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Folylpolyglutamate synthetase (FPGS) catalyzes the sequential addition of several glutamates
to folate, forming γ-linked polyglutamate folates of varying lengths. To understand how this
protein is capable of accommodating ligands of different length and net charge, we have
performed docking studies for folate substrates and glutamate based on the ternary crystal
structure of Lactobacillus casei FPGS. Our results suggest two locations for folate binding,
the one seen in the crystal structure and another distinct cavity. According to our model and
experimental data, it is highly probable that folate can bind in both sites, and we suggest that
the new pocket is especially important for the initial addition of the first glutamate residue.
Docking longer substrates, di- and triglutamylated folates, showed how these molecules bind
in the same sites. The longer folates also adopted transition-state-like conformations that may
help us to understand the ligation reaction in FPGS and influence the design of mechanism-
based inhibitors for anticancer or antimicrobial therapy.

Introduction

Folate cofactors play an essential role in a number of
metabolic processes, where they serve as carriers of one-
carbon units in the biosynthesis of purines, thymidylate,
glycine, and methionine.1 After folates are absorbed into
the cell, they are rapidly metabolized to folylpoly-γ-
glutamates. Folylpoly-γ-glutamates are poorly accepted
by the membrane carriers responsible for efflux, so
polyglutamated folates accumulate and maintain the
cellular folate pool.2 Furthermore, polyglutamate folates
are preferred substrates for many folate-dependent
enzymes. Both in bacteria and eukaryotes, folylpoly-
glutamate synthetase (FPGS) catalyzes the addition of
the glutamates to folate. Due to its importance in folate
metabolism, FPGS has become a target for cancer
chemotherapy.3,4

The FPGS reaction mechanism (Figure 1) involves the
activation of folate’s terminal γ-carboxylate group by
ATP, forming an acyl phosphate intermediate.5,6 The
intermediate undergoes a nucleophilic attack by the
amine of glutamate to form a peptide bond. In the case
of Lactobacillus casei FPGS, up to 11 glutamate residues
can be subsequently added.7,8 The fact that the protein
is capable of recognizing folate derivatives of various
lengths and net charges is particularly interesting.
Three crystal structures of L. casei FPGS have been
reported.9,10 One contains its preferred substrate 5,10-
methylenetetrahydrofolate (mTHF) and an adenosine-
5′-[â,γ-methylene]-tetraphosphate (ACP4), which was
formed by phosphorylation of the cofactor mimic ad-
enosine-5′-[â,γ-methylene]-triphosphate.10 Crystal struc-
tures, CD spectra, and EPR studies have shown that
binding mTHF and ATP results in a conformational
change of the protein.10,11 Our studies have focused on
this reactive conformation seen in the ternary crystal
structure (FPGS‚mTHF‚ACP4).

The protein is capable of recognizing folate derivatives
of various lengths and net charges, but the binding
modes of polyglutamate folates are unknown. In the
complex structure, only part of the mTHF molecule was
resolved, but it appears that its γ-carboxylate group
would be too far from the catalytic center to participate
in the reaction. Also, the binding site of the incoming
L-glutamate has not been determined in structural
studies (NMR or crystallography). In this study, we have
used docking calculations to probe the modes of binding
for folate, polyglutamylated folates, and the attacking
glutamate.

Results

Detailed summaries of the docking results are pro-
vided in the Supporting Information. Tables provide
docking scores and list all residues within 3 Å of the
most favorable docked poses. Coordinates are also given.

Docking to the FPGS‚ACP4 Model. In the ternary
crystal structure, the cofactor mimic ACP4 was bound.
Our main goal for studies using the FPGS‚ACP4 model
was to reproduce the position for folate seen in the
crystal structure and verify our methodology. mTHF
and the pteroyl moiety (the resolved portion of mTHF
seen in the crystal structure with FPGS‚ACP4) were
docked to the model and successfully reproduced the
binding conformation seen in the crystal structure of
the complex. Therefore, our protocol should be appropri-
ate for the other docking simulations of the FPGS
system.

