1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Chem Biol. Author manuscript; available in PMC 2018 April 25.

Published in final edited form as:
Cell Chem Biol. 2017 January 19; 24(1): 55-65. d0i:10.1016/j.chembiol.2016.11.013.

-, HHS Public Access
«

Rational design of selective allosteric inhibitors of PHDGH and
serine synthesis with in vivo activity

Qian Wang16, Maria V. Liberti23:6, Pei Liul, Xiaobing Deng?, Ying Liul®, Jason W.
Locasale?”, and Luhua Lail457"

IBNLMS, State Key Laboratory for Structural Chemistry of Unstable and Stable Species, College
of Chemistry and Molecular Engineering 2Department of Pharmacology and Cancer Biology;,
Duke Cancer Institute, Duke Molecular Physiology Institute, Duke University School of Medicine,
Durham, NC, 27710, USA 3Department of Molecular Biology and Genetics, Graduate Field of
Biochemistry, Molecular and Cell Biology, Cornell University, Ithaca, NY, 14853, USA “Peking-
Tsinghua Center for Life Sciences and >Center for Quantitative Biology, Peking University, BJ
100871, China

Summary

Metabolic reprogramming in cancer cells facilitates growth and proliferation. Increased activity of
the serine biosynthetic pathway through the enzyme phosphoglycerate dehydrogenase (PHGDH)
contributes to tumorigenesis. With a small substrate and a weak binding cofactor (NAD™),
inhibitor development for PHGDH remains challenging. Instead of targeting the PHGDH active
site, we computationally identified two potential allosteric sites and virtually screened compounds
that can bind to these sites. With subsequent characterization, we successfully identified PHDGH
non-NAD* competing allosteric inhibitors that attenuate its enzyme activity, selectively inhibit de
novo serine synthesis in cancer cells, and reduce tumor growth /n vivo. Our study not only
identifies novel allosteric inhibitors for PHGDH to probe its function and potential as a therapeutic
target, but also provides a general strategy for the rational design of small molecule modulators of
metabolic enzyme function.
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Wang et al. identify allosteric sites on PHGDH and discover inhibitors bound to these sites. These
allosteric inhibitors are specific, bind to PHGDH in cells, reduce serine synthesis, and show
activities /n vivo.

Virtual Experimental

Lead compounds

Introduction

It has long been known that tumor cells exhibit altered glucose metabolism characterized by
increased glucose uptake and incomplete oxidation to lactate in the presence of oxygen
(Warburg, 1956; Zhao et al., 2016a). With the surge of interest in understanding cancer cell
metabolism, it is now widely accepted that metabolic rearrangements accompanying
malignant transformation also involve numerous other pathway alterations such as the
increased flux of the pentose phosphate pathway (PPP), elevated rates of lipid biosynthesis,
high glutamine consumption, maintenance of redox homeostasis, and alterations in
autophagy (Pavlova and Thompson, 2016). Therefore, targeting the metabolic enzymes in
these pathways provides a promising strategy for cancer therapy.

The gene encoding phosphoglycerate dehydrogenase (PHGDH), an enzyme that catalyzes
the first committed step of serine biosynthesis, is also involved in metabolic reprogramming
in cancer. PHGDH was identified as a focus of recurrent copy number gain across a large set
of tumors (Beroukhim et al., 2010). The PHGDH gene that is located at chromosome 1p12
showed copy number gain in 16% of all cancers including 40% of melanoma and some
triple negative breast cancers (Locasale et al., 2011; Possemato et al., 2011). Cancer cells
with PHGDH amplifications are sensitive to PHGDH depletion, which indicates that the
enzyme is required for the growth of certain tumor cells.

Recent studies have identified different regulatory mechanisms that can activate PHGDH
through both transcriptional regulation and changes in its activity via posttranslational
modifications (Ma et al., 2013; DeNicola et al., 2015; Ou et al., 2015; Ding et al., 2013).
Additional studies have found several underappreciated functions for de novo synthesis of
serine and the use of one-carbon metabolism including epigenetic maintenance and NADPH
production that is important for biosynthesis and controlling the levels of reactive oxygen
species (Fan et al., 2014; Mentch et al., 2015). Together these findings demonstrate that
PHGDH is an attractive anti-cancer target, and that designing PHGDH inhibitors may be a
fruitful enterprise.

Human PHGDH contains four domains: nucleotide-binding, substrate-binding, regulatory
and intervening domains. Currently only the crystal structure containing the first two
domains is available (PDB code: 2G76, Turnbull, 2006). The substrate-binding pocket of
PHGDH is rather small, approximately 100-200 A3, and the physiological concentration of
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its cofactor NAD™ is as high as 0.3 mM (Yamada et al., 2006). These properties likely
increase the difficulties of the design of substrate-competitive inhibitors. Meanwhile,
considering NAD* or NADH is a widely used cofactor, which also easily causes the problem
of specificity, we focused on designing allosteric inhibitors for PHGDH that do not compete
with the native ligand. Allosteric regulation can be achieved by various effectors, ranging
from small molecules to macromolecules (Merdanovic et al., 2013) and can have high
specificity, as allosteric binding sites are usually not evolutionarily conserved.
Computational methods for rational design of allosteric effectors were emerging (Wagner et
al., 2016; Ma et al., 2016) and a number of successful application examples have been
reported. For example, using the two-state Go model based allosteric site prediction method
that we developed (Qi et al., 2012), we obtained novel allosteric inhibitors for Escherichia
coli (E. coli) phosphoglycerate dehydrogenase (Wang et al., 2014). Novel enzymes
activators were also found using combined computational and experimental approach (Meng
et al., 2016), providing an alternative way to control disease-related molecular networks (Pei
etal., 2014).

