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Abstract

Glycinamide ribonucleotide transformylase (GAR Tfase) is a folate-dependent enzyme in the de
novo purine biosynthesis pathway, which has long been considered a potential target for
development of anti-neoplastic therapeutics. Here we report the biological and X-ray
crystallographic evaluations of both independent C10 diastereomers 105 and 10R methylthio-
DDACTHF bound to human GAR Tfase, including the highest resolution apo GAR Tfase
structure to date (1.52 A). Both diastereomers are potent inhibitors (10R K; = 210 nM, 10S K; =
180 nM) of GAR Tfase and exhibit effective inhibition of human leukemia cell growth (1C5y = 80
and 50 nM, respectively). Their inhibitory activity was surprisingly high and these lipophilic C10-
substituted analogs show distinct advantages over their hydrophilic counterparts, most strikingly
in retaining potency in mutant human leukemia cell lines that lack reduced folate carrier protein
activity (ICsq = 70 and 60 nM, respectively). Structural characterization reveals a new binding
mode for these diasterisomers, in which the lipophilic thiomethyl groups penetrate deeper into a
hydrophobic pocket within the folate-binding site. /n sifico docking simulations of three other
sulfur-containing folate analogs also indicates that this hydrophobic cleft represents a favorable
region for binding lipophilic substituents. Overall, these results suggest sulfur and its substitutions
play an important role in not only the binding of anti-folates to GAR Tfase, but also in selectivity
and cellular activity (growth inhibition), thereby presenting new possibilities for future design of
potent and selective anti-folate drugs that target GAR Tfase.
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Glycinamide ribonucleotide transformylase (GAR Tfase) is a folate-dependent enzyme in
the de novo purine biosynthesis pathway(14). GAR Tfase transfers a formyl group to the
primary amine of its substrate, B-glycinamide ribonucleotide (3-GAR, 1) through the use of
the cofactor (6R)-MO-formyltetrahydrofolic acid (10-formyl-THF, 2) in the third step of the
pathway (Figure 1). This one-carbon transfer incorporates the C8 carbon of purines and is
the first of two formyl transfer reactions that leads to inosine monophosphate (IMP) and
ultimately to purines(V). The GAR Tfase mechanism has been the subject of much study in
recent years for the ease with which it catalyzes the formyl transfer reaction®7), its
biological role in DNA precursor synthesis(®), as an important target for chemotherapeutic
drug design(-20) and, more recently, in Mycobacterium tuberculosis where it has been
targeted for drug discovery(@D),

Inhibitors of folate metabolism and the enzymes responsible for the biosynthesis of nucleic
acid precursors have long been considered important agents and targets for cancer
chemotherapy(??). GAR Tfase was validated over 30 years ago as an anti-cancer target with
the discovery of the first potent and selective inhibitor, 5,10-dideaza-5,6,7,8-tetrahydrofolic
acid (DDATHF)(®). The compound was effective /7 vivo against solid murine and human
tumors that did not respond to methotrexate. The potent activity of DDATHF was attributed
to the reliance of tumor cells on de novo purine biosynthesis, whereas normal cells
predominantly use salvage pathways of uridine or cytidine(23). Lometrexol, the 6R
diastereomer of DDATHF, (3, Kj = 60 nM, Figure 2) was taken forward for further clinical
development. Although some patients suffered cumulative myelosuppression, which was
alleviated by co-supplementation folic acid(®4 25), LLometrexol was later withdrawn for
economic reasons.

Structural biology has played a pivotal role in the design and evaluation of folate-based
inhibitors for dihydrofolate reductase (DHFR)(26: 27) 5 10-methylenetetrahydrofolate
reductase (MTHFR)(28), thymidylate synthetase (TS)?® 30), 5-aminoimidazole-4-
carboxamide-ribonucleotide (AICAR Tfase)(31-38) and GAR Tfasel”: 39-41)_ previously, we
reported on folate-based inhibitors that were designed to incorporate an electrophilic
functional group at the C10 position and could potentially interact either with active site
nucleophiles or the substrate amine of B-GAR to form adducts. The GAR Tfase inhibitors
10-formyl-TDAF, 4(10.40) and 10-CF3CO-DDACTHF 5((41: 42)) both contain a
nontransferable formy! or trifluoroacetyl group and have proven to be potent inhibitors of
GAR Tfase (4, K; =260 nM, 5, K; = 15 nM, Figure 2). X-ray and NMR studies on both 4
with Escherichia coli GAR Tfase (eGAR Tfase) and 5 with human GAR Tfase (hGAR
Tfase) have shown they bind as their hydrated gem-diols®0: 41 In both cases, the C10
center rapidly racemizes in solution prohibiting the evaluation of each independent
diastereomer. However, the formation of these hydrophilic gem-diol structures mimics the
formyl transfer reaction intermediate and provides strong stabilizing interactions between
the inhibitor and the catalytic residues of the protein, leading to the highest affinity
inhibitors of GAR Tfase tested to date. This led to the discovery of the tetrahedral
intermediate mimic0: 41) and provided a unique design feature that affords selectivity over
all other folate-dependent enzymes that do not use a formyl-transfer reaction.
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While further investigating the affect of various substitutions at the C10 position, 10/ S
methylthio-DDACTHF 6 was discovered to be a modestly potent, sulfur-containing inhibitor
of hGAR Tfase (K; = 250 nM)@7) (Figure 2). The activity of this compound, both in vitro
and in vivo was unexpected, as it does not contain the electrophilic functional group at the
C10 position of other potent inhibitors, such as 4 and 5. Instead, the thiomethyl moiety is a
weak hydrogen bond acceptor and presents a soft hydrophobic substituent for active site
binding. Despite large differences in electrostatic potentials at the C10 position between
these inhibitors, both are able to bind to hGAR Tfase with high affinity raising important
questions about the activity and selectivity that substitutions at the C10 position can confer.

