can then be further optimized without stepping away from
developability metrics such as the Lipinski rule of five27.

In the present study, also on the basis of our expertise in the
synthesis of cyclopropane derivatives28,29, we present our efforts
to develop a new series of non-covalent competitive SR inhibitors
based on the cyclopropane scaffold (Table 1), together with
synthetic routes, chemical characterization, experimental tests,
and a rational explanation for the observed results.

Methods

Synthetic chemistry

The synthesis of cis-cyclopropane dicarboxylic acid 4 and the
alkyl-ester derivatives 6 and 7 started from commercially
available 3-oxabicyclo[3.1.0]hexane-2,4-dione, which was hydro-
lyzed either in water at room temperature (4), or ethyl alcohol (6)
and isopropyl alcohol (7) at reflux, affording the title compounds
in good overall yields (Scheme 1). The hydrolysis of diethyl
(1R,2R)-cyclopropane-1,2-dicarboxylate in the presence of an
excess of potassium hydroxide, followed by acidification of the
medium with HCl 1N, led to the synthesis of the trans-1,2-
cyclopropanedicarboxylic acid 5. Finally, the synthesis of 8 was
achieved through basic hydrolysis of intermediate 1,2-diethyl-1,2-
cyclopropanedicarboxylate, obtained according to the reported
McCoy procedure30,31, reacting the corresponding methylacrylate
and the a-chloro ester. Detailed experimental procedures are
available in the Supporting information.

Biochemical assays

The six selected compounds were assayed in vitro on recombinant
human SR. The affinity of compounds was measured by
spectrofluorimetry, exploiting the fluorescence emission proper-
ties of the cofactor at 500 nm upon excitation at 412 nm using
a Spex Fluoromax-2 fluorimeter (HORIBA Jobin Yvon,
Kyoto, Japan)11. Briefly, a solution containing 2.5 lM SR,
expressed in E. coli and purified as previously described32 in
50 mM TEA buffer pH 8, 10% DMSO, was titrated by addition of
ligand at 20 �C. The dependence of the fluorescence emission
intensity of the cofactor on ligand concentration was fitted by
a binding isotherm to calculate the dissociation constant (Kd;
Table 2). For competitive inhibitors, Kd calculated with this

method is equal to Ki. The IC50 value of selected compounds was
measured by enzymatic assays. Since racemization and elimin-
ation reactions are known to share the same enzymatic active site,
it is possible to study SR activity by analyzing either reaction.
In this case, the b-eliminase activity of hSR in the presence of
selected inhibitors was measured using a coupled assay with
lactate dehydrogenase. The reaction kinetics was measured at
37 �C following the disappearance of NADH at 340 nm using a
Varian CARY400 spectrophotometer (Agilent Technologies,
Santa Clara, CA). The reaction mixture contained 0.4 lM hSR
in 50 mM TEA, pH 8, 5–10 % DMSO, and a concentration of
L-Ser equal to the KM of the enzyme in the absence of
DMSO. IC50 value was calculated, for a competitive inhibition
mechanism as

IC50 ¼
½I�

ðV0

Vj
� 1Þ

ð1Þ

Molecular modeling

Docking studies were carried out using a conformational ensem-
ble of hSR formed by five enzyme conformations. The closed
conformation is represented by crystal structure 3L6B; three
partially closed conformations, namely the half-closed, inter-
mediate, and half-open, were extracted from a Targeted MD
simulation previously performed by us33. Finally, the open hSR
conformation was built by comparative modeling using the rat SR
crystal structure in its open conformation as a template (PDB code
3HMK, model previously reported by us)33. Ligands were
prepared using LigPrep at pH 7 ± 134. The Protein Preparation
Workflow was used to add hydrogen atoms, assign bond orders,
optimize the hydrogen-bonding network and, finally, to refine the
protein structures with a maximum RMSD of tolerance of 0.3 Å35.
At first, water molecules were removed from all the enzyme
conformations. Then, 3L6B was also prepared for docking studies
retaining structural water molecules W403, W372, and W373. All
docking studies were performed with three different software:
Glide SP 6.1 from Schrödinger suite36,37, Autodock4.238, and
Plants39. For all the three software and for all the enzyme
conformations used, the binding site grid box was centred on the
centroid of the following residues: PLP, Ser84, Ser85, Arg135,
Asn154, Ser242, and Thr285 (3L6B numbering). For the docking
studies using 3L6B retaining the conserved water molecules, we
applied the same protocol reported by Vorlová et al., with the
grid centred on malonate25.