In the present study, we first computationally identified two potential allosteric sites in
PHGDH and used them to virtually screen a compound library. Selected compounds were
tested for their inhibition activities using recombinant enzyme, cancer cell-lines, and tumor
xenograft models. Two distinct compounds with activity in cells were found. Their
specificity was confirmed using CRISPR-Cas9 gene-targeting PHGDH, chemical compound
pull-down in cancer cells, and metabolomics. Recently, three studies have reported
compounds that have activity against PHGDH by using high-throughput experimental
screening. One series of PHGDH inhibitors showed activities in enzymatic and cell-based
assays, but the binding mechanism, selectivity towards PHGDH, and efficacy /n7 vivo were
unclear (Mullarky et al., 2016). Another series of inhibitors with bioactivities in enzymatic
and cell-based assays, as well as a xenograft model, do not have clear binding sites (Pacold
et al., 2016). The third series of inhibitors were found by fragment screen that bind to the
adenine subsite with only millimolar protein binding affinities and no further biological
activities were reported (Unterlass et al., 2016). To our knowledge, the present study is the
first successful example of using a structure-based approach to discover allosteric inhibitors
that directly and specifically target PHGDH.

Allosteric Site Prediction and ldentification of Novel Allosteric Inhibitors

Two potential allosteric sites, | and I, were identified computationally using a cavity
detection algorithm based on defined geometric criteria (Yuan et al., 2013; Yuan et al., 2011)
(Figure 1A). Site I is close to the active site and the NAD*/NADH-cofactor binding site,
with a volume of 847 A3 and a predicted maximal pKd of 8.71. It shares residues Gly 78,
Val 79, Asp 80, Asn 81 and Val 82 with the active site. Site Il is located in the substrate
binding domain, with a volume of 463 A3 and a predicted maximal pKd of 7.79. Molecular
docking across a large virtual compound library was then conducted (Halgren et al., 2004;
Friesner et al., 2004). Ninety-eight compounds were selected and then acquired to test their
abilities to regulate PHGDH activity.
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PKUMDL-WQ-2101 in site | and PKUMDL-WQ-2201 to 2203 in site Il were identified to
significantly affect the PHGDH activity in a concentration dependent manner (Figures 1B,
1C, and S1A. SPECS IDs of these four compounds are shown in Table S1), and their Kp
values were determined by using Surface Plasmon Resonance (SPR) (Figures 1D, and S1B-
S1G). SPR experiments also demonstrated these inhibitors did not aggregate under the
experimental conditions.

To test whether the compounds indeed bind to site | and 11, respectively, we selected
PKUMDL-WQ-2101 in site | and PKUMDL-WQ-2201 in site Il, and performed
competition experiments and mutagenesis studies. The competition experiments between
these compounds and cofactor NADH indicated that they did not bound in the cofactor site
(Figures 1E and S1H). Inhibition ability of PKUMDL-WQ-2101 and PKUMDL-WQ-2201
for the C-terminal truncated PHGDH containing only the substrate binding domain and the
nucleotide binding domain demonstrated that the C-terminal regulatory and intervening
domains did not contribute to binding and the compounds bound to the N-terminal domains
used for virtual screening (Figure S1I and S1J). Based on the docking structures, mutants
R134A and K57AT59A for PKUMDL-WQ-2101, and mutants T59A and T56 AK57A for
PKUMDL-WQ-2201 were made and tested (Figures 1F-11). All these mutants retained their
secondary structures (Figure S1K) and exhibited reduced responses to the corresponding
inhibitors. For PKUMDL-WQ-2101, the PHGDH-inhibiting activities were dramatically
reduced for mutants R134A (ICsg = 141 £ 4 uM, max inhibition = 49%) and K57AT59A
(ICs5p = 128 + 10 M, max inhibition = 47%) compared to that for WT PHGDH (ICsg = 34.8
+ 3.6 pM, max inhibition = 67%) (Figure 1G). For PKUMDL-WQ-2201, its inhibition
abilities for PHGDH mutants were also significantly decreased. The I1Csq values for T59A
and T56 AK57A were 69 + 40 and > 300 puM, respectively, while the I1Csq value for WT
PHGDH was 35.7 + 8.6 UM (Figure 11). In addition, the inhibition ability of PKUMDL-
WQ-2101 to T59A and T56 AK57A (key residues in site I1) or the inhibition ability of
PKUMDL-WQ-2201 to R134A and K57AT59A (key residues in site I) were also measured
to verify the specificity of inhibitor binding (Figures 1G and 11). These results support that
PKUMDL-WQ-2101 and PKUMDL-WQ-2201 bound in site | and site 11, respectively.

Combination therapy is emerging as a promising strategy to generate synergistic therapeutic
effects, reduce side effects of monotherapy, overcome multidrug resistance (MDR), and
reduce dose of each drug require (Yang et al., 2015; Botham et al., 2014), which can also be
used to demonstate whether two compounds bind to the same site or to different sites.
Synergism can be quantified through the calculation of Combination Indices (CI) (Chou,
2006). When the concentration of PKUMDL-WQ-2101 was kept at 25 pM (about 1C5q
value), synergistic interactions were observed with PKUMDL-WQ-2201 concentration
ranging from 1 to 200 uM (Figures 1J and S2A\). In contrast, when the concentration of
PKUMDL-WQ-2202 was kept at 25 uM, PKUMDL-WQ-2201 and PKUMDL-WQ-2202
showed antagonism rather than synergy, indicating that they compete for a single site
(Figures 1J and S2B). Together, these synergistic results further confirm our docking results
about the binding sites of the compounds.
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Cellular Effects of PKUMDL-WQ-2101 and PKUMDL-WQ-2201