Finally, although not as a C10 substitution, the incorporation of sulfur in hGAR Tfase
inhibitors is already well established, with Eli Lilly's LY309887 9(43) and Agouron's
AG2034 10¢44) and AG2037 1149, all of which are highly potent (&; between 5-50 nM)
(Figure 3). However, no crystal structures of these are available to elucidate the role of
sulfur in binding of these inhibitors to hGAR Tfase.

The inability of the thiomethyl group to epimerize in solution was recently exploited for the
successful asymmetric synthesis of 6. This allowed for the investigation of the individual
diastereomers (1057 and 10/ 8) in assessing both the importance of C10 substitution,
stereochemistry and the contribution of sulfur to binding in this important class of hGAR
Tfase inhibitors(6). Here we report the biological and X-ray crystallographic evaluations of
both independent C10 diastereomers 1057 and 10/ 8 bound to hGAR Tfase, which reveal a
new binding mode for these important anti-folates. Furthermore, to investigate the overall
contribution of sulfur in binding and GAR Tfase inhibition, three other sulfur-containing
folate analogs 9, 10 and 11 were computationally docked into the folate-binding site of
hGAR Tfase. These combined results shed light on C10 substitution, stereochemistry and a
new role for sulfur in binding within the folate-binding site of hGAR Tfase. In addition, we
also provide the highest resolution apo hGAR Tfase structure to date (1.52 A). This high-
resolution structure reveals the conformation of the previously unseen folate-binding loop
and provides an excellent template for future ligand design.

Materials and Methods

Materials

Residues 808-1010 for the hGAR Tfase domain (purN) from the native human trifunctional
enzyme (purD-purM-purN) were cloned into pET22b encoding a C-terminal hexahistidine
tag, as previously described(?). Cofactor 2 was synthesized as previously described“?). All
other common reagents and buffers were obtained from Sigma-Aldrich Corp., (St. Louis,
MO, USA).

Biological activity against hGAR Tfase and AICAR Tfase

Enzyme activity assays of recombinant hGAR Tfase and recombinant human
aminoimidazole carboxamide ribonucleotide transformylase (hAICAR Tfase) were
performed as previously described®: 41). Kinetics of the enzyme reactions were monitored
for 2 min after reaction initiation. All inhibition constants (K;) were calculated using Dixon
plots.

Growth inhibition assay

The growth inhibition activity of the compounds was measured using CCRF-CEM human
leukemia cell lines as previously described(15: 41, 48),
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Protein expression

Stable and soluble expression of the hGAR Tfase domain (PurN) was achieved using
transfected plasmid into BL21 (De3) £. coli as the expression host. One liter cultures of LB
containing ampicillin (100 pg/mL) were grown at 37 °C to an ODsgg5 of between 0.8-1.0, at
which time cells were induced with 0.5 mM IPTG and incubated for a further for 5 hr at 30
°C.

Protein purification

Cells were lysed using an EmulsiFlex C-3 cell disruptor (Avestin, Canada) at 15 kpsi) at 4
°C in binding buffer (100 mM Tris, 500 mM NaCl, 40 mM imidazole, 5 mM beta-
mercaptoethanol (3-Me) at pH 8.0)). The lysate was then clarified by centrifugation at
20,000% gfor 20 min at 4 °C. The clear supernatant was then passed over a 5 mL Nickel
HiTrap IMAC HP column (GE Healthcare, San Diego, CA, USA), followed by a wash of
five column volumes of binding buffer. The bound protein was eluted by adding one column
volume of elution buffer (100 mM Tris, 500 mM NaCl, 500 mM imidazole, 5 mM B-Me at
pH 8.0) five times, and each fraction was analyzed by SDS-PAGE. The hGAR Tfase-
containing fractions were pooled and applied to a Superdex™ 75 size exclusion column
(Amersham Pharmacia, Pistcataway, NJ, USA) and eluted using 20 mM Tris, 200 mM
NaCl, 5 mM DTT at pH 8.0 in 2 mL fractions. Protein purity was assessed by SDS-PAGE
and those fractions containing protein of >95% purity were pooled for further use.

Crystallization and data collection

The hGAR Tfase was concentrated to 15 mg/mL in 20 mM Tris, 200 mM NaCl, 5 mM DTT
at pH 8.0 and was either crystallized alone or co-crystallized with inhibitors at a 5-fold
molar excess (inhibitors solubilized as 500-fold stocks in dimethyl sulfoxide), using the
vapor-diffusion sitting drop method. For crystallization, an equal volume (2 uL) of protein
and the well condition were mixed and left to equilibrate at 4 °C. Crystals grew from 0.1 M
phosphate/citrate buffer, 1.5-2.0 M ammonium sulfate at pH 4.2, 25 % v/v glycerol added as
a cryoprotectant. All data were collected at beam line 11-1 at the Stanford Synchrotron
Radiation Lightsource (SSRL) at a wavelength of 0.9795 A. All data sets were integrated
and scaled using HKL2000(49). The diffraction data were indexed in space group #6522 with
unit cell dimensions a=b=78.2 A, ¢=229.3 A and one monomer per asymmetric unit. The
Matthews' coefficient(0) for each structure was approximately 4.44 A3 Da1, which
translates to a relatively high solvent content of 72 %.