For the pteroyl moiety, the largest cluster was in good
agreement with the position in the crystal structure. For
mTHF, its pterin rings formed hydrogen bonds with the
backbone of F75 and the side chain of R82 and S417,
as seen in the crystal structure. It also participated in
nonpolar interactions with residues F75, F121, and
Y414. The cluster contained poses with many different
orientations of the glutamate tail of mTHF, indicating
its flexibility, as is consistent with the unresolved
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glutamate tail in the crystal structure. Even in the most
favorable poses, the γ-carboxylate group of mTHF was
still quite far from the reaction center, suggesting a
nonproductive binding mode. Unexpectedly, we observed
quite a few poses of mTHF and the pteroyl moiety
distributed in another distinct binding site (described
in more detail in the docking studies based on FPGS‚
ATP). While bound in this new pocket, the glutamate
tail of mTHF still could not approach the vicinity of the
ACP4 and Mg2+. It appeared that the δ-phosphate of
ACP4 was blocking the appropriate position for the
folate tail, preventing the γ-carboxylate of mTHF from
occupying that position during the docking calculations.
Our calculations suggest that the Coulombic repulsion
of the additional, fourth phosphate on ACP4 may be the
reason that the crystal structure did not yield a “reac-
tive” conformation of mTHF.

Docking the Pteroyl Moiety and mTHF to FPGS‚
ATP. The proper cofactor for FPGS is ATP, and the
FPGS‚ATP model was used to gain insight into the
catalytically active system. Docking the pteroyl moiety
and mTHF to the FPGS‚ATP model identified poses in

both the crystallographic position and the new pocket.
The two binding modes seen for the pteroyl moiety and
mTHF are shown in Figure 2. The docking energies
indicated that the poses in the new pocket were slightly
more favorable than the crystal poses (∆Edock of 2.7 kcal/
mol for the pteroyl moiety and 0.9 kcal/mol for mTHF).

In docking the pteroyl moiety, the protein-ligand
interactions of the crystal pose were similar to those of
the FPGS‚ACP4 model (Figure 2A). In the new binding
pocket (Figure 2B), the pteroyl moiety formed hydrogen
bonds with T19, G20, and S152. The ligand also ap-
peared to have general hydrophobic interactions with
side chains and backbones of residues 18-25 that make
up a large portion of the new pocket. Several clusters
of binding conformations were observed for the pteroyl
moiety in the new pocket. Over the conformations,
reorientation of the pterin rings and twisting of the
benzymidal ring resulted in positions for the terminal
amide functionality that swept out a wide arc, ranging
6-12 Å away from the terminal phosphate of ATP. The
different orientations of the pteroyl moiety in these

Figure 1. The mechanism of the ligation reaction catalyzed by FPGS.

Figure 2. Binding modes of the pteroyl moiety and mTHF within the FPGS‚ATP model. (A) The pteroyl moiety bound in the
binding site seen in the crystal structure. (B) The pteroyl moiety bound in the new pocket. (C) The reactive binding mode of
mTHF in the new pocket with the γ-carboxylate near ATP. The folate substrates are shown in ball-and-stick, ATP in stick, and
Mg2+ shown by two brown spheres. For clarity, all hydrogen atoms are hidden, and only the surface of the N-terminal domain is
shown. The protein surface is the same in all figures and labeled with N-terminal FPGS residues. It was not possible to clearly
label all key residues in all figures.
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clusters may be suitable for accommodating different
lengths of glutamate chains.

For mTHF bound in the new pocket (Figure 2C), the
pteroyl moiety still associated with residues 18-25 and
had additional hydrogen bonds with T150, D151, and
S152. The R-carboxylate group of the glutamate tail
formed hydrogen bonds with residues R82 and S73, and
the γ-carboxylate group interacted with the catalytic
Mg2+ close to the ATP and the hydroxyl of Y414
(C-terminal residues are not shown in Figure 2). This
is an appropriate position to allow the initial phospho-
rylation of the γ-carboxylate. However, all calculated
conformations of mTHF in the crystal position were
unable to place the glutamate tail close enough to the
ATP and Mg2+ ions for catalysis.