The effects of the compounds against a panel of cancer cell lines along with one
immortalized human breast epithelial cell line were evaluated. PKUMDL-WQ-2101 and
PKUMDL-WQ-2201 showed dose-dependent suppression effects on the cell viability at
micromolar concentrations, with good selectivity for PHGDH amplified breast cancer cell
lines (Figures 2A and 2B), while PKUMDL-WQ-2202 and PKUMDL-WQ-2203 showed
weak bioactivity in cell based assays with ECsq values more than 200 pM (Figure S3). The
antitumor activities of PKUMDL-WQ-2101 in the two PHGDH amplified breast cancer cell
lines (MDA-MB-468 and HCC70) were 7.70 and 10.8 uM, which were 3- to 4-, 8- to 12-,
and 14- to 20-fold more active than its antitumor activities in PHGDH non-dependent cell
lines, MDA-MB-231, ZR-75-1 and MCF-7 cell lines, respectively. For PKUMDL-
WQ-2201, the ECgq values were 6.90 uM in MDA-MB-468 and 10.0 uM in HCC70 cell
lines, which were 13- to 18-fold more active than that of ZR-75-1. No bioactivities in the
other three PHGDH non-amplified breast cancer cell lines tested were measurable.
Meanwhile, PKUMDL-WQ-2101 and PKUMDL-WQ-2201 exerted weak cytotoxic effects
on the MCF-10A cell line, which was consistent with previous observations of PHGDH
requirements using genetic approaches (Locasale et al., 2011). The antitumor activities of
PKUMDL-WQ-2101 and PKUMDL-WQ-2201 to MDA-MB-468 cells may be caused by
their influence on cell cycle (Figures 2C and 2D).

Compound Activity is Selective for PHGDH

To further evaluate the activity and selectivity of the compounds, we developed a clustered
regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein 9
(Cas9) mediated PHGDH gene knockout (KO). We designed a single-guide RNA (sgRNA)
with a protospacer adjacent motif (PAM) sequence specifically targeting a coding region in
exon 8 of the PHGDH gene, predicted to result in a frame shift mutation and loss-of-
function (Shalem et al., 2014; Mali et al., 2013) (Figure 3A). A clonal population of SKOV3
ovarian cancer cells was obtained and able to grow in the absence of PHGDH. Complete
knockout was confirmed with immunoblotting in reference to a cell line created by targeting
a sgRNA against GFP (Figure 3B). A 6-day growth curve revealed the ability of PHGDH
KO cells to grow, albeit more slowly than the GFP KO control cells (p<0.01, two-tailed
multiple t-test) (Figure 3C). We then evaluated the compounds PKUMDL-WQ-2101 and
PKUMDL-WQ-2201 on these cell lines. The GFP KO cells exhibited sensitivity to
PKUMDL-WQ-2101 (IC5p= 37.3 uM) (Figure S4A) and, albeit to a lesser extent to
PKUMDL-WQ-2201 (ICgg = 291.5.3 uM) (Figure S4B). To further understand the
specificity of these compounds, 6-day proliferation assays were carried out in SKOV3
control and PHGDH KO cells. GFP KO cell growth was significantly suppressed after
treatment with PKUMDL-WQ-2101 (p<1073, two-tailed student's t-test) (Figure 3D),
whereas PHGDH KO cells were able to proliferate in the presence of the compound (Figure
3E). Similarly, albeit to a lesser extent, proliferation in SKOV3 control cells was suppressed
after 6 days in the presence of PKUMDL-WQ-2201 (p<0.05, two-tailed student's t-test)
(Figure 3F), whereas PHGDH KO cell growth remained unaffected (p>0.99, two-tailed
student's t-test) (Figure 3G). Chemical compound pull down assays were also carried out to
verify PKUMDL-WQ-2101 with the best binding affinity was specifically bind to PHGDH
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in MDA-MB-468 cells (Figures S4C-4E). These results indicated that the cytotoxicity to
these compounds appears to a large extent specific to PHGDH and serine synthesis.

We then investigated the effects of PHGDH KO on serine metabolism. Liquid
chromatography coupled to high resolution mass spectrometry (LC-HRMS) and stable
isotope labeling were used to monitor the conversion of uniformly labeled U-13C-glucose to
metabolites in the serine metabolic network in both SKOV3 GFP KO control and SKOV3
PHGDH KO cells (Figure 4A). We detected 13C-glucose incorporation in both serine and
glycine in SKOV3 GFPKO cells, but not in SKOV3 PHGDH KO cells, confirming that the
knockout fully abrogated de novo serine synthesis (Figure 4B). Both compounds (about
ICsp) also produced comparable metabolic effects on the serine metabolic network and
reduced glucose incorporation into serine and glycine metabolites by more than 50%
(Figures 4C and 4D). We further investigated pathways downstream of serine upon
inhibition of PHGDH with PKUMDL-WQ-2101 and PKUMDL-WQ-2201. Given that
serine is essential for nucleotide synthesis (Locasale, 2013), we investigated whether 13C-
glucose consumption into nucleotides was altered after treatment. We analyzed the mass
isotopomer distribution (MID) of one pyrimidine and purine synthesis by measuring uridine
triphosphate (UTP) and adenosine triphosphate (ATP), and determined whether a difference
in the mass shift of 1 or 2 (m+1 or m+2), known to result from incorporation of serine or
glycine, was observed. We also monitored any changes in m+6 or m+7, which correspond to
labeling from both the pentose phosphate and serine biosynthesis pathways. Upon treatment
with both PKUMDL-WQ-2101 and PKUMDL-WQ-2201, decreases in m+2, m+6, and m+7
glucose labeling were observed in UTP and ATP, indicating a direct effect of PHGDH
inhibition on nucleotide synthesis (Figure 4E and 4F). A sharp decrease in the m+5 peak
was also observed due to a decrease in ribose labeling from the pentose phosphate pathway,
suggesting that PHGDH ablation likely exerts effects on nucleotide synthesis through
affecting glycolysis or occurs indirectly as a product of on-target cytotoxicity of the
compound. We excluded interpretation of the m+1 peak due to the confounding influence of
natural abundance isotopes. We also analyzed glucose incorporation into glutathione,
another metabolite belonging to a pathway downstream of serine and glycine synthesis, and
decreases in m+2 were found in cells treated with both compounds (Figure 4G). All
together, these data suggest that PHGDH inhibition by PKUMDL-WQ-2101 and PKUMDL-
WQ-2201 decreases de novo serine synthesis and metabolism downstream of the serine
synthesis pathway, with effects comparable to PHGDH genetic deletion.