Structure solution and refinement

The structures of hGAR Tfase in both apo and ligand-bound forms were determined by
molecular replacement in Phaser(®Y) using the previously solved low pH structure of
unliganded hGAR Tfase (IMEO)(") as the search model. Further model building and
refinement were completed using Coot®2) and Refmac5(53) respectively. After initial rounds
of refinement, the location of the inhibitors were determined from FF, omit maps
(supplemental Figure S1). All ligand coordinates and stereochemical library files were
generated using PRODRG(®4), Riding hydrogens were added and anisotropic B-values
assigned during refinement. Final resolutions and Reryst/ Ffree Values were 1.52 Aand 17.3
%/19.3 % for apo GAR Tfase; 1.6 A and 17.5 %/20.5 % for GAR Tfase in complex with
1057; 1.7 A and 20.1 %/21.6 % for GAR Tfase in complex with 10/8. Final models were
validated using the JCSG quality control server (http://jcsgsrv2/QC) incorporating
Molprobity(3), ADIT (http://rcsh-deposit.rutgers.edu/validate), WHATIFG), Resolve?)
and Procheck(®8),
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In silico modeling of sulfur-containing hGAR Tfase inhibitors

Docking of the three sulfur-containing folate analogues 9, 10 and 11 was completed using
the Dock simulation in the program MOE (Molecular Operating Environment 2011.10,
Chemical Computing Group, Montréal, Canada). The high-resolution coordinates for 1057
bound to hGAR Tfase were used as the template with the two conserved structural water
molecules, which play a vital role in binding the pteridine ring("), being retained in the
simulation. The target pocket was defined as atoms within 5 A of the bound ligand 1057,
which was removed prior to the docking simulation. For full details of the docking
methodology, see supplemental info.

Results and Discussion
Biological activity

Remarkably, both diastereomers of the thiomethyl derivative exhibited potent activity
against hGAR Tfase with 1057 being slightly more potent than 10/ 8 (Kj = 180 nM vs K =
210 nM respectively, Table 1)4®). This similarity in the activity of the two C10-
diastereomers is consistent with both possessing near equivalent capabilities for binding at
the hGAR Tfase active site. Neither isomer possessed activity against AICAR Tfase (K;
>100 pM), suggesting the compounds act selectively on hGAR Tfase within the purine
biosynthesis pathway. This selectivity appears to come directly from the C10 substitution, as
the unsubstituted DDACTHF, shows moderate inhibition of AICAR Tfase (K; = 20 yM)
(Table 1)(#6). The compounds were also examined for the ability to suppress growth of the
human leukemia CCRF-CEM cell line (growth inhibition), both in the presence (+) and
absence (™) of added hypoxanthine (purine) or thymidine (pyrimidine). Both 1057 and
10R 8 exhibited potent activity in the cell-based assay with an 1Csq of 50 nM and 80 nM
respectively, which is in line with Lometrexol 3 that have been reported as low as 2.9 nM®9)
and in our hands here at 200 nM. The activity of 1057 and 10/ 8 is only 3-5 times less than
5 (16 nM), the most potent inhibitor of GAR Tfase that we tested (Table 1)(46). In the
presence of thymidine, all inhibitors retained their activity, whereas the inhibitors were
inactive in the presence of supplemented hypoxanthine, indicating that these compounds
inhibit cell growth by selectively inhibiting an enzyme within the purine biosynthetic
pathway.

Folates and anti-folates are transported into the cell through the dominant and ubiquitously
expressed reduced folate carrier protein (RFC)®9. Once in the cell, they are converted to
long-chain poly-glutamate derivatives by folypolyglutamate synthetase (FPGS), which
maximizes their cellular retention(®1), as each additional glutamate adds a negative charge
that prevents interaction with the efflux pumps(¢%). Mutant CCRF-CEM cell lines deficient
in FPGS or the RFC were used to investigate the involvement of these proteins in regulating
intracellular levels of the compounds. All of the most potent hGAR Tfase inhibitors
(compounds 3-8) are substrates of FPGS, as previously demonstrated by loss of activity in
cell lines that are deficient in FPGS activity (CCRF-CEM/FPGS")(10. 17,41, 46) \\hen
applied to these cells, both 10/ 7 and 1058 lost  100-fold activity, indicating that they also
benefit from intracellular polyglutamation (Table 2). Most strikingly, both 10”7 and 1058
retained all of their potency in a mutant cell line deficient in RFC activity (CCRF-CEM/
MTX ICsq = 70 nM and 60 nM respectively) (Table 2)(46). This result demonstrates that
these compounds can cross the plasma membrane, even in the absence of RFC proteins as
compared to 3 (Lometrexol) and 5 that both lost activity (>100 pM) 5(41 42). In both mutant
cell lines deficient in either FPGS or especially the RFC, the lipophilic thiomethyl-
substituted DDACTHF was more potent than the unsubstituted DDACTHF or 5 containing a
hydrophilic C10 substitution, highlighting the enhanced growth inhibition properties that
lipophilic C10 substitutions can confer.