Results

The main goal of our study was the identification of a new series
of SR inhibitors based on the cyclopropane scaffold given its 3D
similarity with malonate, the most well-known serine racemase
inhibitor. We prepared and tested as potential SR inhibitors the
cyclopropane derivatives reported in Table 1. Compound 4 was
synthesized on the basis of the similarity with malonate
and compound 5, trans 1,2-cyclopropanedicarboxylic acid, was
synthesized to probe the effect of a trans-configuration of the two
carboxylate moieties, also on the basis of the mild inhibition

Figure 1. Malonate (1), 2-methylmalonate
(2), 2,2-dichloromalonate (3), 1,2-cyclopro-
panedicarboxylate (4).

Figure 2. Superposition of malonate (cyan) and cis-1,2-cyclopropanedi-
carboxylate (green).

2 C. Beato et al. J Enzyme Inhib Med Chem, Early Online: 1–8
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observed for fumaric acid23. With compounds 6 and 7, we aimed
at exploring the effect of the esterification of one of the two
carboxylate moieties, while with 8 we explored the effect of a
further functionalization of the cyclopropane ring. Finally,
compound 9 was purchased from Sigma-Aldrich (St. Louis,
MO) as a constrained analogue of cinnamic acid, previously
reported to be a fairly good inhibitor of SR23. The six compounds
were assayed in vitro on recombinant human SR. To our surprise,
all the cyclopropane derivatives resulted to be much less potent
than malonate. The most active compound was compound 4
which showed a Kd of 900 lM and an IC50 value around 3 mM
(Figure 3), while all the other derivatives had a Kd higher
than 2.5 mM.

To understand the reason behind these poor results, we decided
to investigate the interaction between the enzyme and the
cyclopropane derivatives at molecular level by computational
tools. Docking studies were carried out for the compounds 4–8 to
verify whether they could be accommodated in the SR binding
pocket. Crystal structures of SR have been recently solved20–22

and the comparison between the holo SR structures and those in
the presence of malonate revealed that the binding of the inhibitor
triggers a transition from an open to a closed conformation.
For this reason, in a previous work by us, SR conformational
flexibility was investigated, identifying a few intermediate

conformations that were included in our docking studies together
with the open and closed conformations33. As we expected from
the structural similarity with malonate, compound 4 assumed a
binding mode very similar to that of malonate in crystal structure
3L6B, in which the enzyme assumes a closed conformation,
establishing the same hydrogen bonds with Ser83, Ser84, Asn86,
Arg135, and Ser242 (Figure 4A, numbering from 3L6B crystal
structure). Docking results for compound 5, which resulted
completely inactive in the experimental assays, displayed a
different orientation of the ligand in the SR-binding site. Due to
the trans orientation of the carboxylic groups, this compound
cannot form a bi-dentate interaction with Arg135 but seems able
to establish a mono-dentate interaction with Arg135 and an
H-bond with Asn154. Nevertheless, according to the docking
results, it seemed it could be equally well accommodated in the
binding pocket (Figure 4B and Table 1). Also compound 8,
experimentally inactive, was predicted by docking to bind fairly
well to SR, with an affinity only slightly lower than malonate
(Figure 4C and Table 1). For compounds 6 and 7, the two
monoester derivatives of 4, no docking poses were found when
the closed enzyme conformation was used. These compounds
were predicted to bind to the intermediate and open enzyme
conformations, but with worse docking scores in comparison to
malonate (Figure 4D).

Scheme 1. Reagents and conditions A: (a) for
4, H2O, 2 h at reflux; for 6, EtOH, 2 h at
reflux; for 7, iPrOH, 2 h at reflux; (b) 1.KOH,
reflux, 2 h; 2.HCl 1N; (c) NaH, toluene, 0 �C
to RT, 48–72 h; (d) KOH, THF/water (1:2)
from 0 �C to 50 �C, 4 d. Yields and purifi-
cation methods are reported in the
Supplementary information.