PKUMDL-WQ-2101 and PKUMDL-WQ-2201 Inhibits Tumor Growth of Amplified Cell Lines

in vivo

Previous studies have questioned whether PHGDH inhibition is required for longer term
tumor maintenance (Chen et al., 2013). To further understand the role of PHGDH in tumor
growth and maintenance /n vivo, MDA-MB-468 and MDA-MB-231 cells were injected into
the fourth mammary pad of NOD.CB17 Scid/J mice. Tumor volumes were monitored every
2 days. We found that both PKUMDL-WQ-2101 and PKUMDL-WQ-2201 exhibited
substantial inhibitory effects on MDA-MB-468 xenografts compared with vehicle-treated
mice after 30 days of drug delivery (Figure 5). For MDA-MB-231 xenografts, neither
PKUMDL-WQ-2101 nor PKUMDL-WQ-2201 affected tumor growth (Figure S5A and
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S5B) further confirming the specificity of the compounds. The compounds appeared to also
be tolerated as all mice were able to maintain normal body weight over the course of the
experiments (Figure S5C-S5E). Though the two compounds synergized each other to
potently induce enzyme activity inhibition and the death of cell line in culture, the
combination strategy was not applied to the mice model, due to complicated
pharmacokinetic issues of /n vivo compound concentration and clearance time, which may
not exactly match. Nevertheless, these findings confirm the bioactivity, tolerability, and
selectivity for PHGDH in vivo.

Discussion

Using a structure-based drug design approach, we successfully identified compounds that
bound to the predicted allosteric sites and effectively inhibited the enzyme activity of
PHGDH. These compounds exhibited sub-micromolar to micromolar binding affinities and
inhibited cancer cell growth in the micromolar range. PKUMDL-WQ-2101 and PKUMDL-
WQ-2201 showed good activity and selectivity to PHGDH over-expression breast cancer
cells. The use of CRISPR-Cas9 mediated PHGDH KO in SKOV3 cells provided a genetic
evaluation of the relative on-and off- target effects of each compound, whereby PKUMDL -
WQ-2101 had high selectivity for PHGDH control but not KO cells. PKUMDL-WQ-2101
and PKUMDL-WQ-2201 were proven to suppress PHGDH amplified breast cancer cell
growth in mice. Our study provides the first successful example of PHGDH allosteric
inhibitor discovery using a structure-based approach.

The identified PKUMDL-WQ-2101 and PKUMDL-WQ-2201 compounds are novel
allosteric inhibitors for PHGDH with unique structures. No biological activities for these
compounds have been reported before. Though PKUMDL-WQ-2101 was predicted as pan-
assay interference compounds (PAINS) (Baell and Holloway, 2010), due to the hydroxyl-
phenyl-hydrazone group in its structure, the promiscuity has been eliminated by changing
ionic strength or adding DTT in the enzymatic assay, SPR, and mutagenesis experiments, for
the hydroxyl-phenyl-hydrazone group was generally believed to have the tendency for
aggregation (McGovern et al., 2002), spectroscopic absorption (Auld et al., 2008), chelation
(Ainscough et al., 1999) and reactivity, thus inactive proteins. In addition, the catalytic
process of PHGDH or PSAT1 does not need the participation of metal ions, and PKUMDL-
WQ-2101 showed good selectivity to PHGDH amplified breast cancer cells. Furthermore,
PKUMDL-WQ-2101 showed bioactivity /n vivo, confirming that PHGDH is required for
tumor maintenance. These experimental results confirmed that PKUMDL-WQ-2101
specifically bound to PHGDH and inhibited its enzymatic activity.

Allosteric regulation needs communication between the allosteric site and the distant
functional site. Therefore, high binding affinity of allosteric ligands may not necessarily
cause strong influence on protein function (Nussinov and Tsai, 2014). In the case of
PKUMDL-WQ-2101, while its K4 value is 0.56 + 0.10 uM, its PHGDH inhibition activity
ICsq value is 34.8 + 3.6 UM. Previous studies showed that a large number of protein
conformations in solution pre-exist and can be characterized by the energy landscape (Kar et
al., 2010). Allosteric effectors may change the distribution of these conformations.
PKUMDL-WQ-2101 and PKUMDL-WQ-2201 inhibited PHGDH activity mainly by
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forming hydrogen-bond networks with site I and I1, respectively, limiting the movement of
the rigid domains, preventing the active sites from closing, thus stabilizing PHGDH in the
inactive conformation. Nevertheless, further experimental or computational studies are
needed to better understand this inhibitory mechanism.