Biochemistry. Author manuscript; available in PMC 2014 July 30.
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X-ray structure determination

Crystal structures were determined for apo hGAR Tfase and hGAR Tfase in complex with
the independent diastereomers of 10-methylthio-DDACTHF, 10R 7 and 105 8. All
structures were solved to between 1.52-1.8 A resolution by molecular replacement using the
apo hGAR Tfase structure at pH 4.2 (LMEO) as the search model("). hGAR Tfase
crystalized in space group A6522 with one molecule per asymmetric unit, consistent with
previous structures(’> 41, The final models included residues 808-1007 from the tri-
functional protein, with the last three histidines of the encoded C-terminal hexa-histidine tag
not interpretable due to disorder. In previously reported hGAR structures, all contained
multiple phosphate and or sulfate ions (or phosphate and glycerol in the case of IMEJ)(7:41).
Here one phosphate ion is seen bound in the substrate-binding pocket that mimics the
phosphate moiety of the substrate 1(7). While the sulfates have no known physiological
function, their appearance here is not surprising as the protein was exposed to high
concentrations of ammonium sulfate (1.5-2 M) in the crystallization experiments. All
structures possess excellent stereo-chemical properties and data collection and refinement
statistics are presented in Table 3.

Overall structure

The structure of hGAR Tfase can be divided into two distinct sub-domains, N- and C-
terminal, connected through a central parallel, seven-stranded [-sheet. The N-terminal sub-
domain contains a Rossmann-type mononucleotide fold; at the C-terminal end of the B-sheet
and positioned atop al is where the phosphate of the substrate B-GAR 1 would sit, and
which is replaced here by an inorganic phosphate ion in the absence of substrate(”) (Figure
4A). Both the ligand-bound and apo forms of hGAR Tfase superpose almost identically
across all a-carbons, suggesting ligand binding does not alter the protein conformation
(Figure 4B), The overall topologies for both the apo and complexed forms of hGAR Tfase
are very similar to that previously reported for the apo form at pH 4.2 (IMEO, Figure 4C).
Although hGAR Tfase is inactive at pH 4.2, due to conformational isomerism in the
substrate binding loop that precludes binding of the substrate(")1, the unliganded structure
reported here at pH 4.2 and the previously solved structure at pH 8.5 (LMEJ) are very
similar, with an RMSD of 1.16A across all a-carbons (supplemental Figure S1). Residues
141 to 146 of the folate-binding loop were absent in the previously reported low pH,
unliganded structure(7) at 1.75 A, presumably due to disorder or conformational
heterogeneity. In the higher resolution structure presented here, we were able to model these
residues revealing the conformation of this important loop at low pH (Figure 4D). However,
this loop has higher B-values (46 A() than that of the rest of the protein structure (20 A@)),
reconfirming that this region is indeed very flexible. This high-resolution structure should
serve as an excellent template for further drug discovery of ligands that bind to this pocket.

In both the complex structures, the F-F . density maps show the inhibitors bind in the folate-
binding pocket with clear, strong and interpretable electron density (supplemental Figure
S2). The refined B-values of the rigid pteridine ring were similar to those of neighboring
protein atoms suggesting full occupancy of the binding site. This unambiguous electron
density made it possible to resolve the structures of each individual diastereomer and
investigate the importance of stereochemistry at the C10 position. The folate-binding pocket
is positioned at the interface of the N-terminal and C-terminal domains of hGAR Tfase. The
binding pocket can be delineated into three parts: the pteridine-binding cleft, the formyl
transfer region, and the benzoylglutamate region, described in detail below.

Pteridine-binding pocket

This region is responsible for the binding of the pteridine head of the natural cofactor 2. The
pteridine-binding pocket is predominantly lined with hydrophobic residues Leu85, 1191,
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Leu92, Phe96 and Val97 at one end, and the folate-binding loop (residues 141-146) making
up the other. The diaminopyrimidinone rings of both diastereomers make a hydrogen bond
between N2 of the ring and carbony! of the Glu141 backbone (approx. 3.1A) that is not seen
in the quinazoline ring of 4 in complex with GAR Tfase(9). The diaminopyrimidinone ring
makes up to six hydrogen bonds to the main-chain amides and carbonyl oxygens of Arg90,
Leu92, Ala140, Glul41 and two hydrogen bonds with structurally ordered waters in a water-
mediated network (Figure 5). Previous studies and /n vitro growth inhibition experiments
showed that the diaminopyrimidinone ring (seen in compounds 5-8) is favored over the
quinazoline ring (seen in 4)(1®). The diaminopyrimidinone ring of 10”7 and 1058 contains
a nitrogen atom at the N8 position, similar to that of the natural cofactor 2 and 3 (also
conserved in 9-11). This ring nitrogen plays a key role in recognition and interaction with
folate binding enzymes forming one end of a hydrogen bond donor-acceptor array. Although
replacement of this N8 nitrogen (for example with carbon in 4) does not preclude binding to
hGAR Tfase, its presence has been correlated with recognition by the RFC and/or FPGS(15),
The importance of the N8 nitrogen was further demonstrated in the superior biological
profile of 5 and in its complex structure (LNJS) where it hydrogen bonds to the carbonyl
oxygen of Arg90¢4d). This important hydrogen bond (2.8 A) is also conserved here in both
diastereomers 10/ 7 and 1058 at (Figure 5).

