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Human D-3-phosphoglycerate dehydrogenase (PHGDH), a
key enzyme in de novo serine biosynthesis, is amplified in
various cancers and serves as a potential target for anticancer
drug development. To facilitate this process, more information
is needed on the basic biochemistry of this enzyme. For
example, PHGDH was found to form tetramers in solution and
the structure of its catalytic unit (sPHGDH) was solved as a
dimer. However, how the oligomeric states affect PHGDH
enzyme activity remains elusive. We studied the dependence of
PHGDH enzymatic activity on its oligomeric states. We found
that sPHGDH forms a mixture of monomers and dimers in
solution with a dimer dissociation constant of �0.58 μM, with
the enzyme activity depending on the dimer content. We
computationally identified hotspot residues at the sPHGDH
dimer interface. Single-point mutants at these sites disrupt
dimer formation and abolish enzyme activity. Molecular dy-
namics simulations showed that dimer formation facilitates
substrate binding and maintains the correct conformation
required for enzyme catalysis. We further showed that the full-
length PHGDH exists as a dynamic mixture of monomers, di-
mers, and tetramers in solution with enzyme concentration-
dependent activity. Mutations that can completely disrupt the
sPHGDH dimer show different abilities to interrupt the full-
length PHGDH tetramer. Among them, E108A and I121A
can also disrupt the oligomeric structures of the full-length
PHGDH and abolish its enzyme activity. Our study indicates
that disrupting the oligomeric structure of PHGDH serves as a
novel strategy for PHGDH drug design and the hotspot resi-
dues identified can guide the design process.

Cellular metabolism is the basis of biological activities (1).
Amino acid synthesis and metabolism provide building blocks
and energy to meet the demands of cell growth and tackle the
challenge of oxidative stress (2). As a nonessential amino acid,
serine participates in the synthesis of nucleotides, lipids, other
amino acids, antioxidants, and cofactors, which plays critical
roles in a number of biosynthetic and signaling pathways in
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addition to serving as a major donor of one-carbon units (3). L-
Serine is also the immediate precursor of D-serine, a neuro-
transmitter that relies on de novo serine synthesis due to the
poor transport of plasma serine across the blood–brain barrier
(4). Human D-3-phosphoglycerate dehydrogenase (PHGDH) is
the first and rate-limiting step of de novo serine synthesis,
converting the 3-phosphoglycerate (3-PG) generated from
glycolysis into serine precursor 3-phosphohydroxypyruvate (3-
PHP) coupled with NAD+. This product is subsequently con-
verted to 3-phosphoserine by the 3-phosphoserine amino-
transferase (PAST1) and then to L-serine via 3-phosphoserine
phosphatase (PSPH) (5). PHGDH not only provides serine and
one-carbon units to support cell growth, but also coordinates
the utilization efficiency of one-carbon unit from different
sources to promote tumorigenesis (3, 6). As ametabolic enzyme,
PHGDH amplification is found to be involved in many cancers
such as breast cancer (7, 8), melanoma (8), lung cancer (9),
glioma (10), Ewing sarcoma (11), pancreatic cancer (12), and
renal cell carcinoma (13). Furthermore, high expression level of
PHGDH was found to be related to tumor resistance to che-
motherapies (14–16). For instance, PHGDH is identified as an
attractive target to overcome tyrosine kinase inhibitor (TKI)
drug resistance in hepatic cell carcinoma (HCC) by Genome-
wide CRISPR/Cas9 knockout library screen and chemical ge-
netics (17). Recently, Ngo et al. (18) demonstrated that PHGDH
is a major determinant of brain metastasis in multiple human
cancer types and preclinical models and explored the possibility
of PHGDH inhibitors for treating brain tumormetastasis. These
findings suggest that targeting PHGDH provides a promising
anticancer and drug resistance approach (19).

PHGDH belongs to the SerA subset of D-isomer-specific 2-
hydroxyacid-dehydrogenase (2HADH) family that catalyzes the
stereospecific reductions of 2-keto acids to corresponding 2-
hydroxy acids (20). D-3-phosphoglycerate dehydrogenases
(PGDHs) expressed in various organisms are grouped into three
types based on their domain arrangement. All the three types of
PGDHs have a common catalytic unit containing the substrate-
binding domain and the cofactor-binding domain. Type III
PGDH from Entamoeba histolytica with only the catalytic unit
adopts a dimeric configuration (21). PHGDHbelongs to themost
complex type I PGDHs, which contain two additional regulatory
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PHGDH catalytic activity depends on its dimerization
domains, the ACT (aspartate kinase-chorismate mutase-tyrA
prephenate dehydrogenase) and ASB (allosteric substrate bind-
ing) domains (5). The ACT domain plays its role in the feedback
inhibition by L-serine in bacteria, while all mammalian enzymes
so far studied have lost this ability (22). The ASB domain func-
tions as a substrate-binding regulatory site in Mycobacterium
tuberculosis (23). However, the functions of these two regulatory
domains of PHGDH remain elusive and the full-length structure
of PHGDH is currently unavailable. The only full-length type I
PGDH structure (PDB code: 1YGY) solved was that from
M. tuberculosis, which forms tetrameric structure (23). Although
the full-length PHGDH is not currently available, the structure of
its catalytic unit without the two regulatory domains has been
solved as a dimer (sPHGDH, PDB codes: 2G76, 5N6C, and
6CWA). In the 2G76 structure, the carboxylate moiety of the
substrate analog (D-malate, MLT) forms hydrogen bonds with
Arg54 and Ser55 and Arg135’ from the other monomer (24).
Unlike the substrate analog, the NAD+ interacts only within one
monomer in the 5N6C structure of sPHGDH (25). The truncated
form of PHGDH retains 75% catalytic activity compared with the
full-length PHGDH (25), which was presumed to function as a
tetramer (26).