Three recent studies have reported compounds with activities against PHGDH. One study
reported an example of a PHGDH inhibitor by screening a library of 800, 000 drug-like
compounds (Mullarky et al., 2016). The best compound, CBR-5884 inhibited PHGDH
enzymatic activity with an 1Cgq of 33 + 12 uM in a time-dependent manner. CBR-5884 was
speculated as a covalent inhibitor binding to a Cys in the non-active site and disrupting the
enzyme oligomerization state. At 30 uM, CBR-5884 inhibited the growth of MDA-MB-468
cells by 35% to 60% in serine-replete media, and by 80% to 90% in serine-deplete media.
Neither a direct binding test nor postulated binding site was reported. CBR-5884 was
unstable in mouse plasma and could not be used for /in vivotesting. Another study reported
three PHGDH inhibitors by first screening a 400,000-compound NIH Molecular Libraries
Small Molecule Repository (MLSMR) library and then optimizing the lead compounds
(Pacold et al., 2016). The best compound, NCT-503, exhibited an ICgq value of 2.5 £ 0.6 pM
and showed some selectivity in PHGDH amplified breast cancer cell lines and had
bioactivities in a xenograft model. Although NCT-503 was found not substrate competitive,
its specific binding site remains unknown. The third study reported 15 fragments with
PHGDH inhibition activities by first screening a library of 600 fragments, then validating
the fragments by using the thermal shift assay, isothermal titration calorimetry (ITC)
competition experiments and X-ray crystallography (Unterlass et al., 2016). All the 15
fragments bound in the adenine subsite with millimolar binding affinities. However,
fragment activities in cells and tumors were not reported. In the present study, we
successfully discovered novel allosteric inhibitors for PHGDH using structure-based design
approach with the best ICgg of 28.1 + 1.3 uM for enzyme inhibition. PKUMDL-WQ-2101
and PKUMDL-WQ-2201 were confirmed to specifically bind to PHGDH in PHGDH
amplified breast cancer cells with ECsq values less than 10 UM in serine-replete media,
which was better than that of CBR-5884 and similar to that of NCT-503. Furthermore,
PKUMDL-WQ-2101 and PKUMDL-WQ-2201 also suppressed tumor growth in mice. We
started from purposely designing allosteric inhibitors for the predicted allosteric sites, while
CBR-5884 and NCT-503 were found from high-throughput screening. Nevertheless, all the
compounds inhibit PHGDH by an allosteric effect, demonstrating that allosteric inhibition is
a promising strategy to suppress its activity. More allosteric inhibitors for PHGDH can be
expected in the future.

In the past decade, considerable efforts have been devoted to identify agents to suppress
oncogenesis and tumor progression (Hanahan and Weinberg, 2011), and then develop drugs
to selectively kill cancer cells based on their metabolic alterations. Several drug candidates
were successfully discovered and entered into clinic trials, such as AZD3965 (Birsoy et al.,
2013; Sonveaux et al., 2008) and TCD-717 (Clem et al., 2011). Some anti-metabolite agents
even have been used in clinic for a long time, such as 5-fluorouracil, methotrexate, and
gemcitabine (Galluzzi et al., 2013). We are hopeful that PKUMDL-WQ-2101 and
PKUMDL-WQ-2201 may be an additional starting point for further targeting cancer
metabolism. In conclusion, we have successfully discovered PHGDH allosteric inhibitors
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targeting the predicted allosteric sites by using virtual screening and experimental validation.
The compounds reported can be further optimized and developed for next-generation anti-
cancer therapies.

Significance

Cancer cells reprogram metabolism to support their growth and proliferation. During the
past decades, targeting cancer metabolism has emerged as a promising strategy for the
development of selective anti-cancer agents. The gene encoding phosphoglycerate
dehydrogenase (PHGDH), an enzyme that catalyzes the first critical step of serine
biosynthesis is involved in metabolic reprogramming in cancer. The PHGDH gene that is
located at chromosome 1p12 showed copy number gain in 16% of all cancers including 40%
of melanoma and some triple negative breast cancers. Cancer cells with PHGDH
amplifications are sensitive to PHGDH depletion, which indicates that the enzyme is
required for the growth of certain tumor cells. Although the importance of PHGDH as a
cancer target has been proposed, the lack of small molecules inhibitors hinders further
exploration. The high cellular concentration and widely used of its cofactor (NAD*) and
small size of the active site make inhibitor discovery targeting the active site difficult. We
used a computational approach to scan for possible allosteric sites and used them to virtually
screen for allosteric inhibitors. Two novel allosteric sites on PHGDH were identified.
Compounds that directly bind to these sites, inhibit PHGDH enzyme activity, suppress
cancer cell proliferation and /n vivo tumor growth were found. The best compound binds to
PHGDH with a dissociation constant of 0.56 UM, which selectively inhibits PHGDH
amplified breast cancer cell line with ECsgs less than 7.7 puM. The inhibitors were also
characterized using metabolomics on PHGDH-amplified, CRISPR-Cas9-generated PHGDH
knockout cell lines, and mice to demonstrate the specificity and activity /7 vivo. Our study
not only identifies novel allosteric inhibitors for PHGDH with in vivo activity to probe its
function and potential as a therapeutic target, but also provides a general strategy for the
rational design of small molecule modulators of metabolic enzyme function.

Experimental Procedures

Allosteric site prediction and virtual screening

Potential allosteric sites in PHGDH N-terminal fragment structure containing the substrate
binding and the nucleotide binding domains (PDB code: 2G76) were identified using the
CAVITY program (Yuan et al., 2013; Yuan et al., 2011) and then applied to screen for
potential allosteric inhibitors. The program Glide Standard Precise (SP) mode and Extra
Precise (XP) mode were used to do the molecular docking studies and screen the SPECS
library (Friesner et al., 2004; Halgren et al., 2004). The top 5% compounds from the XP
mode were chosen for manual selection and purchased from SPECS for experimental
testing.

Molecular cloning, protein expression and purification

The full-length PHGDH or PSAT1 open reading frame (Seajet Scientific, Beijing, China)
was amplified by polymerase chain reaction (PCR), ligated into the pET21a(+) vector,
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transformed to the BL21 (DE3) strain of Escherichia coli (E. coli), and purified using a
nickel-nitrilotriacetic column (HisTrap HP; GE Healthcare) and then a gel-filtration column
(Sephacryl S-200 HR, GE Healthcare). For details, see the Supplemental Experimental
Procedures.