Formyl Transfer Region

The formyl group of natural cofactor 2 is positioned at the N10 position on the short
aliphatic linker between the pteridine head and the benzoylglutamate tail. The natural
cofactor 2 and ligands 3 and 4, all possess a fused bicyclic quinazoline ring system, which is
replaced by the monocyclic diaminopyrimidinone in both thiomethyl diastereomers 1077
and 1058. This monocyclic diaminopyrimidinone removes the chiral center at the C6
position and was originally designed to afford flexibility in compound 5 to optimize genr
diol binding with the formyl transfer region1). In the complex structures with 4 and 5,
hydroxyls of the gemdiol structures interact extensively with the formyl transfer region,
primarily with Asp144 of the folate binding loop and His108 on the 5 sheet, which are two
essential residues involved in the formyl transfer reaction(’: 40. 41). This interaction with the
usually highly flexible folate-binding loop (supplemental Figure S3) tethers and stabilizes
the region and affords the ligand much of its extra binding capacity over 3, which is devoid
of any C10 substituent. However, the thiomethyl moiety of 6 makes no interactions with the
folate-binding loop; instead, the sulfur atom is positioned deeper in to a hydrophobic cleft
partially occupied by the benzoyl glutamate ring (Figure 5). Application of a molecular
surface colored by lipophilic potential (as calculated from the Wildman and Crippen SlogP
parameters(62)) shows that this hydrophobic cleft, composed of Phe88, Met89, 11e91 and
Val143, is highly lipophilic (Figure 5). Interestingly, the same flexibility designed to
optimize the interaction of the gem-diols of the electrophile-containing compounds allows
the C10 sulfur atom of both diastereomers to occupy almost identical positions here,
superposing to 0.52 A RMSD (Figure 5). This similarity in binding mode is also reflected in
the kinetic data, with each diastereomer being almost equipotent (Table 1). These data
suggest that the thiomethyl positioned in this lipophilic cleft is a favorable interaction that
accounts for why the ligand is able to bind to hGAR Tfase with high affinity, contrary to our
initial assumptions. The position of the thiomethyl in a lipophilic cleft is consistent with
previous reports where the molecular modeling program GRID was used to predict possible
binding sites for the sulfur atoms(4) and is further backed up by biochemical evidence in
assays where the 10Rand 105 hydroxy and methoxy C10-substitutions of DDACTHF were
not as potent in inhibiting hGAR Tfase(®). The overall binding mode displayed here by both
diastereomers 10/ 7 and 105 8 is distinctly different from those observed with any of the
electrophile-containing analogs (Figure 6). This highlights the complex array of binding
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opportunities within the hGAR Tfase folate-binding pocket that could be used to target for
both potency and selectivity.

Benzoylglutamate tail region

The biological and structural roles of polyglutamation of folates and their respective analogs
is not fully known. In £. coli polyglutamation, there are two distinct enzymatic activities
involving amide linkages through either a- or y-carboxylates. The addition of the first two
L-glutamates is catalyzed by dihydrofolate synthetase-folypolyglutamate synthetase to the y-
carboxylate. Further L-glutamate residues (4-8) are added at the a-carboxylate position by
another enzyme, folypoly-a-glutamate synthetase(®3 64). The process in eukaryotes is
simpler, with FPGS adding all glutamates at the y-carboxylate(®%). The differences in the
biological activities of inhibitors between the £. coliand hGAR Tfase can be partially
explained by the observation that eGAR Tfase shows no obvious preference for the binding
of the glutamate tail, which is able to switch between two distinct conformations. In eGAR
Tfase complexes with both BW1476U89(%6) and 10-formyl-TDAF®“0), the y-carboxylates
form salt bridges with Arg64 with the a-carboxylate facing out whereas, in an epoxide-
derived, multi-substrate analog complex structure (1JKX), the a-carboxylate forms the same
salt bridge with the y-carboxylate facing out(39). It is clear that this moiety is an absolute
requirement for tight binding, as previous studies showed that 10-CF3CO-DDATHF
derivz%ti\;es lacking the glutamate tail are inactive against both hGAR Tfase and hAICAR
Tfase(®?).

In these studies, the mono-glutamate forms of 10/ 7 and 1058 were used for both the /n
vitro testing and structural studies. The p-aminobenzoate ring is sandwiched within the
lipophilic pocket comprised of Val143, Met89 and Phe88 and forms stacking interactions
with 11e91. Although the p-aminobenzoate group sits deeper in the pocket than that of 5, its
conformation is consistent with previous reports where the aromatic ring and adjacent
carbonyl group are both in plane to each otherY). In both complex structures, the glutamate
makes two important conserved contacts: a salt bridge between the a-carboxylate and Arg64
and a hydrogen bond with the backbone amide of 11e91 (Figure 5). As the glutamate tail is
solvent-exposed, the electron density was sufficiently clear and unambiguous for modeling
of the a-carboxylate only (Figure S1). The binding of the a-carboxylate orients the y-
carboxylate into the solvent where the density becomes weaker and disordered, consistent
with the solvent-exposed, flexible nature of the polyglutamate tail.