Dimerization or oligomerization is widely used by natural
proteins to increase stability and regulate enzyme activity (27,
28). In the dimeric structure of sPHGDH with 3-PG and
NAD+ (PDB code: 6CWA), R135’ from the other protomer was
found to interact with the phosphate group of 3-PG (29),
implying that the dimerization of the catalytic unit may be
essential. Three pathogenic variants (R135W, G140R, and
R163Q) responsible for PHGDH deficiency and Neu–Laxova
syndrome 1 (NLS1) diseases locate at the sPHGDH dimer
interface. It was reported that R135W resulted in a moderate
decrease of enzyme activity (30). Moreover, an interfacial
mutation E108A of E. histolytica PGDH (EhPGDH) caused
dimer dissociation and reduced enzyme activity, suggesting
that dimer interface plays a crucial role in the stability of the
protein and a complete dimer is required for the optimal
enzymatic activity of EhPGDH (31). W139 in Escherichia coli
PGDH (corresponding to position 133 in human PHGDH),
which sits at the bottom of the catalytic site of the adjacent
subunit, plays a critical role in maintaining the oligomeric state
of the enzyme as well as the integrity of the catalytic site (32).
W139G of E. coli PGDH weakens the subunit/subunit contact
and is 600-fold less active. It appears to be in equilibrium
between a tetrameric and a dimeric form, and the dimeric
species were proposed to be mediated by interactions of the
regulatory domains (33). However, there is no suggestive
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evidence about the relationship between the dimerization or
oligomerization and the activity of PHGDH.

Here, we addressed this question by analyzing the solution
behavior and biophysical properties of both the catalytic unit
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and the full-length wild-type PHGDH and variants. We
computationally identified hotspot residues at the dimer
interface of sPHGDH and studied the oligomeric state and
catalytic activity of corresponding mutants. We showed that
sPHGDH exists as a monomer and dimer mixture and only the
dimeric form is catalytically active. Mutants that disrupt the
dimeric structure of sPHGDH showed reduced enzyme cata-
lytic activity. We also showed that full-length PHGDH exists as
a monomer, dimer, and tetramer mixture in solution and their
ratios vary with enzyme concentration. We demonstrated that
dimerization is required to maintain the enzyme activity of
PHGDH. Targeting the dimerization of PHGDH provides an
alternative approach for PHGDH inhibitor design and the
interface hotspots we identified serve as a guideline for inter-
facial inhibitor design.

Results

Enzyme activity of sPHGDH depends on its dimer state

The catalytic unit of PHGDH (sPHGDH, 1–307) containing
the cofactor-binding domain and the substrate-binding
domain, forms a homodimer in the crystal structure (24).
Whether this dimer is essential for the catalytic activity is not
fully understood. We expressed and purified sPHGDH, studied
its oligomeric states and concentration-dependent catalytic
activity in solution. Analytic ultracentrifugation (AUC) sedi-
mentation velocity analysis revealed two peaks (�2.4S and
3.9S), corresponding to the monomeric and dimeric state of
sPHGDH (Fig. 1A). The dimer and monomer peak ratio dis-
played concentration dependent increase with the 1:1 ratio at
about 1 μM. We further measured sPHGDH catalytic activity
at different enzyme concentrations with excessive substrate
and cofactor. While the Km did not change much (Fig. S1), the
kcat, app increased abruptly along with the increase of the total
enzyme concentration (Fig. 1B) and the dimer proportion.
Assuming that there is an equilibrium between the monomer
and dimer and both of them are active, we derived their cat-
alytic parameters according to the following equations.

Kd ¼ ½M�½M�
½D� (1)

½E� ¼ ½M� þ 2½D� (2)

V ¼ kcat;app½E� ¼ kcat;mono½M� þ kcat;dimer ½D� (3)
Here [M], [D], and [E] refer to the monomer, the dimer, and
the total concentration of PHGDH, respectively. Kd is the
apparent dissociation constant of the dimer. kcat, app is the
apparent catalytic constant. kcat, dimer and kcat, mono are the



Figure 1. Enzyme activity of sPHGDH depends on the dimer structure. A, sedimentation coefficient distribution c(s) profile of sPHGDH WT at the
indicated concentration. B, the catalytic rate constant kcat, app (kcat, app = Vmax/[E], Vmax = maximum reaction rate, [E] = total enzyme concentration) increases
with the increased enzyme concentration. C, enzyme activity of sPHGDH at different concentrations with excessive substrate and cofactor (3 mM 3-PG,
3 mM NAD+). The curve is fitted by Equation 4. Error bars represent SD (n ≥ 3).

PHGDH catalytic activity depends on its dimerization
catalytic constants of the monomer and the dimer, respec-
tively. By fitting the enzyme activity data at different [E] values
using Eq.4, the kcat, mono was deduced as 0.04 s−1, the kcat, dimer

was 1.62 s−1, and the Kd was 0.58 μM (Fig. 1C). The kcat, dimer is
40-fold to kcat, mono, indicating that the monomer contributes
little to enzyme activity. These observations suggest that
sPHGDH dimeric assembly is essential for its catalytic activity.