Enzyme assay

Due to the unavailability of PHGDH direct-substrate phosphohydroxypyruvate (PHP), the
enzyme activity of PHGDH was measured accompanied with the upstream of PSAT1
catalytic reaction (Hart et al., 2007). For details, see the Supplemental Experimental
Procedures.

Surface Plasmon Resonance (SPR) experiments

The binding affinities of compounds towards PHGDH were assayed using the SPR-based
Biacore T200 instrument (GE Healthcare). PHGDH was immobilized on a CM5 sensor chip
by using standard amine-coupling at 25°C with 1x running buffer PBS-P (GE Healthcare),
as described previously (Wang et al., 2014). For details, see the Supplemental Experimental
Procedures.

Competition experiments

To investigate competition effects between the compounds and the cofactor NADH, we
performed compound-cofactor competition experiments as follows:

Before Pser was added to start the reaction, the enzyme sample was pre-incubated with
cofactor and the compound for 10 min at 25°C. The compound was kept at a constant
inhibitory concentration (50 uM), while NADH concentration was gradually increased from
5 to 40 pM. At these concentrations, the compounds inhibited PHGDH activity by ~50%
when the NADH concentration was 150 pM.

Mutagenesis experiments

Cell culture

All mutagenesis experiments were carried out according to the instructions of the
QuikChangeSite-Directed Mutagenesis (SBS Genetech Co., Beijing, China). The plasmid
pET-21a(+)-containing wild-type (WT) PHGDH was mutated to obtain the mutants. The
DNA sequences of all mutants were verified by DNA sequencing. The protein expression
and activity assays of the mutants were performed as described for the WT.

MDA-MB-468, MDA-MB-231, and ZR-75-1 from China Infrastructure Cell Line
Resources, and SKOV3 and HCC70 from ATCC were maintained in RPML-1640 culture
medium (Gibco) supplemented with 10% fetal bovine serum and 1% penicillin/ml/
streptomycin. MCF-7 from China Infrastructure Cell Line Resources and HEK293T from
ATCC were maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum and 1% penicillin/ml/streptomycin. MCF-10A
from China Infrastructure Cell Line Resources was maintained in DMEM/F12 (1:1) medium
(Gibco) and supplemented with 5% horse serum, 10 ug/ml insulin, 0.1 pg/ml cholera toxin,
0.5 pg/ml hydrocortisone, and 0.02 pug/ml epidermal growth factor (EGF).
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Proliferation Assays

MTT assays

SKOV3 GFPKO and PHGDH KO cells (10,000 cells/well) were plated into 24-well culture
plates in triplicate. After 24 hours, cells were treated with DMSO or compound. Each day,
cells were counted by trypan-blue exclusion test for cell viability at a 1:1 ratio using a
hemocytometer.

MDA-MB-468 (5000 cells/well), HCC70 (5000 cells/well), MCF-7 (3000 cells/well), MDA-
MB-231 (2000 cells/well), ZR-75-1 (4000 cells/well), and MCF-10A (3000 cells/well) in
exponential growth were plated into 96-well culture plates and allowed to adhere overnight.
The number of viable cells was assessed by spectrophotometry at 490 nm using a BioTek
Synergy4 microplate reader after 3-days treatment, and calculated as the percentage of
absorbance of treated cells relative to that of solvent controls.

For SKOV3 WT/KO cells (30,000 cells/well) were plated in a 96-well plate. The following

day, media was aspirated and replaced with 100 ul phenol-red free RPMI-1640 (Gibco) and
12mM Methyl thiazolyldiphenyl-tetrazoliumbromide (MTT, Thermo Fisher Scientific) was

added to the cells. After 4 hours, the media containing MTT was aspirated and 50 ul DMSO
was added to dissolve the formazan and read at 540nm.

Synergistic experiments between PKUMDL-WQ-2101 and PKUMDL-WQ-2201 in enzymatic
assays and cell-based assays

For enzymatic assay, one concentration among 0, 1, 5, 12.5, 25, 50, 100, 200 uM of
PKUMDL-WQ-2101 was successively mixed with different concentrations of PKUMDL-
WQ-2201 (0, 1, 5, 12.5, 25, 50, 100, 200 pM), and the mixture was then pre-incubated with
enzyme samples to test their effects on PHGDH activity.

For cell based assay, MDA-MB-468 cells (5000 cells/well) were plated in 96-well plates,
allowed to adhere overnight and incubated with the different combinations of PKUMDL-
WQ-2101 (0, 0.1,0.5, 1, 2.5, 5, 7.5, 10 uM) and PKUMDL-WQ-2201 (0,0.1,0.5, 1, 2.5, 5,
7.5, 10 uM) for three days. The ECgg values of the combinations were measured by MTT
methods.

Flow cytometric analysis of cell cycle

MDA-MB-468 Cells (300, 000 cells/well) in exponential growth were plated into 6-well
culture plates and then treated in triplicate with or without various concentrations of
PKUMDL-WQ-2101 and PKUMDL-WQ-2201. After 24 h, cells were harvested by
trypsinization and centrifugation, and then washed twice with 1x PBS, fixed in 70% ice-cold
ethanol, and kept at 4°C overnight. The fixed cells were afterwards washed in 1x PBS and
resuspended in 1x PBS containing 0.5% triton-x-100, 50 pug/ml Prodiumiodide (PI) and 50
pg/ml DNase-free RNase A. The cell suspension was incubated in the dark for 30 min at
37°C and analyzed using a BD FACSCanto™ cytometer.
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Generation of CRISPR-Cas9 PHGDH Knockout Cells

LentiCRISPR transfer plasmid (Addgene Plasmid 49535), LentiCRISPR- EGFP sgRNA 1
(Addgene Plasmid 51760), PMD2.G VSV-G envelope expressing plasmid (Addgene
Plasmid 12259), and PsPAX.2 lentiviral packaging plasmid (Addgene Plasmid 12260) were
purchased. The target sequence of the sgRNA is GCTCTGAGCCTCCTTGGTGC (exon 8 of
PHGDH). The plasmids were virally transfected into HEK293T cells using polyethylemine
(PEI) (Polysciences, Inc) and transduced into SKOV3 cells as previously described (Shalem
et al. 2014). Single-cell colonies of puromycin-resistant cells were selected and validated by
western blotting.