C10 substitution and stereochemistry

Unlike the N10 position in the natural co-factor 2, the corresponding C10 position can exist
as two diasteromers, Ror S(Figure 2). The most potent GAR Tfase inhibitors (4 and 5) both
contain an electrophilic substitution at the C10 position, which bind as hydrophilic gem-
diols mimicking the folate transfer reaction. In both cases, the C10 center rapidly
epimerizes, prohibiting the evaluation of each independent diastereomer. In comparison to
these transition state analog inhibitors, the biological activity of the lipophilic 10-
methylthio-DDACTHF 6 was unexpected, as it does not contain the classical tetrahedral
intermediate motif. Despite large differences in electrostatic potentials at the C10 position
between these inhibitors (Figure 7), both were able to bind to hGAR Tfase with high
affinity, raising important questions about the activity and selectivity that various
substitutions at this position can confer.

To date, no structural characterization to compare individual C10 stereoisomers bound to
hGAR Tfase has been reported. Analysis of F,-F . density maps of hGAR Tfase in complex
with 4 and 5 revealed that both stereoisomers were present with 4, whereas only one isomer
was observed with 5. Subsequent structural analysis and modeling of each isomer of 5 into
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the structure showed that only the R trifluromethyl ketone isomer can fit, with the alternate
Sisomer sterically occluded by loop Aspl42—-Alal45 (see Figure S4). However, the smaller
hydrogen of the formyl hydrate can fit either side of this gem-diol structure and, hence, both
isomers of 9 are observed in the F,-F. electron density maps.

Here, using discrete stereoisomers of 10-methylthio-DDACTHF, 10”7 and 1058,
crystallographic analysis showed that both thiomethyl substituents at the C10 position were
able to occupy the same position in the lipophilic cleft superposing with an RMSD of 0.52
A. In the absence of an electrophilic group at the C10 position to interact with the folate-
binding loop, the inhibitors appears to adopt a novel binding pose within the folate-binding
site that places the C10 position deeper into the lipophilic cleft with no significant
stereochemical preference. These structural data are consistent with previous reports
supporting the preference for lipophilic C10 substitutions, whereby the corresponding
hydroxy and methoxy groups were not as potent while also showing very little difference in
activity between the isomers(4).

In silico modeling of sulfur-containing hGAR Tfase inhibitors

The incorporation of sulfur in hGAR Tfase inhibitors is well established, with compounds 9,
10 and 11 all containing sulfur atoms in thiophene rings located between the pteridine head
and glutamate tail (Figure 3). As with 3 (Lometrexol, Kj = 60 nM), inhibitors 9, 10 and 11
also lack a C10 substitution, although they are able to bind to hGAR Tfase with higher
affinity than 3 (Kj between 5-50 nM). However, no crystal structures are available
demonstrating fowthese sulfur-containing inhibitors achieve high binding affinity to hGAR
Tfase. To address this question, each compound was computationally docked into the folate-
binding pocket of hGAR Tfase. With no C10 substitution, the overall binding orientation of
each was similar to that of other folate analog inhibitors (Figure 8 and supplemental Figures
S5-7). In this conformation, the sulfur-containing thiophene rings of all three analogs were
placed into the lipophilic cleft, made up of residues Val143, Phe88, Met89 and 11e91.
Inhibitor 10 also contains an extra sulfur atom in the pteridine ring. Docking of 10 placed
the sulfur atom at the base of the pteridine-binding pocket, made up of the hydrophobic
Leu85, 11e91, Leu92, Phe96 and Val97. Thus, the lipophilic cleft not only appears to be able
to accommodate lipophilic C10 substituents, but it is also large enough to accept modified
lipophilic ring systems in place of the p-benzoic acid moiety as seen with the 4-methyl-
substituted thiophene ring of 11. The placement of the sulfur atoms within these
substructures into this lipophilic cleft is most likely the mechanism for which these
analogues gain high affinity binding to hGAR Tfase.

Conclusions

Herein we presented the highest resolution apo hGAR Tfase structure to date (1.52 A) with
the combined biological and structural evaluation of the two diastereomers, 107- and 105
methylthio-DDACTHF. Initially, the biological activity of the lipophilic C10 substitution
was surprising6) given its contrast to previous data for the requirement for hydrophilic
gem-diols interacting with the folate-binding loop to achieve high affinity(40. 41). However,
structural characterization reveal that the binding mode of both diastereomers, 10”7 and
1058, is different from previous studies with electrophile-containing analogs (Figure 6).
The lipophilic C10 thiomethyl penetrates deeper into a lipophilic cleft in the folate-binding
site, allowing high affinity to be achieved in the absence of interaction with the folate-
binding loop observed in electrophile-containing compounds, such as 4 and 5(40: 41),

Furthermore, /n sifico docking studies of three sulfur-containing hGAR Tfase inhibitors 9,
10 and 11, which lack a C10 substituent, showed that their sulfur-containing thiophene rings
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also occupy this lipophilic binding cleft, suggesting a favorable site for binding of sulfur or
other lipophilic moieties. A survey of other human folate-binding proteins, such as DHFR
(1DHF)28), TS (1YPV)(®8), ATIC (1P4R)(3D), methionine synthase (1IMSK)(®9), mouse
serine hydroxymethyltransferase (1EJ1)(79 and bacterial MTHFR (1ZP3)("1), show this
lipophilic cleft to be unique to GAR Tfase. Future design considerations could use a
combination of both lipophilic substitutions to afford it selectivity over other folate-
dependent enzymes. The structural characterization of these sulfur-containing anti-folates
has therefore shed light on the complex array of new binding opportunities in the folate-
binding pocket to improve both potency and selectivity.