Docking Polyglutamate Folates to FPGS‚ATP.
Dockings of diglutamate (5,10-CH2-H4PteGlu2) and
triglutamate (5,10-CH2-H4PteGlu3) substrates were
only conducted with the FPGS‚ATP model. In docking
the diglutamate substrate, both crystal and new-pocket
poses were examined. Again, the new-pocket poses were
estimated to be slightly more favorable than those in
the crystal poses. However, the results of docking the
diglutamate substrate indicated that both pockets were
capable of binding the longer folate in a reactive mode,
placing the γ-carboxylate close to the ATP (Figure 3A,B).
When docked to the position from the crystal structure
(Figure 3A), the pteroyl moiety remained at the same
location, associated with P74, F75, and S417 (S417 is a
C-terminal residue not shown in Figure 3). The second
R-carboxylate of the diglutamate tail was hydrogen
bound to R82 while the terminal γ-carboxylate bound
to the catalytic Mg2+. For the new-pocket poses, the
interactions seen for the pteroyl group of mTHF were
reproduced with the longer folates. The first R-carboxy-
late of the diglutamate tail was hydrogen bonded to R15;
the second R-carboxylate formed hydrogen bonds with
R82 and S73. The terminal γ-carboxylate bound to Mg2+.
Consistent with the spread of poses found for the pteroyl
moiety in the new pocket, we found that the pteroyl
group of the longer folates twisted slightly to provide
enough space for the additional glutamate chain.

Due to the high flexibility of the triglutamate sub-
strate, more variation in the docked poses was obtained.
The second-ranked cluster had a very favorable docking
score (-21.6 kcal/mol) and bound in a reactive mode
with the pteroyl moiety in the new pocket and the
γ-carboxylate associated with the catalytic magnesium

ion. As shown in Figure 3C, the pteroyl group twisted
even further within the pocket, resulting in an orienta-
tion more suitable for accommodating the longer
glutamate chain. The protein-ligand interactions for
the poses in the new pocket included the common
pattern for the pteroyl group interacting with residues
18-25 and 150-152. The first R-carboxylate hydrogen
bonded with the backbone of residues 119-122 and the
side chain of R15. The second and third R-carboxylates
formed hydrogen bonds with R82 and S73. The terminal
γ-carboxylate associated with the hydroxyl of Y414 and
the catalytic Mg2+ is appropriate for catalyzing the
ligation reaction.

Conversely, glutamate tails were randomly orientated
for the crystal poses. It was not clear whether it was
due to insufficient sampling or because the position seen
in the crystal structure was a poor binding site for the
triglutamate substrate. It was very difficult to find a
reactive conformer, but a single pose in the 139th cluster
appeared to be an appropriate conformation for catalysis
with the γ-carboxylate located near the catalytic mag-
nesium ion. However, the score for this conformer was
7.6 kcal/mol poorer than the reactive, new-pocket pose.

Docking L-Glutamate to FPGS‚ATP. Given the
catalytic mechanism,6 one could expect to find at least
two major binding sites for glutamate, one for the folate
tail and one for the attacking glutamate. Several bind-
ing modes were observed from docking glutamate. The
first ranked cluster contained the largest number of
poses and represented the folate-tail position. Glutamate
in this cluster formed hydrogen bonds with R82, S73,
and Y414 and a salt bridge with the catalytic Mg2+. The
positions of the two carboxylate groups were roughly
the same as those of the mTHF pose in the new pocket,
but it was the R-carboxylate instead of the γ-carboxylate
group approaching ATP and Mg2+. Several catalytically
feasible, tail-like poses (where the γ-carboxylate ap-
proached the ATP, as shown in Figure 4A) were found
in the seventh-ranked cluster (containing 11 poses). The
misorientation seen for the first cluster, where the
R-carboxylate approached ATP rather than the γ-car-
boxylate, may possibly be caused by the presence of an
ammonium group in L-glutamate. As part of the folate
tail, the nitrogen is part of an amide and neutral. Also,
the presence of the pteroyl rings may bias the orienta-
tion and make it more favorable to orient the γ-car-

Figure 3. Catalytically productive binding modes of diglutamate and triglutamate substrates where the γ-carboxylate is near
ATP. (A) Diglutamate substrate bound in the crystal position. (B) Diglutamate substrate bound in the new pocket. (C) Triglutamate
substrate bound in the new pocket.
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boxylate toward the ATP. Only one binding pose in a
very low-ranked cluster resembled the attacking glu-
tamate.