Table 1. Compounds synthesized and tested for SR inhibitory activity.

R4 R3

R1 R2

Compound R1 R2 R3 R4 Docking Score SR Conformation Average IC50 (mM) Average KD (mM)

4 COOH COOH H H �9.037 Closed 3.3 ± 0.4 0.90 ± 0.025
5 COOH H COOH H �9.231 Closed n. a. 45.0

(±)6 COOH COOEt H H �6.266 Half-closed n. a. 45.0
(±)7 COOH COOiPr H H �5.519 Half-closed 45.0 2.5 ± 0.5

8 COOH COOH CH3 CH3 �8.661 Closed 45.0 45.0
(±)9 COOH H Ph H – – 45.0 45.0
Malonate �9.939 Closed n.a. 9.4�10�3 ± 0.4�10�3

Docking scores here reported are those obtained in the first docking run (without considering water molecules). Compound 9 was purchased at a later
stage; therefore, docking was not performed for it. Docking scores for compounds 4, 5, 8, and malonate are referred to the closed enzyme
conformation; docking scores for 6 and 7 are relative to the intermediate conformation.

DOI: 10.3109/14756366.2015.1057720 Cyclopropane derivatives as potential human serine racemase inhibitors 3
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This almost complete lack of agreement between docking and
experimental results deserved more investigation for a better
exploitation of the available crystal structures of SR on route
towards new potent inhibitors. In this respect, we drew inspiration
from the work by Vorlová et al.25 and looked for the presence of
water molecules in the crystal structures of SR which were not
considered in the first docking experiments. In particular, in their
work, they were quite successful in discerning qualitatively
between good and weak binders. They undertook a thorough
analysis of the binding site hydration using WaterMap, then
performed docking studies with Glide and finally quantum
mechanical refinement of the binding poses. The results of the
WaterMap analysis are completely in agreement with what can be
inferred just analyzing the B factors of the water molecules in the
different crystal structures. Moreover, we decided to not perform
any quantum mechanical refinement since it demonstrated to be

little informative in their work. We identified a water molecule
(W403, 3L6B crystal structure numbering for all water molecules)
that was not taken into account in our initial docking study, which
is located approximately where one of the carboxylic groups of
compound 5, the one interacting with Asn154, is accommodated
in its best docking pose. This water molecule should be
considered as a structural water because it is conserved in
almost all the available crystal structures stored in the PDB (also
in the open enzyme form, establishing H bonds with Asn154 and
the phosphate group of PLP, see Table 2). We repeated our
docking experiment in its presence, and no productive poses for
compound 5 were observed. As also pointed out by Vorlová
et al.25, the active site of SR X-ray crystal structures is indeed
filled with ordered water molecules, suggesting a possible
structural role for at least some of them. For example, W355
(3L6B numbering scheme) is present in all the crystal structures

Table 2. Available SR crystal structures: structural information and water molecules solved in the binding site.

3L6R 3L6B 3L6C - A 3L6C - B 2ZR8
3HMK
chain A

3HMK
chain B 1WTC 2ZPU 1V71

Ligand and structural
annotations

Malonate Malonate Malonate Malonate Ser Apo Apo Apo Alanine covalently
bound to PLP

Apo

Organism Human Human Rat Rat S. pombe Rat Rat S. pombe S. pombe S. pombe
Resolution 1.7 1.5 2.2 2.2 2.2 2.1 2.1 1.9 1.9 1.7

W1 num. 389 372 365 – 391 410 415 403 370 365
B factor 14.32 12.37 26.37 – 14.65 45.04 21.61 14.53 12.12 17.14
W2 num. 461 403 355 345 – – 409 – – 506
B factor 15.11 12.03 19.31 35.81 – – 21.61 – – 22.8
W3 num. 469 436 392 – – – – 614 371 560
B factor 19.5 14.98 38.52 – – – – 41.96 13.5 42.49
W4 num. 658 351 x – – – – – – 469
B factor 33.56 23.04 xx – – – – – – 37.12
W5 num. 585 373 393 – – – – 416 368 410
B factor 16 13.06 31.06 – – – – 16.54 13.13 20.91
W6 num. 626 412 403 – – –– 366 – – –
B factor 18.47 17.45 37.26 – – – 22.11 – – –
W7 num. 399 385 – – 378 – – – 385 –
B factor 20.9 23.18 – – 23.76 – – – 15.85 –
W8 num. 392 355 355 346 399 424 454 430 369 361
B factor 13.67 10.91 23.3 37.96 10.23 18.91 15.44 23.64 8.96 14.46

Each water molecule (W1–8) in the binding site of SR crystal structures is reported the corresponding residue number and the B factor.