Folate transport and intracellular retention are also very important aspects of anti-folate
design as these are actively transported into the cell through the dominant reduced folate
carrier protein (RFC)(®9) where they are converted to long-chain poly-glutamate derivatives
to increase their cellular retention(®1). When designing anti-folates, the resulting compounds
must be substrates of these two folate transport proteins in order to achieve maximum anti-
tumor activity. It is well established that down regulation of RFC activity is a mechanism of
tumor resistance to anti-folate drugs(2). Long-term exposure to anti-folates, such as
methotrexate or pemetrexed, can also select for variants with decreased expression or
activity of FPGS and thereby reduce retention of folates("3: 74), A study of 14 anti-folate
resistant human leukemia cell lines showed most had 90— 99% loss of FPGS activity.
However, due to the major contraction in cellular folate pools, these cells exhibited a
marked hypersensitivity to lipid soluble anti-folates, such as neutrexin (trimetrexate) and
AG377, which can cross freely into the cell("®), The inclusion of lipophilic sulfur
substituents at the C10 position has a significant affect on cellular activity with 7 and 8 able
to retain their potency in tumor cell lines deficient in the RFC proteins. This suggests that
these compounds are able to either freely pass through the membrane environment or
advantageously make use of other folate pathways such as the proton coupled mediated
folate transporters (PCFT)(76). Utilizing the PCFT folate transport pathway has been seen as
important in targeting solid tumors where the acidic micro-environment results in optimal
PCFT activity and folate transfer rates over that of the RFC(77). Recently a novel series of 6-
substituted classical pyrrolo[2,3,-d]pyrimidine anti-folates were reported to target GAR
Tfase and derived their potent anti-tumor activity through the efficient membrane transport
by the PCFT(78 79)_ Overall, these results suggest sulfur and/or its specific substitutions have
an important role in the binding of anti-folates to GAR Tfase, selectivity over other folate-
binding enzymes and in cellular transport and growth inhibition. These findings present
further expand our knowledge and possibilities for design of potent and selective anti-folate
drugs that target GAR Tfase in de novo purine biosynthesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
GAR Tfase Glycinamide ribonucleotide transformylase
B-GAR B-glycinamide ribonucleotide
10-fTHF (6 R)-NO0-formyltetrahydrofolic acid
IMP inosine monophosphate
DHFR dihydrofolate reductase
MTFR 5,10-methylenetetrahydrofolate reductase
TS thymidylate synthetase
ATIC 5-aminoimisazole-4-carboxamide-ribonucleotide
AICAR aminoimidazole carboxamide ribonucleotide transformylase
B-Me beta-mercaptoethanol
SSRL Stanford Synchrotron Radiation Lightsource
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Figure 1.
The formyl transfer reaction catalyzed by GAR Tfase, with the proposed tetrahedral
intermediate formed between the substrate B-GAR (1) and co-factor 10-formyl-THF (2).
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Chemical structures of the natural cofactor 10-fTHF (2), and representative anti-folate

analog inhibitors.
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Figure 3.
Chemical structures of anti-folate analog inhibitors of hGAR Tfase that contain sulfur
atoms.
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A.) hGAR Tfase B.) ® Apo
M 10S bound

B 10R bound

C.) m Apo D.) Folate binding loop
141-146

'D141

Figure 4.

The crystal structure of hGAR Tfase in both apo and 10~-, 105-methylthio-DDACTHF
liganded forms. A) Ribbon diagram of the overall topology of unliganded hGAR Tfase.
Helices and f-sheets are shown as red coils and yellow strands, respectively. B)
Superposition of apo hGAR Tfase (red) with hGAR Tfase in complex with 10S5-methylthio-
DDACTHEF (green) and 10/R-methylthio-DDACTHF (blue). C) Superposition of new high-
resolution apo hGAR Tfase at 1.52 A with previous apo GAR Tfase structure at 1.75 A
(AMEO)( showing the conformation of the previously disordered folate-binding loop
141-146. D) Close up view of the folate-binding loop 141-146 as determined in the apo
hGAR Tfase structure at 1.52 A. Figures generated using MOE 2011.10. (Chemical
Computing Group, Canada).
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O acidic <+ sidechain donor O greasy - backbone donor

# ligand exposure 3 proximity contour O receptor contact
Figure 5.

Structural analysis of 105, 10R-methylthio-DDACTHF bound to hGAR Tfase A) Structure
of hGAR Tfase with a molecular surface applied and colored by lipophilic potential as
calculated from the Wildman and Crippen SlogP parameters(®2) showing the bound
conformations of both 105-methylthio-DDACTHF (7) and 10~-methylthio-DDACTHF (8)
in the folate binding pocket B) Close up view of the folate binding pocket showing the
thiomethyl of 105-(7) and 10/-(8) of methylthio-DDACTHF positioned in the lipophilic
cleft that is lined by Phe88, Met89, Arg90, Argl91 and Leu92. C) Schematic 2D projection
of the ligand interactions of 105-methylthio-DDACTHF (7) and 10R-methylthio-
DDACTHEF (8) with the pteridine-binding cleft, formyl transfer region, and
benzoylglutamate region of hGAR Tfase. Legend includes amino acid type, hydrogen bond
donor/acceptor origin, ligand exposure and proximity contour of ligand/receptor contacts.
Bound water molecules that mediate contacts between ligand and receptor are also shown.
Figures generated using MOE 2011.10. (Chemical Computing Group, Canada).