Analysis of hot spot residues at the dimer interface of sPHGDH

We have shown that the dimer structure of sPHGDH is
essential for its catalytic activity. In order to identify mutations
that can perturb the dimer structure, we performed compu-
tational alanine screening and structural analysis with the
sPHGDH structure (PDB: 2G76, DOI: 10.2210/pdb2G76/pdb)
to identify putative hot spots using the FoldX method and
molecular dynamics (MD) simulations (34–36).

As the interface consists of 122 interfacial residues
contributed equally by the two subunits, we used the alanine
screening method implemented in FoldX 5 (the PSSM mod-
ule) as the primary screening tool to unravel key residues (36,
37). We found 14 strong destabilizing residues (effective ΔΔG
≥ 1.82 kcal/mol), including E108, L109, R119, I121, T125,
M128, K129, W133, L143, F262, R270, E290, and R294. We
also detected several weak destabilizing residues including
S105, M115, R163, V273, I279, and L284. Subsequently, we
subjected all these predicted strong and weak destabilizing
residues to MD simulation-based alanine screenings to further
distinguish energetically hot spots. In addition, we also carried
out MD simulations for the three naturally occurring variants,
including R135 W, G140 R, and R163Q (Fig. 2A), to evaluate
their effects on dimerization. Each of the sPHGDH protein and
interfacial variants underwent three 200 ns MD production
simulations, and the binding free energies between the two
protomers forming the dimer were calculated using the MM-
GBSA method implemented in AMBER16 (38).

As shown in Figure 2B, listed mutants significantly weak-
ened the binding free energies as compared with the WT
sPHGDH structure. Effective ΔΔG of substitutions including
E108A, R119A, I121A, T125A, M128A, K129A, W133A,
R135W, G140R, R163Q, and I279A exceeded 10 kcal/mol.
Furthermore, we found that five out of the ten predicted key
residues including E108, R119, and W133 are highly
conserved, while I121 and I279 are moderately conserved ac-
cording to the sequence alignment of the SerA subfamily ho-
mologs. In addition, these five residues are also structurally
conserved and fully buried in the interface among the SerA
subfamily via structure-based sequence alignment with known
PGDH structures (PDB codes: 2G76, 4NJO, 1YBA, 1YGY,
3K5P, 1WWK, and 2EKL) (Fig. S2) (20, 23, 39, 40). Protein–
protein interaction studies have suggested that hot spots are
likely to be structurally conserved residues and are organized
in high packing density regions. We therefore selected these
five key residues together with the three naturally occurring
variants (R135W, G140R, and R163Q) as putative hot spots for
further experimental validation (41–43). It is noteworthy that
the residues predicted to contribute significantly to the
J. Biol. Chem. (2021) 296 100572 3
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Figure 2. Putative hot spot analysis of the dimer interface in sPHGDH. A, the full-length PHGDH is composed of 533 amino acids, in which the catalytic
unit (sPHGDH, amino acids 1–307) consists of the substrate-binding and nucleotide-binding domains, with the three naturally occurring variants indicated.
B, calculated binding free energies for the WT sPHGDH and the interfacial mutants. C, predicted energetic hot spots (shown as pink spheres) are mainly
located at the region of the dimer interface containing a core helix and the dimerization loop (highlighted as purple).

PHGDH catalytic activity depends on its dimerization
energetics of dimer formation are mainly located at a region
consisting of a core helix (aa: 102–119) and an interfacial loop
referred to as the dimerization loop (aa: 120–145) (Fig. 2C)
(44). The core helix possessing more hydrophobic residues is
fully buried in the interface, whereas the dimerization loop
contains atoms that retain partial accessibility. Remarkably, the
dimerization loop is adjacent to the catalytic loop (aa:
280–288, H283 is the proton donor during catalysis), which
provides the active site with a substrate-binding residue (R135)
based on a lately solved sPHGDH-complex structure (PDB:
6CWA) (29). These results imply that the dimer interface and
subunit contacts might directly participate in the catalytic
processes.

Mutations of the sPHGDH interfacial hot spot residues disrupt
dimer formation

We expressed and purified the five conserved hot spot
mutants (E108A, R119A, I121A, W133A, and I279 A), the
three pathogenic mutants (R135W, G140R, and R163Q), as
well as R135A. We also purified two active site mutants, R236E
(26) and H283A (45), as controls. All the 11 mutants were
stably expressed and folded, as shown in the SDS-PAGE gel
(Fig. S3A) and CD (circular dichroism) spectra (Figs. S4A and
S7). The CD spectra of R135A and R236E are similar to WT
sPHGDH, while those of other mutants changed shape to a
certain extend at the same concentration (0.5 mg/ml, 16 μM).
We further measured the CD spectra of WT sPHGDH at
different concentrations. It is interesting that along with the
4 J. Biol. Chem. (2021) 296 100572
decrease of its concentration and dimer proportion, the CD
spectra of WT sPHGDH became similar to those of other
mutants (Fig. S5). We speculate that these spectra changes
may be caused by the differences of the dimer and monomer
structures and their ratio changes. To further verify this, we
performed the CD thermal denaturation experiments (Figs. S6
and S7). Two abrupt changes were found at 222 nm and
208 nm and the corresponding Tm values were 36.2 �C
(Figs. S6B) and 45 �C (Fig. S7B), respectively. At 40 �C,
sPHGDH WT gave similar spectrum to most mutants
(Fig. S6A).We assume that the first Tm revealed the transition
of the dimer to monomer state, and the second Tm indicated
the unfolding process of the overall structure as sPHGDH
basically contains α/β structures. The unfolding Tm of WT
sPHGDH and mutants are comparable (Figs. S7 and S8), which
did not change significantly, indicating that the mutants are
well structured.