During the reaction, both the glutamate tail and the
attacking glutamate must be present at the same time.
The folate binds before the glutamate,6,11 and its pres-
ence may bias the location of the attacking glutamate.
To verify this view and find the real attacking-
glutamate binding mode, we performed another docking
calculation in the presence of a “tail glutamate” (a
FPGS‚ATP‚Glu model like Figure 4A). A single “tail
glutamate”swith the γ-carboxylate oriented toward the
ATP‚Mg2+ centerswas chosen over a full folate molecule
so that the position identified for the attacking glutamate
was independent of any choice between the two folate
binding sites. In the presence of a tail, the second-
ranked and largest cluster of docked glutamates was
appropriate for an attacking conformation. In this
binding mode (yellow model in Figure 4B), the am-
monium of glutamate is hydrogen bonded to the γ-car-
boxylate of the tail and the γ-phosphate of ATP. The
γ-carboxylate of the attacking glutamate associated with
H316 and S412; the R-carboxylate formed hydrogen
bonds with the backbone of L413 and the backbone and
side chain of Y414. The 19th-ranked cluster was similar

to the most favorable poses, except that the glutamate
was flipped and the two carboxylate groups were
interchanged (magenta model in Figure 4B). This pose
was also bound between residues H316, S412, L413, and
Y414. The flip in its orientation still placed the attacking
nitrogen against the γ-carboxylate of the tail, but on the
face opposite of the ATP. This second binding mode
could be recognized as an alternative attacking-glutamate
conformation.

Poses That Resemble Transition States or Prod-
ucts. In both diglutamate and triglutamate substrate
dockings, poses that resembled transition states (TS)
or products were observed. These conformations had
terminal glutamates bound in the location of the “at-
tacking L-Glu” described above. Most TS-like poses were
found in the new binding pocket. For the diglutamate
substrate, the TS-like poses were actually the top-
ranked, largest cluster (the reactive pose in the new
pocket was ranked second and the crystal pose was
ranked 10th). The pteroyl rings and the first glutamate
moiety of 5,10-CH2-H4PteGlu2 adopted a binding mode
similar to mTHF in the new pocket, and the last
glutamate in the tail occupied roughly the same position
as we determined for the attacking glutamate (Figure
5A). A similar result was also found for the triglutamate
substrate, where the last glutamate occupied the at-

Figure 4. Glutamate binding modes. (A) Folate-tail pose;
residues in the N-terminus that provide the surface contacts
are labeled in black. (B) Two possible orientations for the
attacking glutamate (the γ-carboxylates are shown in ball-and-
stick); the pose in yellow is more favorable than the one in
magenta. Four key residues from the C-terminus are shown
in stick models and labeled in green text. ATP and the tail
glutamate are colored in white to help the reader focus on more
relevant features.

Figure 5. Poses resembling binding modes for transition
states or products. The protein surface is not labeled with
residues, but the orientation is the same as Figures 2-4, and
the contacts are the same. (A) Diglutamate substrate TS-like
pose (ball-and-stick model) superimposed onto mTHF in its
reactive binding mode (stick model, in yellow) and the attack-
ing glutamate (stick model, in magenta). (B) Triglutamate
substrate in a TS-like pose superimposed onto the diglutamate
substrate in its reactive binding mode and the attacking
glutamate (using similar stick models).
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tacking-glutamate position (Figure 5B). In Figure 5, the
most favorable docked conformers placed the γ-carboxy-
late toward ATP (like the magenta model in Figure 4B).
However, it was noted that in the collection of TS-like
poses, the terminal glutamate could adopt orientations
where either its γ-carboxylate or R-carboxylate was
oriented toward ATP.