Biochemistry. Author manuscript; available in PMC 2014 July 30.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Connelly et al.

Page 22

10S-M10R-methylthio-DDACTHF
10-CF,CO-DDACTHF

Hydrophobic cleft
FMRIL
88-92

141-146

Figure 6.

Superposition of bound ligand conformations of 10S5methylthio-DDACTHF (7), 10R-
methylthio-DDACTHF (8) and 10-CF3CO-DDATHF from 1NJS (5) to hGAR Tfase folate-
binding site. The thiomethyl of 105-(7), 10R-methylthio-DDACTHF (8) interacts with the
lipophilic cleft made up by Phe88, Met89, Arg90, 11e91 and Leu92, whereas 10-CF3CO-
DDATHEF (5) interacts with Asp144 of the folate binding loop (141-146) and the catalytic
His 90 of strand 5. Figure generated using MOE 2011.10. (Chemical Computing Group,
Canada).
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N
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Figure 7.

Structure and properties of anti-folates CF3CO-DDATHF 5 and 10S5-methylthio-DDACTHF
7 as bound to hGAR Tfase. Molecular surface applied and colored by lipophilic potential as
calculated from the Wildman and Crippen SlogP parameters(®2). Figure generated using
MOE 2011.10. (Chemical Computing Group, Canada).
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Figure 8.

Comparison of bound ligand conformations with sulfur atom positions circled in black. A)
Superposition of the docked LY309887 9 and x-ray crystallographically determined 105
methylthio-DDACTHF conformations as bound to hGAR Tfase 7 B) Superposition of the
docked conformations for LY 309887 9, AG2034 10 and AG2037 11 as bound to hGAR
Tfase. Figures generated using MOE 2011.10. (Chemical Computing Group, Canada).
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Table 2
In vitro growth inhibition

(5) T, (-) H (1Cs0, M)

Compound CCRF-CEM CCRF-CEM/FPGS® CCRF-CEM/MTX

1057 0.06 5 0.06
10R-8 0.09 55 0.07
DDACTHF 2.7 >10 >100
5 0.06 >10 >1000
3 Lometrexol 0.2 >10 >100%

Represented as IC50 (UM) in mutant human leukemia cell lines(46)

b: from ref(411 42),
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Table 3
Data collection and refinement statistics
hGAR Tfase Apo 10S-methylthio-DDACTHF  10R-methylthio-DDACTHF
Data Collection
Beamline SSRL 11-1 SSRL 11-1 SSRL 11-1
Wavelength (A) 0.9795 0.9795 0.9795

Resolution (A)

Space group
abcA)

No. molecules in a.u.
No. observations

No. unique reflections

Completeness (%)

Rym (%)0
Average l/o
Redundancy

Refinement statistics
Resolution (A)

No. reflections (working set)

No. reflections (test set)
Rcryst (%)C‘

Ritee (%)7
hGAR/ligand/water atoms
No. of SO4/PO,4 groups
Average B-values

hGAR Tfase

Ligand

Wilson B-value
Ramachandran plot
Most favored (%)
Additionally allowed (%)
Generously allowed (%)
Disallowed (%)

R.M.S deviations

Bond lengths (A)

Angles (°)

1.52 (1.52-1.57)4
P6522
78.03, 78.03, 230.84
1

612,892 (47,021)2
64,515 (6,187)7
99.7 (98.4)2
4.3 (58.9)4
42.0 (3.0)4

9.5 (7.6)4

1.52-67.6

61,124 (4,318)4
3,263 (229)4
17.3 (29.6)4

19.3 (33.1)4

1,532/0/1217
3/1

19.8
N/A
23.7

92.8
6.6
0.6

0.018
1.64

1.60 (1.60-1.66)2

P6522

78.17,78.17, 229.34

1

655,997 (65,172)4

55,593 (5,431)4
99.9 (100)4
4.0 (54.2)2
57.2 (4.0)4

11.8 (12.0)2

1.60-67.7
52,652 (3,807)2
2,814 (208)4
18.0 (22.2)2

21.0 (22.8)4

1,532/33/282
2/1

18.9
34.6
24.8

92.3
7.2
0.6

0.017
1.67

1.70 (1.70-1.76)4
P6;22
78.12, 78.12, 230.05
1

465,880 (35,193)4
46,588 (4,512)7
99.9 (99.7)2
4.2 (69.6)2
38.3(2.5)2

7.8 (10.0)2

1.70-67.7
44,103 (3,180)4
2,349 (172)4
19.9 (30.7)2

21.5(32.8)2

1,532/33/173
2/1

22.4
38.7
28.9

93.4
6.6

0.018
1.76

a . . .
Numbers in parentheses are for highest resolution shell of data.

b,
Rsym = Zhkl | 1-<I> | Zhkl |

c
Reryst = Zhkl | FoFd Zhkl Fo
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deree is the same as Rcryst but for 5% of data excluded from the refinement.

Biochemistry. Author manuscript; available in PMC 2014 July 30.

Page 28