We first checked the oligomeric states of the mutants using
size-exclusion chromatography (SEC) and chemical cross-
linking. In the SEC experiment, all the proteins were eluted
as a single, symmetrical peak except R135W that showed two
distinct peaks (Fig. S10A) at the concentration of 16 μM.
Remarkably, all the five conserved hot spot mutants, two of the
three pathogenic mutants (G140R and R163Q), as well as the
active site mutant H283A were eluted with larger retention
volumes corresponding to the monomeric state (Fig. 3A and
Table S1). R135A and the active site mutant R236E appeared
as dimer, while R135W showed one monomer and one dimer



Figure 3. Oligomeric states of the sPHGDH WT and mutants at the concentration of 0.5 mg/ml (16 μM). A, size-exclusion chromatograms of sPHGDH
and mutants. B, the stack map of sedimentation coefficient distribution c(s) profile of sPHGDH and mutants.

PHGDH catalytic activity depends on its dimerization
peak with similar intensity. We also carried out chemical
cross-linking experiment for all the mutants as well as WT
protein (Fig. S11, A and B), using bis-sulfosuccinimidyl sub-
erate (BS3) as cross-linker, which are consistent with the SEC
results. We further verified the oligomeric state of the mutants
using analytic ultracentrifugation sedimentation velocity
analysis. In accordance with the SEC and chemical cross-
linking results, R236E and R135A mainly existed as dimer,
R135W existed as a monomer and dimer mixture, while all the
five conserved interfacial mutants, G140R, R163Q, and H283A
mainly existed as monomer states (Fig. 3B and Table S3).

These experimental results are in consistent with our
computational analysis. The five conserved hot spot mutants
(E108A, R119A, I121A, W133A, and I279A) and the two
pathogenic mutants (G140R and R163Q) perturbed the dimer
formation completely, while the pathogenic mutant R135W
reduced the dimer fraction by about one half. As the substrate
analog MLT in one monomer was observed to interact with
the R135’ residue from the other monomer in the complex
structure of sPHGDH, R135 was supposed as a key residue for
PHGDH catalysis (30). However, Shaheen et al. (46) specu-
lated that the pathogenic mutant R135W might not perturb
the overall protein structure and function significantly based
on the analysis of structure as there is enough space to
accommodate a Trp substitution. Our study showed that
R135A did not change the oligomeric state of the sPHGDH
and R135W keeps a dimer fraction of about 55%, indicating
that the contribution of R135 to the dimerization is limited.
Mutations of the sPHGDH interfacial hot spot residues
reduced enzymatic activity

We measured and compared the catalytic activity of all the
11 sPHGDH mutants with the WT protein (sPHGDH). The
two active site mutants, R236E and H283A, completely lost
activity. The five sPHGDH interfacial mutants, including
E108A, R119A, I121A, G140R, and R163Q, showed significant
decrease in enzyme activity. Among them, E108A and I121A
barely showed observable activity (Figs. 4A and S14). At the
concentration of 2.4 μM, the other two interfacial mutants,
W133A and I279A, showed slightly noticeable enzymatic ac-
tivity. R135A kept about 80% activity to the WT and R135W
retained about half activity (Fig. 4B). Altogether, the enzyme
activity profiles are highly consistent with our dimer interfacial
hotspot predictions and the experimental dimer fraction
analysis.

We further calculated the kinetic parameters of the enzyme
reaction for WT sPHGDH and mutants at the 2.4 μM con-
centration (Fig. 4, C and D). Km,3-PG of R135A is about
threefold of the WT sPHGDH, while its kcat did not change
much (Table 1), indicating that the salt bridges formed by
R135’with 3-PG only modestly contribute to substrate binding.
With sufficient concentration of 3-PG, the activity of R135A is
similar to WT sPHGDH. In contrast, R135W not only showed
weakened 3-PG binding ability, but also significantly reduced
kcat (about one half). Our study suggests that R135’ is not
essential to catalysis.
J. Biol. Chem. (2021) 296 100572 5



Figure 4. Enzyme activity of sPHGDH and mutants. A, enzyme activity of sPHGDH WT and mutants at the indicated concentration. B, enzyme activity of
2.4 μM sPHGDH and mutants with 3 mM 3-PG, 1 mM NAD+. C, the reaction kinetics of 2.4 μM sPHGDH and mutants with 1 mM NAD+ at different 3-PG
concentrations. D, the reaction kinetics of 2.4 μM sPHGDH and mutants with 1 mM 3-PG at different NAD+ concentrations. Error bars represent SD (n ≥ 3).

PHGDH catalytic activity depends on its dimerization
The role of the dimeric complex

We have demonstrated the dependence of sPHGDH’s
enzymatic activity on its dimeric state. How the dimer for-
mation affects the enzyme activity needs to be further
explored. We analyzed the dynamic structural properties of
the dimeric (with and without a substrate analog, D-malate:
MLT) and monomeric structures of sPHGDH by performing
long MD simulations (500 ns production run, with three in-
dependent repeats).