The triglutamate substrate was also capable of adopt-
ing a TS-like pose while the pteroyl group occupied the
position seen in the crystal structure (a TS-like, crystal
pose). However, this was a single conformer in the 96th-
ranked cluster. The docking score for the TS-like pose
in the new pocket was 5.6 kcal/mol more favorable than
the TS-like, crystal pose.

Discussion

Which Binding Site Is Correct? Our docking
studies revealed two distinct binding sites for folate
substrates. One is observed in the crystal structure, but
the other is in a new pocket that was never previously
reported to be involved in catalysis or substrate recogni-
tion.

As noted by the crystallographers,10 the resolved
pteroyl rings of mTHF are too far away from the
catalytic center to allow for its initial turnover. The
benzamidyl group is >10 Å away from the catalytic site
in the crystal structure, which could accommodate a
diglutamate substrate for catalysis but not a mono-
glutamate folate.10 Our mTHF docking results showed
that the γ-glutamate could not approach the reaction
center when the pteroyl moiety occupied the location
seen in the crystal structure. Naturally, the question
becomes, how does FPGS fulfill the first and subsequent
turnovers? It was suggested in the crystallographic
study10 that the initial glutamylation of mTHF might
require an additional conformational change, possibly
involving the Ω-loop. Our new binding site suggests
another possibility.

Other experimental data suggests the possibility of
two folate binding sites. Fluorinated methotrexate
inhibitors synthesized by Coward and co-workers un-
dergo one glutamylation, but inhibit further ligation
reactions.12 If the specificity of the initial ligation is
different than subsequent turnovers, this could indicate
a different binding site. Preliminary data produced by
Bognar and co-workers for other inhibitors of FPGS
indicate noncompetitive inhibition,13 implying that a
second binding site may exist. Furthermore, the met-6
mutation of FPGS from Neurospora crassa will catalyze
the first turnover, but not additional ligations.14

After our calculations were completed, crystal struc-
tures of Escherichia coli FolC were published.15 E. coli
FolC is a bifunctional enzyme that creates dihydrofolate
through the amide ligation of glutamate and dihy-
dropteroate. It also adds additional glutamates to the
dihydrofolate product, forming folylpolyglutamates. It
has only one ATP binding site, and the same catalytic
center promotes the same chemistry (both reactions
involve the nucleophilic attack of a glutamate amine
onto a phosphorylated carboxylate intermediate6). It
was proposed that the dual activity may come from
different binding modes for different ligands. The di-
hydropteroyl-phosphate in the crystal structure of E. coli
FolC occupies a new pocket that is very similar to our

own. Dihydropteroyl-phosphate is the phosphorylated
intermediate for the first turnover, which creates dihy-
drofolate in FolC.6 Its position and orientation are very
similar to those of mTHF bound in our new pocket.
Structural superposition of E. coli FolC and L. casei
FPGS (Figure 6) revealed that the pocket in FolC is
smaller, but they share several conserved residues.
T119, F121, E122, G145, and D151 in L. casei FPGS
are equivalent to T122, F124, E125, G148, and D154 in
E. coli FolC. Those residues are proximal to the catalytic
center and help accommodate the glutamate tail region
of mTHF. The nonconserved residues in the deeper part
of the new pocket interact with the pteroyl portion of
mTHF and dihydropteroate. These residues may be
responsible for the different shapes of the binding sites
and the differing substrate specificity. The larger pocket
in L. casei FPGS is appropriate for accommodating its
longer substrates.

Further support of the new pocket is the observation
of TS-like poses. Both diglutamate and triglutamate
substrates are capable of adopting poses resembling a
TS or postligation product. These poses imply that a
reactive conformation of substrates is possible when
folate or monoglutamylated folate binds in the new
pocket. A TS-like pose was seen when the pteroyl rings
occupied a crystal pose, but only the longer triglutamate
ligand was able to take that confirmation. Again, this
supports the hypothesis that the crystal pose does not
allow the initial turnover. The TS-like poses identified
in this study may aid the understanding of the ligation
reaction, especially the initial turnover of mTHF. They
may also help in the design of mechanistic-based inhibi-
tors.