Immunoblotting

Protein was extracted from cells using 1X RIPA buffer (Rockland Immunochemicals, Inc.)
and centrifuged at 2000 rpm for 30 minutes at 4°C. Protein concentrations were measured
using Bradford Protein Assay (Bio-Rad) and loaded onto 7.5% SDS-PAGE gels transferred
to P\VDF membranes. Membranes were blocked in 5% dry milk in TBST and incubated with
anti-p-actin (Cell Signaling 8H10D10) 1:2000 or anti-PHGDH (Sigma-Aldrich
WH0026227M1) 1:1000. Horseradish peroxidase conjugated anti-mouse (Rockland
611G4302), 1:2000 was used as secondary antibody. Chemiluminescent signals were
detected with Clarity Western ECL Detection Kit (Bio-Rad) and imaged using a ChemiDoc
MP System (Bio-Rad).

U-13C-glucose stable isotope labeling

SKOV3 cells (300,000 cells/well) were plated in a 6-well plate and allowed to adhere to the
plate. Cells were then replaced with RPMI-1640 media containing 11mM U3C-glucose
(Cambridge Isotope Laboratories, Inc.) and incubated for 24 hours. For U13C-glucose
tracing with drug treatments, cells were first treated with their corresponding compounds for
24 hours, followed by media replacement with 11mM U 13C-glucose and corresponding
drug treatment. Metabolites were then extracted.

Metabolite extraction

Metabolite extraction and subsequent Liquid-Chromatography coupled to High-Resolution
Mass Spectrometry (LC-HRMS) for polar metabolites of HCT116 cells were carried out
using a Q-ExactiveOrbitrap Plus as previously described(Liu et al., 2014). For details, see
the Supplemental Experimental Procedures.

Peak extraction and data analysis

Raw data collected from LC-Q Exactive Plus MS is processed on Sieve 2.0 (Thermo
Scientific). Peak alignment and detection are performed according to the protocol described
by Thermo Scientific. For a targeted metabolite analysis, the method “peak alignment and
frame extraction” is applied. An input file of theoretical m/z and detected retention time of
197 known metabolites is used for targeted metabolite analysis with data collected in
positive mode, while a separate input file of 262 metabolites is used for negative mode. m/z
width is set to 10 ppm. The output file including detected m/z and relative intensity in
different samples is obtained after data processing. If the lowest integrated mass
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spectrometer signal (MS intensity) is less than 1000 and the highest signal is less than
10,000, then this metabolite is considered below the detection limit and excluded for further
data analysis. If the lowest signal is less than 1000, but the highest signal is more than
10,000, then a value of 1000 is imputed for the lowest signals. Serine and glycine samples
were normalized by comparing relative labeling of glucose-derived labeled metabolites from
treated with vehicle samples. For all other samples, mass isotopomer distributions (MID)
were calculated and samples were normalized by comparing the ratio of glucose-derived
labeled metabolites to unlabeled metabolites within each sample. Quantitation and statistics
were calculated using Microsoft Excel and GraphPad Prism 6.

MDA-MB-468 and MDA-MB-231 xenograft mouse models

PKUMDL-WQ-2101 and PKUMDL-WQ-2201 bioactivity assay in vivo - All animal
experiments were performed in compliance with guidelines of the Animal Welfare Act and
the guide for the care and use of laboratory animals following protocols approved by the
Institutional Animals Care and Use Committee (IACUC). MDA-MB-468 or MDA-MB-231
cells were injected into the fourth mammary fat pad of NOD.CB17 Scid/J mice at 2x10° or
5x10° cells per injection site, respectively (Vital River Laboratory Animal Technology Co.,
Ltd., Beijing, China). For MDA-MB-468, when the average tumor volume reached 30 mm3,
the mice were randomized into 7 groups (n=5): vehicle control (10%DMSO, 20% EL and
70% PBS, IP); 20, 10, and 5 mg/kg/day PKUMDL-WQ-2101 or PKUMDL-WQ-2201 (IP),
respectively. For MDA-MB-231, after the tumor was palpable, the mice were randomized
into 3 groups (n=5): vehicle control (10%DMSO, 20% EL and 70% PBS, IP); 20 mg/kg/day
PKUMDL-WQ-2101 (IP); 20 mg/kg/day PKUMDL-WQ-2201 (IP). The tumor volume was
calculated using the formula width (mm)>2x length (mm) x 0.5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Two previously unknown allosteric sites on PHGDH were identified.
. Inhibitors that bind to these sites were discovered.
. Inhibitors bound to PHGDH in cells and reduced the synthesis of serine and
glycine.
. Inhibitors suppressed tumor growth in mice.
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Figure 1. Identification of Novel Allosteric Inhibitors of PHGDH
(A) Potential allosteric sites in PHGDH (PDB code: 2G76). The sites were predicted by the