RMSD and RMSF calculations show that the dimer struc-
ture is generally more stable than the standalone monomeric
structure in the MD trajectories (Fig. S12A). In particular, the
Table 1
Kinetic parameters of the sPHGDH forward reaction coupled with PSA

sPHGDH Km,3-PG (mM) kcat, 3-PG (s−1) kcat/Km, 3-PG (mM−1s−

WT 0.143 ± 0.065 0.208 ± 0.027 1.454
aE108A / / /
bR119A / / /
aI121A / / /
W133A 1.060 ± 0.143 0.016 ± 0.004 0.015
R135A 0.495 ± 0.052 0.174 ± 0.012 0.351
R135W 0.592 ± 0.114 0.092 ± 0.010 0.155
bG140R / / /
bR163Q / / /
aR236E / / /
I279A 0.015 ± 0.002 0.013 ± 0.001 0.867
aH283A / / /

a E108A/I121A/R236E/H283A were inactive.
b The kinetic parameters of R119A/G140R/R163Q could not be fitted due to low activity
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dimerization loop (residues 120–145) and the catalytic loop
(residues 280–288) represent the least stable regions in the
monomeric trajectories compared with the dimeric forms
(Fig. S12B). This is in concordance with self-assembly enzyme
studies demonstrating that oligomerization is an adaptive
strategy to acquire thermal stability (27). On the other hand,
dissociation of these intersubunit contacts would lead to sig-
nificant distortion of the active site configuration as well as the
stability of the complex (28, 47, 48).

In addition to enhancing thermodynamic stability, inter-
subunit interactions may fluctuate into conformations
resembling the bound state even in the absence of ligands,
T1
1) Km, NAD+ (mM) kcat, NAD+ (s−1) kcat/Km,NAD+ (mM−1s−1)

0.223 ± 0.053 0.197 ± 0.011 0.883
/ / /
/ / /
/ / /

0.711 ± 0.271 0.012 ± 0.002 0.017
0.276 ± 0.083 0.122 ± 0.020 0.442
0.705 ± 0.113 0.083 ± 0.025 0.118

/ / /
/ / /
/ / /

1.187 ± 0.193 0.025 ± 0.006 0.021
/ / /

.



Figure 5. Conformational clusters of the dimer trajectories with or without a substrate analog (MLT). A and B, the two major clusters observed in the
dimer trajectories with MLT correspond to the close and open states. The representative frames (one monomer in light purple and the other in cyan) of the
two clusters are superimposed on top of the crystal structures that represent the close and open states of sPHGDH displaying as gray ribbons (PDB codes:
2G76 and 5N6C). Residues bound to the substrate are shown as yellow or blue sticks for the crystal structures and frames extracted from MD trajectories,
whereas the NAD+ and MLT are designated by orange. C and D, present the major clusters obtained in the dimer trajectories without a substrate analog
MLT.

PHGDH catalytic activity depends on its dimerization
which likely facilitates ligand binding (49–51). We observed
two major conformational clusters in the dimer trajectories
with or without MLT, representing the close or close-like
(�67% or 71%) and open (�9% or 8%) states, respectively
(Fig. 5). However, no substrate-binding-like conformations
were observed in the monomeric trajectories. These observed
close and open conformations in the dimer trajectories
resemble the configurations of sPHGDH crystallized with both
a bound cofactor and a substrate analog (L-tartrate) in one
monomer and only a bound cofactor in the second monomer
(25). In agreement with the structural study, there were no
significant conformational changes upon L-tartrate or MLT
binding, but the lid domain rotated by � 30� upon substrate
binding, and several residues moved into the active site
(including R54, S55, and R75) (25). Furthermore, we also
noticed that the movements of the catalytic loop (residues
280–288) are coupled with the dimerization loop (residues
120’-145’) of the cognate protomer via the essential dynamics
analysis (Fig. S13). Stable interfacial contacts were observed
between the adjacent loop and the catalytic center. In addition,
three conserved salt bridges across the dimer interface
including E108-R119’, E290-K145’, and R294-E142’ are likely
to provide specificity and shape complementarities required
for the homodimer formation. These intersubunit contacts
may engage in the catalysis by stabilizing the transition-state
conformations and facilitate substrate binding.
Influence of sPHGDH interfacial mutations on full-length
PHGDH oligomeric state and enzyme activity

We have shown that the interfacial mutants predicted based
on the sPHGDH structure disturbed the dimer and the enzyme
activity. As the full-length PHGDH contains two additional
regulatory domains, we further studied whether or not these
mutants could disrupt its oligomeric state and influence the
enzyme activity when the regulatory domains are present. We
purified the full-length WT PHGDH protein and the mutants
(Fig. S3B). All the mutants showed similar CD spectra to the
WT protein (Fig. S4B).

We first analyzed the oligomeric state of the full-length
PHGDH using AUC. The c(s) distribution profile of WT
PHGDH showed three peaks (�3S, 5S, and 8S) at different
concentrations, corresponding to the monomeric, dimeric, and
tetrameric states (Fig. 6A). The full-length PHGDH demon-
strated similar concentration dependent enzyme activity
changes as the sPHGDH does (Fig. 6B). When the enzyme
concentrations were 2–6 μM (sPHGDH mainly exists as dimer
and PHGDH exists as tetramer), sPHGDH retained about 75%
activity of PHGDH. When the enzyme concentrations were
below 0.3 μM (the main fraction of sPHGDH is in the
monomer state while PHGDH is a dimer), the full-length
PHGDH is more active than sPHGDH for about two times
(Fig. 6C). These findings indicate that the two regulatory do-
mains also contribute to the enzyme activity.
J. Biol. Chem. (2021) 296 100572 7



Figure 6. The full-length PHGDH exists as a mixture of tetramers, dimers, and monomers with concentration-dependent enzyme activity. A,
sedimentation coefficient distribution c(s) profile of PHGDH WT at the indicated concentration. B, the catalytic rate constant kcat, app increased with the
increased PHGDH WT concentration. C, enzyme activity of sPHGDH and PHGDH at different enzyme concentrations (1 mM 3-PG, 1 mM NAD+). Error bars
represent S.D (n ≥ 3).