It should be emphasized that the binding site of
mTHF seen in the crystal structure cannot be com-
pletely ruled out. Data on the aforementioned inhibitors
may imply that a second site is important in the
inhibition of FPGS.12,13 Also, the crystal poses located
with the di- and triglutamate substrates show that the
position can accommodate folates. Though the crystal
poses are ranked lower in this study of the shorter
folates, they could be more important for longer folylpoly-

Figure 6. Crystal structure of E. coli FolC with ADP and
dihydropteroyl-phosphate (pdb code 1W78)15 superimposed
upon our model of L. casei FPGS‚ATP with mTHF in the new
pocket. Only the pteroyl ligands and the surface of the
N-terminal domain of E. coli FolC are shown. The protein
surface is labeled with key residues in E. coli FolC. Our model
(mTHF) is shown in ball-and-stick and colored by element; the
dihydropteroyl-phosphate in FolC is shown as yellow sticks.
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glutamates with 5-10 γ-glutamates. The binding site
in the crystal structure is much more solvent-exposed.
This would allow for greater variation of ligand size and
less desolvation penalty for the large number of charges
found in the longer tails. It may explain how L. casei
FPGS can add up to 11 glutamates to the folate,
accommodating ligands of greatly varying length and
net charge.

The Position of the Attacking L-Glutamate. Two
binding sites were found for L-glutamate, one appropri-
ate for the folate tail and the other for the attacking
glutamate. The “tail-glutamate” position was supported
by docking full folates. The TS-like poses of the di- and
triglutamate substrates provided some support for the
“attacking-glutamate” position. Mutagenesis studies
indicated the importance of H316, S412, and Y414 in
binding the attacking glutamate. The S412A mutant of
L. casei FPGS increased the KM for L-glutamate by ∼60-
fold.16 Mutant H338A of human FPGS (equivalent to
His316 in L. casei FPGS) led to a 600-fold increases of
the KM for L-glutamate.17 The Y414A mutant of L. casei
FPGS raised the KM value for L-glutamate by 60-fold.13

The attacking-glutamate poses found in our docking
study clearly revealed association of glutamate between
these three residues.

Experiments have shown that glutamate is unable to
bind the free enzyme and does not cause any confor-
mational changes, but binding folate (and ATP) results
in protein domain movement.11 This conformational
change brings residues H316, S412, and Y414 closer to
the active site, forming the binding site of glutamate.
We found that, even with the proper protein conforma-
tion, it was still difficult to obtain the attacking-
glutamate binding mode. Only in the presence of the
glutamate tail (folate) was the attacking mode preferred.
Hence in this view, folate binding to FPGS not only
plays a role in protein conformational change, but also
induces glutamate binding.

We should note that our model of ATP and the
glutamate tail is an obvious simplification. Folates are
the appropriate substrate, and it is always possible that
the attacking glutamate binds after phosphorylation of
the glutamate tail. But even with our simplified model,
the position appears to agree well with mutagenesis
data.

Processing Several Turnovers in the New Bind-
ing Site. Figure 7 presents docked poses from this study
that demonstrate how the first two turnovers may be
processed by FPGS (and how the first three substrates
can be bound in an active conformation in the new
pocket). An interesting feature is the interaction of
R-carboxylates with R82/S73 and R15. For the first
turnover, the R-carboxylate closest to the pterin inter-
acts with R82/S73. After the attacking glutamate is
added, it becomes the terminal glutamate and must be
located between the catalytic magnesium and R82/S73
to be in a reactive orientation. This means that the first
R-carboxylate (noted as R1 in Figure 7) must move away
from R82/S73. It appears that R15 is essential to
complementing the R-carboxylates closest to the pterin
as the chain lengthens.

Conclusion
Our docking studies of L. casei FPGS indicate that

there are two possible sites for binding folate substrates.