program of CAVITY and illustrated by the surface mode.The cofactor NAD* was indicated
in sticks. PHGDH forms a dimer in the crystal structure, site I and 11 exist in each monomer,
and only one site | and one site Il is shown in the figure for clarity. (B) Chemical structures
of PHGDH inhibitors. (C) Enzyme inhibition dose-response curve of PKUMDL-WQ-2101.
(D) SPR dose-response curve of PKUMDL-WQ-2101. (E) Cofactor competiton curve of
PKUMDL-WQ-2101. The percentage inhibition did not obviously change along with the
increase of NADH concentration, indicating that there are no significant interactions
between PKUMDL-WQ-2101 and the cofactor binding site. (F-G) Predicted binding mode
of PKUMDL-WQ-2101. The compound and key residues in sites | are shown in stick
representation. Site | is shown in suface mode (F). Enzymatic activities and responses to
PKUMDL-WQ-2101 of PHGDH mutants (G). (H-1) Predicted binding mode of PKUMDL-
WQ-2201. The compound and key residues in sites Il are shown in stick representation. Site
Il is shown in surface mode (H). Enzymatic activities and responses to PKUMDL-WQ-2201
of PHGDH mutants (). (J) Inhibitors in different sites synergize to induce PHGDH
inhibition. The concentration of PKUMDL-WQ-2101 and PKUMDL-WQ-2202 was kept at
25 uM for enzyme inhibition assay, while PKUMDL-WQ-2201 concentration varies. CI
values <1 indicates synergistic interaction. Data shown represent the mean £ SD (n = 3). See
Figure S1 for dose-response curves of PKUMDL-WQ-2201 to 2203 and Figure S2 for
synergytic matrix.
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Figure 2. Bioactivities of PKUMDL-WQ-2101 and PKUMDL-WQ-2201 in cell based assays
(A-B) Growth inhibition activity of PKUMDL-WQ-2101 (A) and PKUMDL-WQ-2201 (B)
in MDA-MB-468, HCC70, MCF-7, MDA-MB-231, ZR-75-1 and MCF-10A cells,
respectively. Cells were exposed to vehcile or various concentrations of PKUMDL-
WQ-2101 for 72h followed by MTT assay. The ECgq value of PKUMDL-WQ-2201 for
MCF-7 and MDA-MB-231 was larger than 200 UM, so the corresponding dose-response
curve was not presented here. (C-D) Percentage of MDA-MB-468 cells in different phases
of the cell cycle after respectively treatment with 2.5, 5.0, 20 and 40 pM PKUMDL-
WQ-2101 (C), and 10, 80 and 160 uM PKUMDL-WQ-2201 (D) for 24 hours. DMSO was
used as vehcile. Data represent the mean + SD independent experiments. Difference is
significant by two-tailed multiple t-test, *p < 0.05, **p < 0.01, ***p < 0.001. See Figure S3
for cell bioactivities of PKUMDL-WQ-2202 and 2203.
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Figure 3. CRISPR-Cas9 mediated PHGDH KO and PHGDH inhibition by PKUMDL-WQ-2101
and PKUMDL-WQ-2201

(A)Overview of LentiCRISPR system and sgRNA design generated for targeted PHGDH
deletion in SKOV3 ovarian cancer cells. (B) Western blot analysis for SKOV3 GFPKO
control and SKOV3 PHGDH KO cells with actin as a loading control. (C) Growth curve
comparing SKOV3 GFP KO control and PHGDH KO over 6 days. (D) Growth curves of
SKOV3 GFPKO control and (E) PHGDH KO cells after 6 days of treatment with vehicle or
10uM PKUMDL-WQ-2101 followed by cell counting. (F) Growth curves of SKOV3 GFP
KO control or (G) PHGDH KO cells after 6 days of treatment with vehicle or 50pM
PKUMDL-WQ-2201 followed by cell counting. All values represent the mean + SEM from
n=3 biological replicates. P values were obtained from a two-tailed student's t-test, *P< 0.05,
**p<0.01, ***P<0.001. See Figure S4 for PKUMDL-WQ-2101 and 2201 bioactivies on
SKOV3 GFPKO cells and results of PKUMDL-WQ-2101 pull down assays.
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Figure 4. PKUMDL-WQ-2101 and PKUMDL-WQ-2201 inhibit the serine biosynthesis pathway
in cells

(A) Schematic of U-13C-glucose stable isotope labeling used to detect carbon labeling from
glucose (red) in metabolites part of the serine metabolic network. (B) 13C-serine and 13C-
glycine labeling from glucose in SKOV3 GFP KO control cells compared to SKOV3
PHGDH KO cells after 24 hours. (C)13C-serine and (D) 13C-glycine labeling from glucose
in SKOV3 GFP KO cells after 24 hour treatment with 37 uM PKUMDL-WQ-2101 and 291
UM PKUMDL-WQ-2201, followed by subsequent U-13C-glucose labeling. (E) Mass
isotopomer distribution (MID) of UTP and (F) ATP after 24 hour treatment with 37 uM
PKUMDL-WQ-2101 and 291 uM PKUMDL-WQ-2201, followed by subsequent U-13C-
glucose labeling. (G) Glutathione after 24 hour treatment with 37 yM PKUMDL-WQ-2101
and 291 uM PKUMDL-WQ-2201, followed by subsequent U-13C-glucose labeling. All
values represent the mean £ SEM from n=3 biological replicates. Difference is significant by
One-Way ANOVA, *P< 0.05, **p<0.01, ***P<0.001.
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Figure 5. Bioactivities of PKUMDL-WQ-2101 and PKUMDL-WQ-2201 in vivo.
(A-F) After 30 days of drug delivery, treatment with PKUMDL-WQ-2101 (A-C) or

PKUMDL-WQ-2201 (D-F) significantly suppressed the growth of tumors compared with
control-treated group. Data represent the mean + SEM independent experiments. Difference
is significant by two-tailed multiple t-test, *p < 0.05. See Figure S5 for PKUMDL-WQ-2101
and 2201 biactivities on MDA-MB-231 xenografts and mice growth curves.
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