PHGDH catalytic activity depends on its dimerization
We further measured the oligomeric states of all the inter-
facial mutants in full-length PHGDH. The SEC analysis
(Fig. 7A, Table S2) and chemical cross-linking results (Fig. S11,
C and D) indicated that E108A, R119A, I121A, and G140R
formed smaller oligomers compared with the WT PHGDH. At
the concentration of 5.4 μM, sedimentation coefficients of
these mutants were �5S (Fig. 7B, Table S4), corresponding to
dimer. R135A/W and I279A retained similar oligomeric states
as PHGDH. W133A and R163Q kept about 60% tetramer. The
two active site mutants, R236E and H283A, did not change the
oligomeric state as expected. For further understanding about
the differences between E108A, R119A, I121A, and G140R, we
measured the oligomeric state of these mutants at a lower
concentration of 0.27 μM (Fig. 7C). All of them appeared to
exist as a mixture of monomer and dimer. Comparing the
sedimentation coefficients of the main peaks, the apparent
molecular weights of the mutants are in the following order:
E108A < I121A < R119A < G140R < R163Q < W133A <
R135W < R135A < I279A.

We also measured the enzyme activity of all the full-length
PHGDH mutants. At the 0.27 μM protein concentration,
E108A and I121A did not show noticeable activity, while the
rest of interfacial mutants show significant enzyme activity
(Fig. 8, Figs. S15 and S16). When we increased the enzyme
concentration to 2.7 μM, E108A and I121A showed weak
enzyme activity (Fig. S17). R135W exhibits about fivefold Km,3-

PG value to WT (Table 2) and maintains half of activity as
8 J. Biol. Chem. (2021) 296 100572
previous reported (30). Notably, I279A of sPHGDH dissociates
into monomers and loses activity, while I279A of the full-
length PHGDH retains the original oligomerization state and
keeps the enzyme activity. The different behavior of the mu-
tations on sPHGDH and PHGDH implies that the accessory
domains may also contribute to stabilize the tetramer by
avidity effects (due to the additive effect of two distinct in-
terfaces in the tetramer).

Discussion

In the present study, we analyzed the relationship between
the oligomeric states and enzyme activity of the full-length
PHGDH and its catalytic unit (sPHGDH). PGDH is present
from prokaryotes to human (5). All the three types of PGDH
contain a conserved catalytic unit. Prokaryote PGDH only
contains the catalytic unit that forms dimer in the reported
crystal structures. The crystal structure of sPHGDH was also
solved as a dimer. Although the dimer structure was expected
to play key role in enzyme catalysis, how it influences the
enzyme activity remains elusive. We show that sPHGDH exists
as a dimer and monomer mixture in solution and only the
dimer form is catalytically active. The apparent enzyme activity
of sPHGDH depends on the enzyme concentration used as the
dimer proportion varies with the total enzyme concentration.
We deduced the catalytic parameter of the sPHGDH dimer,
which is not concentration-dependent. As most of the catalytic
parameters reported from literatures were apparent



Figure 7. Oligomeric states of the full-length PHGDH and mutants. A, size-exclusion chromatograms of PHGDH and mutants at the concentration of
0.3 mg/ml (5.4 μM). B, the stack map of sedimentation coefficient distribution c(s) profile of PHGDH and mutants at the concentration of 0.3 mg/ml (5.4 μM).
C, the stack map of sedimentation coefficient distribution c(s) profile of PHGDH and mutants with a fixed concertation 0.015 mg/ml (0.27 μM). Obvious peak
shift of mutants could be observed clearly.

PHGDH catalytic activity depends on its dimerization
parameters that depend on the enzyme concentration used
(52), care should be taken when doing comparisons and the
enzyme concentrations used should be clearly given.

We analyzed the key residues at the dimer interface of
sPHGDH and identified five hotspot residues. Alanine muta-
tions at these sites (E108, R119, I121, W133, and I279) result in
inactive monomeric proteins. In the dimeric sPHGDH struc-
ture, R135’ from the other protomer was found to interact with
the substrate 3-PG. It was speculated that R135’ may be
important in enzyme catalysis by supporting 3-PG binding.
Our study shows that the R135A mutant maintains the enzyme
activity and the dimer structure with slightly increased Km,3-PG,
Figure 8. Enzyme reaction kinetics of the full-length PHGDH and mutants.
different 3-PG concentrations. B, the reaction kinetics of 0.27 μM PHGDH a
represent S.D (n ≥ 3).
indicating that the contribution of R135 to the dimer forma-
tion is limited. Without R135, the rest of the amino acid res-
idues that interact with 3-PG could still bind the substrate for
enzyme catalysis. Formation of the dimer stabilizes the protein
structure and makes the protomers take the active confor-
mation required for catalysis.