Figure 3. Dissociation constant and half-maximal inhibitory concentration of compound 4. (A) Fluorescence emission spectra, upon excitation at
412 nm, of a solution containing 2.4 lM hSR, 50 mM TEA, 150 mM NaCl, 5 mM TCEP, 1 mM MgCl2, 10% DMSO (v/v), pH 8.0, and increasing
concentrations of compound 4, at 20 �C. (B) Dependence on the concentration of compound 4 of the fluorescence emission intensity at 500 nm upon
excitation at 412 nm. The experimental points were fitted by a binding isotherm, yielding a KD of 0.90 ± 0.03 mM. (C) Dependence on the concentration
of compound 4 of hSR b-elimination activity, at 37 �C. Experiments were carried out in an assay solution containing 0.4 lM hSR, 50 mM TEA,
150 mM NaCl, 36 mM L-Ser, 5 mM DTT, 1 mM MgCl2, 50 lM PLP, 2 mM ATP, 10% DMSO (v/v), pH 8.0, and variable concentrations of compound 4.
Experimental data were fitted to the Equation (1), yielding an IC50 value of 3.3 ± 0.4 mM.

4 C. Beato et al. J Enzyme Inhib Med Chem, Early Online: 1–8
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(Table 2, W8) and it can be speculated having an important role in
the stabilization of the phosphate group of PLP cofactor.
Additional well-conserved water molecules, present in almost
all the crystal structures so far available, are W372, W373, W403,
and W436, that form a dense network of H-bonds with the
surrounding residues and malonate (Figure 5, 3L6B numbering
scheme).

Therefore, docking experiments were repeated using 3L6B
crystal structure with structural water molecules W372, W373,
and W403 explicitly considered, applying the same docking
settings as in the studies by Vorlová et al.25. Unfortunately, the
results did not help us to finally have a full understanding of
the situation. In fact, given the applied van der Waals radius
scaling factor of 0.5 for atoms with partial atomic charge less than
0.15 in their proposed experimental settings, reasonable poses for

all the inactive derivatives were obtained. On the contrary, if the
scaling factor is not applied, poses are retrieved only for
compounds 4 and 5, with the last one adopting again an
orientation slightly different from malonate and compound 4.
Therefore, we can assume that the inactivity of compound 5 is
possibly due to an inefficient binding mode. However, poses and
docking scores comparable if not better than malonate or 2,2-
dichloromalonate were still found for compounds 4 and 8,
regardless of the application of the scaling factor (Table 3). To
verify that the good docking poses and scores obtained were not
just due to the algorithm and the scoring function of the selected
docking software, we also performed our analysis using other two
docking software, namely AutoDock and PLANTS, trying all the
different conditions applied so far, however obtaining the same
results (Table 3).

Figure 4. (A) Docking pose of compound 4; (B) binding mode of compound 5: the carboxylic group is located in proximity of a water molecule, that
was omitted during docking simulation; (C) pose of compound 8; (D) docking pose of compound 7.

DOI: 10.3109/14756366.2015.1057720 Cyclopropane derivatives as potential human serine racemase inhibitors 5
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Discussion