One has been observed in the crystal structure of the
FPGS‚ACP4‚mTHF complex, and the other is a newly
identified cavity. The di- and triglutamate substrates
can be accommodated in both sites in a way appropriate
for the ligation reaction, but only the new pocket
appears to bind mTHF and allow the initial ligation
reaction. We suggest that the new pocket plays an
essential role in the first turnover to create folylpoly-
glutamates. Our studies show that the new pocket can
also allow subsequent turnovers and that R15 (and R82/
S73) are important in complementing the growing
glutamate chain. However, we are unable to determine
how very long folates are bound to FPGS. It may be
possible to gain insight into the binding of longer
substrates in future studies that incorporate protein
flexibility and domain motion.

The experimental evidence, especially a recent crystal
structure of E. coli FolC,15 confirms the importance of
our new pocket. FolC is a bifunctional enzyme that
catalyzes the formation of dihydrofolate and then adds
several additional glutamates to create folylpolyglutamate
products. The first turnover for FolC is the production
of dihydrofolate, and the new pocket is implicated in
the first turnover (in keeping with our hypothesis that
the new pocket is important in the first turnover of L.
casei FPGS). However, the authors of the FolC struc-
tural study note that humans and L. casei do not
synthesize folates and the production of dihydrofolate
is unique to certain bacteria. Since the new site is used
for dihydrofolate production in FolC, it was hypothesize
that the new pocket may be a specific target for
antimicrobial therapies. Our study shows that the new
site may also be used for FPGS activity. The new site
may still be very important for specific inhibitors for
antimicrobial vs anticancer therapies, because our dock-
ing studies and the FolC structure show that it is the
site of recognition of the pteroyl moiety. The enzymes
from different species bind different folates preferen-
tially. The new binding site has many nonconserved
residues that might be responsible for the altered
specificity, making the new site a rich landscape for
structure-based designs that target bacterial vs human
enzymes.

We have also proposed a position for the attacking
glutamate, based on docking glutamate, the diglutamate
substrate, and the triglutamate substrate. The interac-
tions between the protein and the attacking glutamate
are consistent with experimental studies. The attacking
glutamate has not been observed in structural studies,
so these calculations provide new insights into the
mechanism. Furthermore, TS-like poses for the di- and
triglutamate ligands may be useful in the design of
mechanism-based inhibitors.

We are working with our collaborators to design
experiments to probe the hypotheses presented from
these docking studies.

Computational Methods

Model Preparation. The computational models of FPGS
were based on the ternary crystal structure of FPGS, ACP4,
and the resolved pteroyl moiety of mTHF (PDB code 1JBW).10

Small unresolved regions in 1JBW were built on the basis of
the binary complex of FPGS with the cofactor ATP (PDB code
1JBV).10 However, there was a larger unresolved loop in both
FPGS structuressG378-G385swhich had to be modeled on
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the basis of the homologous protein MurE (PDB code 1E8C).18

This region is far from the active site. The most notable issue
in building the missing loop based on MurE’s backbone was
the fact that the side chain of R386 in the FPGS structure
was in excellent agreement with the backbone of MurE. It
appeared that the density of neighboring backbone atoms in
the FPGS structure was misassigned as the R386 side chain.
Therefore, we reoriented the R386 side chain as was appropri-
ate for the MurE structure. During the buildup of missing
regions, structures were aligned with an emphasis on match-
ing adjacent secondary structures in the local area.

MOE19 was used for structural alignments, adding hydro-
gens, building unresolved residues, and performing energy
minimizations. The AMBER94 force field20 was used with our

own parameters for polyphosphates for ATP.21 FPGS contains
a modified residue, a carbamylated K185 (a KCX residue).
PEOE charges22 were used for K185 and ACP4. HIS protona-
tion states were carefully determined by checking the sur-
rounding electrostatic potentials. A 10-Å cutoff was used for
van der Waals and electrostatic interactions; a distance-
dependent dielectric was used. In general, the backbone was
not minimized, except in the regions where the 1JBV and
1E8C structures were used to fill in the unresolved regions in
the 1JBW structure. Added side chains were also subjected to
short energy minimizations. The short minimizations consisted
of 200 steps of steepest descent.