We show that the full-length PHGDH exists as a mixture of
tetramers, dimers, and monomers with a concentration-
dependent enzyme activity manner. Both the tetramers and
dimers are active. The two regulatory domains do contribute
to the enzyme activity as the activity of sPHGDH is about 75%
of the full-length PHGDH, which seems to benefit from the
A, the reaction kinetics of 0.27 μM PHGDH and mutants with 1 mM NAD+ at
nd mutants with 1 mM 3-PG at different NAD+ concentrations. Error bars
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Table 2
Kinetic parameters of the full-length PHGDH forward reaction coupled with PSAT1

sPHGDH Km,3-PG (mM) kcat, 3-PG (s−1) kcat/Km, 3-PG (mM−1s−1) Km, NAD+ (mM) kcat, NAD+ (s−1) kcat/Km,NAD+ (mM−1s−1)

WT 0.217 ± 0.037 1.163 ± 0.049 5.359 0.287 ± 0.089 1.002 ± 0.113 3.491
aE108A 1.958 ± 0.545 0.965 ± 0.120 0.493 1.359 ± 0.366 0.758 ± 0.120 0.558
R119A 1.434 ± 0.294 0.648 ± 0.048 0.452 0.496 ± 0.075 0.574 ± 0.034 1.157
aI121A 0.614 ± 0.043 1.286 ± 0.024 2.094 0.987 ± 0.136 1.693 ± 0.078 1.715
W133A 1.447 ± 0.345 1.197 ± 0.093 0.827 0.322 ± 0.078 0.678 ± 0.078 2.105
R135A 0.397 ± 0.087 0.840 ± 0.093 2.116 0.588 ± 0.050 0.971 ± 0.001 1.651
R135W 1.041 ± 0.144 0.691 ± 0.047 0.663 1.561 ± 0.071 1.040 ± 0.021 0.666
G140R 0.346 ± 0.039 0.606 ± 0.021 1.751 0.371 ± 0.077 0.763 ± 0.078 2.057
R163Q 0.054 ± 0.006 0.535 ± 0.013 9.907 0.370 ± 0.101 0.641 ± 0.070 1.732
bR236E / / / / / /
I279A 0.034 ± 0.002 0.662 ± 0.014 19.471 0.147 ± 0.024 0.791 ± 0.034 5.381
bH283A / / / / / /

a The kinetic parameters of full-length E108A and I121A were measured at the tenfold concentrations of WT and other mutants.
b R236E and H283A were inactive.

PHGDH catalytic activity depends on its dimerization
two regulatory domains providing supports and stabilizations
of the dimer structure. With the presence of the two regulatory
domains, the five hotspot mutants except I279A reduce the
size of the oligomers to different extents. I279A retains the
oligomeric state with similar activity to the WT PHGDH. As a
monomer-dominant mixture of dimers and monomers, R119A
maintains about half of the enzyme activity, while E108A and
I121A exhibit almost no activity at the enzyme concentration
of 0.27 μM. Thus, mutations at E108 and I121 can disrupt the
enzyme activity and oligomeric state of the full-length
PHGDH. E108 forms salt bridge with R119 to maintain the
stable dimer interface (31). I121 is buried in the center of the
dimerization interface, forming a hydrophobic cluster with
M113’ and L109’ from the other protomer. E108 and I121
provide key sites for future inhibitor design targeting the
oligomeric state of PHGDH.

The two pathogenic mutants G140R and R163Q associated
with the lethal NLS1 disease and the PHGDH-deficient mutant
R135W all maintain about half of the WT enzyme activity in
full-length PHGDH. However, they show different oligomeric
states. R135W exhibits a similar tetrameric state as WT
PHGDH, while G140R shows a dimeric state and a small
fraction of monomer and dimer appears for R163Q at the
enzyme concentration of 5.4 μM. This suggests that the
severity of the associated genetic diseases is more related to the
oligomeric state of the mutant enzyme rather than the catalytic
activity. The instability results in increased clearance by pro-
tein quality control mechanisms, resulting in much less activity
than implied by the activity of a recombinant enzyme.
Recently, a number of PHGDH inhibitors have been reported
(29, 53–57). Although the NAD+ competitive inhibitors of
PHGDH showed nanomolar potency in vitro, they work well
only under serine deprivation conditions in cellular assays (18).
In contrast, moderate inhibition produced by allosteric in-
hibitors, such as CBR-5884 (58) and disulfiram (DSF) (59) that
were shown to disrupt the tetramer structure, is not influenced
by environmental serine. Thus, targeting the oligomeric state
of PHGDH provides a novel strategy to design drugs that not
only inhibit its enzyme activity, but also disrupt other non-
catalytic functions yet to be disclosed.

In the present study, we revealed the relationship between
the oligomeric state and the activity of PHGDH. Our study
10 J. Biol. Chem. (2021) 296 100572
provides the first detailed analysis of the hotspot residues at
the dimer interface of the PHGDH catalytic unit. We found
that single mutations at E108 and I121 can destroy the enzyme
activity and oligomeric state of the full-length PHGDH, and
these two residues and their nearby residues can be used as
novel drug design targeting sites. We showed that the two
regulatory domains also contribute the oligomerization and
enzyme activity of PHGDH. The full-length PHGDH structure
to be solved in the future will provide more information to
understand its functional regulation mechanism and provide
more sites for drug design.
Experimental procedures