In this work, we presented our efforts for the development of
novel SR inhibitors. Even if the results are apparently discoura-
ging, they are in line with data published so far, confirming that
targeting SR is a strenuous challenge. Besides malonate, the most
effective known inhibitors presenting inhibition constants in the
micromolar range are the unselective L-erithrohydroxyaspartate
and 2,2-dichloromalonate40,41. Other research groups tried to
develop SR inhibitors starting from substrate analogues, yet with
results similar to ours40,42. A different approach was applied by
Dixon et al.43 who screened a small library of peptides for SR
inhibitory activity. He found two short peptides behaving as slow-
binding inhibitors of SR, with Ki values in the high micromolar
range. One of these peptides, that reasonably target the open
conformation of SR, has been used as a template for a ligand-
based virtual screening to identify novel inhibitors by Mori
et al.24 but again the results are not particularly encouraging, also
in the light of the unusually high IC50 value measured for
malonate in their study. We decided to develop a novel series of
potential SR inhibitors using a scaffold which resembles the 3D
conformation of malonate. However, the results are substantially
different from those reported for malonate. To understand the
experimental behavior of the cyclopropane derivatives, we
decided to analyze thoroughly the SR binding site. As recently
pointed out by Vorlová et al.25, the active site of SR is highly

polar, as suggested by the presence of many polar residues and
highly conserved water molecules. Indeed, both the closed and
open conformations of SR lack appreciable hydrophobic area in
the active site (Figure 6).

As analyzed before, structural water molecules conserved
among all the crystal structures solved until now, regardless of the
species and of the form of the enzyme (apo or inhibitor bound),
are W355, W372, W373, W403, and W436, accordingly with the
3L6B crystal structure numbering, and they contribute to establish
a dense network of H-bonds all around the catalytic site
(Figure 5). Their effective role and the importance they could
assume for enzyme function have not been investigated yet and it
is beyond the scope of this paper. However, it can be speculated
that they could have a key role in the stabilization of the carbanion
intermediate, cooperating with the polar active site residues, as
was demonstrated in alanine racemase44,45. It can be postulated
that this well-ordered network of water molecules together with
the polar features of the residues defining the binding pocket
creates a completely hostile environment for the presence of even
small hydrophobic moiety in the ligand. In this scenario, even the
additional methylene groups of the cyclopropane moiety with
respect to malonate are sufficient to prevent an effective pairing
of hydrophobic/hydrophilic surfaces and, hence, a productive
binding. Retrospectively, this is confirmed by the lack of activity
of other malonate derivatives. For instance, the addition of a
single methyl group to malonate has a detrimental effect on the

Figure 5. Conserved water molecules in the closed structure of SR. (A) Crystal structure of 3L6B; malonate is depicted in sticks and lemon green,
water molecules are reported in ball and sticks. (B) Hbond network between malonate, water molecules and protein residues in the active site of 3L6B
crystal structure.

Table 3. Docking experiments performed using the same conditions reported in the paper by Vorlova et al. performed using Glide, PLANTS, and
AutoDock.

IC50 (mM) Docking score Glide – 2nd run Docking score PLANTS Docking score AutoDock

Malonate 0.067 ± 0.001* �10.437 �75.2163 �7.94
2,2-Dichloromalonate 0.057 ± 0.001* �9.938 �56.2757 �5.17
2-Methylmalonate 1.85 ± 0.001* �10.115 �69.9599 �7.84
Compound 4 3.3 ± 0.4 �10.441 �63.6435 �7.53
Compound 8 45 �9.043

*IC50 values published in Vorlova et al.25

6 C. Beato et al. J Enzyme Inhib Med Chem, Early Online: 1–8
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activity, giving a compound with 30-fold decreased activity25,
despite an almost perfect docking into the binding site. To
compare our results with those previously published and to prove
the detrimental effects of hydrophobic contributions for SR
inhibitors, we purchased and tested cinnamic acid, that was
reported to act as a moderate SR inhibitor23, with an affinity for
the enzyme higher than that of L-serine. Not surprisingly, it turned
out to be completely inactive under our test conditions.

Conclusions

With this work, in the attempt to discover new SR inhibitors, we
tested and docked several cyclopropane derivatives. The analysis
of the results and the lack of agreement between computational
and experimental data provide valuable hints for future studies. In
fact, to design SR inhibitors, we highlighted the need of taking
into account the extremely high polarity of the binding site and
not to neglect the role of the structural water molecules, probably
key players in the catalytic reactions and thus not displaceable by
inhibitors. The reason why all the docking software employed in
this study failed in recognizing this strong requirement for polar
substituents and all yielded excellent docking scores for inactive
compounds is not apparent, but may constitute a serious drawback
for the further identification of SR inhibitors by virtual screening
and molecular docking.
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