Two models were created: one containing ACP4, like the
crystal structure, and one containing ATP, the proper cofactor.

Figure 7. Proposed first and second turnover in the new pocket. The key side chains of R15, S73, and R82 are colored in blue.
The initial mTHF is in magenta; the first attacking L-Glu is in green, and second attacking L-Glu is in yellow. The terminal
γ-carboxylate and R-carboxylates are labeled to help the reader follow the reorganization of the growing folate product.
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To create a model of FPGS with ATP bound, ACP4 was
modified and one of the two Mg2+ (Mg2) was moved to the
position seen in 1JBV and homologous enzymes. In both
structures, all hydrogens were minimized. Side chains and
backbones of all residues within 6 Å of ACP4/ATP and the two
Mg2+ ions were minimized. (The cofactor and the magnesium
ions were allowed to move during the minimization.) The
minimization used 200 steps of steepest descent, followed by
conjugate gradient until the rms gradient became less than
0.01 kcal/mol.

Docking Studies. For each protein model, ATP (or ACP4)
and two magnesium ions were included in the structure.
Autodock 3.0523 was used in the docking studies. Autodock
requires the user to assign united-atom charges. Only polar
hydrogen atoms were kept with AMBER united-atom charges24

assigned by MOE.19 For ligands, cofactors (ATP and ACP4),
and the modified K185, charges of carbons were altered to
include their nonpolar hydrogens as appropriate for a united-
atom representation. Our ligands included the pteroyl moiety,
mTHF, the diglutamate substrate, the triglutamate substrate,
and L-glutamate. United-atom representations were used, and
PEOE charges were assigned by MOE. Charges for the ligands
and cofactors are given in the Supporting Information.

The same docking box (same size and grid center) was used
for both models, and grid spacing was 0.3 Å. Docking experi-
ments were performed using the Lamarckian genetic algo-
rithm (LGA) with flexible ligands and rigid proteins. We
modified the default docking parameters as follows: maximal
mutation of 1 Å in translation and 5° in rotation and orienta-
tion. Simulations were carried out with a population size of
100 and a maximum of 5 million energy evaluations (for the
triglutamate substrates docking, a maximum of 10 million
energy evaluations was employed because of the large number
of rotatable bonds). Final docked conformations were clustered
using a tolerance of 1.5 Å rmsd. Each docking was performed
at least 100 times, yielding 100 or more docked conformations.

For the FPGS‚ACP4 model, our main goal was to reproduce
the conformation in the crystal structure and show that our
parameters and chosen protocol were appropriate. Therefore,
only the pteroyl moiety and mTHF were considered in the
docking study with FPGS‚ACP4. Since ATP is the true cofactor,
our docking studies of folates and glutamate focused on the
FPGS‚ATP model. Docking the pteroyl moiety and mTHF from
random starting positions revealed two dominating binding
sites. For longer folates, the large number of rotatable bonds
required that we do more focused sampling to reach conver-
gence. The longer folates were initially placed in the two
positions identified with the pteroyl moiety and mTHF, and
then we initiated conformational sampling with LGA. The
docking results were then combined for ranking and clustering.

Figures 2-7 were made using Pymol.25
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Appendix

Abbreviations. FPGS, folylpolyglutamate synthetase;
pteroyl moiety, 5,10-methylenetetrahydropteroylamide;
mTHF, 5,10-methylenetetrahydrofolate or 5,10-CH2-
H4PteGlu; ACP4, adenosine-5′-[â,γ-methylene]-tetra-
phosphate; diglutamate substrate, 5,10-CH2-H4PteGlu2;
triglutamate substrate, 5,10-CH2-H4PteGlu3; MurE,

UDP-N-acetylmuramyl tripeptide synthetase; TS, tran-
sition state.

Supporting Information Available: Detailed docking
information of selected binding modes for each substrate,
united-atom charges for unusual molecules, and coordinates
of the best poses. This material is available free of charge via
the Internet at http://pubs.acs.org.
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