MD simulations and binding free energy calculations

We first used the AnalyseComplex module implemented in
FoldX 5 to identify the interface residues on the sPHGDH
complex. Next, we employed the PSSM module to mutate each
of the interface residues to alanine and calculate the free en-
ergy change (ΔΔG) of interaction energy upon mutation. This
module combines the BuildModel to mutate the residues and
the AnalyseComplex to compute the interaction energies (36,
60). MD simulations were performed with the Gromacs
package (version 2019) using the Amber99sb-ILDN force field
defining the parameters for all residues. The parameters for
NAD+ were adopted from JJ Pavelites et al 1997, while the
parameters for MLT were generated using the Antechamber
program implemented in AMBER16 (61). For each simulation,
the initial complex structure was placed in a cubic box and
intrinsic charges were neutralized using sodium or chloride
ions. After 50,000 steps of steepest descent energy minimiza-
tion, each system was equilibrated using 200 ps of NVT
ensemble and 200 ps of NPT ensemble. The equilibrated
systems were used for 200 ns or 500 ns full production MD
simulations at 300K and 1 bar barostat, with a time step of 2 fs.
The atomic coordinates were recorded every 100 ps for further
data analysis. Each system was repeated three times to ensure
reproducibility. We calculated the binding free energies for the
association of the two monomers forming the dimer using the
MM-GBSA method of AMBER16 (38). Fifty frames extracted
from the last 50 ns from each MD trajectory were used for
MM-GBSA calculations. In addition, we extracted structures
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between 50 and 500 ns (every 100 ps per structure) for the
RMSF, clustering, and essential dynamics analysis.

Protein purification and mutagenesis experiments

The plasmid construction, protein expression, and purifi-
cation of the C-terminal His6-tagged sPHGDH (1–307),
PHGDH (1–533, UniProt: O43175), and PSAT1 (UniProt:
Q9Y617) were performed as previously described (56). All
mutagenesis experiments were carried out via following the
instructions of the Quick-Change Site-Directed Mutagenesis
(SBS Genetech). In which, the plasmid pET-21a (+)-con-
taining the WT PHGDH was mutated into corresponding
variables and then validated using the DNA sequencing
approach. Next, the plasmids were transformed to the BL21
(DE3) E. coli strain for culturing and purified by nickel-
nitrilotriacetic column (HisTrap HP, Cytiva) and gel-
filtration column (Sephacryl S-200 HR, Cytiva). For details,
see supporting information.

PHGDH enzyme assay

PHGDH activities of the WT and mutants were measured in
96-well plates (100 μl per well) by monitoring the NADH
fluorescence as a function of time with a Bioreader (Excitation
at 360 nm and Emission at 460 nm). PSAT1 and its substrate
glutamate were included to prevent the product inhibition of
PHGDH. For details, see supporting information.

Chemical cross-linking experiments

BS3 is a water-soluble, homobifunctional N-hydrox-
ysuccinimide ester (NHS ester). NHS esters react efficiently
with primary amino groups (-NH2) in pH 7–9 buffers to form
stable amide bonds. The reaction results in the release of N-
hydroxysuccinimide. Proteins generally have several primary
amines in the side chain of lysine (K) residues and the N-
terminus of each polypeptide that are available as targets for
NHS-ester reagents. BS3 is a widely used cross-linking reagent,
which has been used in PHGDH oligomeric state studies upon
treatment of inhibitors CBR-5884 (58) and disulfiram (DSF)
(59). sPHGDH (5 μg) or PHGDH (3 μg) and 2.5 mM BS3
(S5799, Sigma) were incubated in 40 mM PBS buffer (pH 7.3)
with shaking under the room temperature for 30 min. The
reaction was subsequently quenched for 15 min via adding
500 mM Tris, pH 7.5, to a final concentration of 45 mM. Then,
cross-linked proteins were mixed with the loading buffer,
boiled for 10 min, and ran on SDS/PAGE.

Size-exclusion chromatography

Gel filtration experiments were carried out using a Superdex
200,10/300GL column with AKTA FPLC (GE Healthcare).
The column was pre-equilibrated and run with 40 mM PBS
buffer (pH 7.3, 150 mM NaCl) at a flow rate of 0.6 ml/min. Gel
filtration molecular weight markers (β-amylase (200 kD),
alcohol dehydrogenase (150 kD), albumin from bovine serum
(66 Kd), carbonic anhydrase (29 kD), and cytochrome c (12.4
kD)) were loaded onto the column and calibrated for deter-
mining a standard calibration curve based on the retention
volumes (Fig. S9). Each of the purified protein samples was
loaded 100 μl onto the column with fixed concentration of
0.5 mg/ml (16 μM sPHGDH) or 0.3 mg/ml (5.4 μM full-length
PHGDH) for monitoring the eluted volume of the fraction
peak at 280 nm.

Analytical ultracentrifugation

Sedimentation velocity experiments were conducted on a
Beckman Optima XLA analytical ultracentrifuge equipped
with absorbance optics. The proteins were further buffer-
exchanged into the sedimentation buffer (40 mM PBS buffer,
pH 7.3, 150 mM NaCl). The density of the sedimentation
buffer (1.0058 g/ml) and partial specific volume (0.739 ml/g for
sPHGDH and 0.744 ml/g for PHGDH) were calculated using
the program SEDNTERP (http://www.bbri.org/rasmb/rasmb.
html). For sedimentation velocity experiments, 380 μl sam-
ples and 400 μl reference solutions were loaded into cells. The
rotor temperature was equilibrated at 20 �C with a rotor speed
of 50,000 rpm (full-length PHGDH) or 56,000 rpm (sPHGDH).
Absorbance scans were collected at 220 nm, 235 nm, or
280 nm. Data were analyzed with Sedfit (freely available at
http://www.analyticalultracentrifugation.com).

Data availability

All associated data to the figures and tables are available
upon request to the authors.
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information.
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