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ABSTRACT. Multisubstrate adduct inhibitors (MAI) of glycinamide ribonucleotide transformylase (GAR
Tfase), which incorporate key features of the folate cofactor an@4B8&R substrate, typically exhibit

Ki's in the picomolar range. However, these compounds have reduced bioavailability due to the
incorporation of a negatively charged phosphate moiety that prevents effective cellular uptake. Thus, a
folate analogue that is capable of adduct formation with the substrate on the enzyme active site could
lead to a potent GAR Tfase inhibitor that takes advantage of the cellular folate transport systems. We
synthesized a dibromide folate analogue, 10-bromo-10-bromomethyl-5,8,10-trideazafolic acid, that was
an intermediate designed to assemble with the subgir@&AR on the enzyme active site. We have now
determined the crystal structure of tBscherichia coliGAR Tfase/MAI complex at 1.6 A resolution to
ascertain the nature and mechanism of its time-dependent inhibition. The high-resolution crystal structure
clearly revealed the existence of a covalent adduct between the sulfs@&® and the folate analogue

(Ki = 20 uM). However, the electron density map surprisingly indicated a C10 hydroxyl in the adduct
rather than a bromide and suggested that the multisubstrate adduct is not formed directly from the dibromide
but proceeds via an epoxide. Subsequently, we demonstrated the in situ conversion of the dibromide to
the epoxide. Moreover, synthesis of the authentic epoxide confirmed that its inhibitory, time-dependent,
and cytotoxic properties are comparable to those of the dibromide. Further, inhibition was strongest when
the dibromide or epoxide is preincubated with both enzyme and substrate, indicating that inhibition occurs
via the enzyme-dependent formation of the multisubstrate adduct. Thus, the crystal structure revealed the
successful formation of an enzyme-assembled multisubstrate adduct and highlighted a potential application
for epoxides, and perhaps aziridines, in the design of efficacious GAR Tfase inhibitors.

The folate-dependent enzymes, dihydrofolate reductaseglycinamide ribonucleotide (GAR)L( 2) and 5-aminoimi-
(DHFR) ! thymidylate synthase (TS), glycinamide ribonucle- dazole-4-carboxamide ribonucleotide (AICAR),(respec-
otide transformylase (GAR Tfase), and 5-aminoimidazole- tively. In particular, one of our major goals has been to design
4-carboxamide ribonucleotide transformylase (AICAR Tfase), lead compounds capable of forming an enzyme-assembled
have long been established as viable targets for anti- multisubstrate adduct inhibitor (MAIY] through examina-
neoplastic intervention. However, despite considerable at-tion of the crystal structures of GAR Tfasge<{9) and, more
tempts to design efficacious antifolates against these en-recently, AICAR Tfase 10). In this way, delivery of the
zymes, there remains a paucity of clinically useful compounds. appropriate folate analogues to cells is not complicated by
We have focused our attention on the design of inhibitors the presence of charged moieties that inhibit cell entry.
against the two folate-dependent enzymes of the de novo \ytisubstrate adduct inhibitors (MAL), such as BW1476-
purine biosynthesis pathway, GAR Tfase and AICAR Tfase. |jgg (7, 11) and thio-GAR-dideazafolate (TGDDFL2),
Both of these enzymes utilize the cofactor 10-formyltetrahy- \ynich contain key components of both the folate cofactor
drofolate (10-formyl-THF) to catalyze the formylation of 5,4 substrate3-GAR, have demonstrated superb potency
against GAR Tfase, witl's in the picomolar rangel,
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Crystal Structure of a GAR Tfase/MAI Complex
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Ficure 1: Folate-base inhibitors of GAR Tfase. The dibromide
1 (boxed compound), a functionalized analogue of 10-formyl-5,8,-
10-trideazafolic acid, forms a multisubstrate adduct \atBEAR

via epoxide2.
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Ficure 2: Plot of GAR Tfase activity vs time for different

the presence of the negatively charged phosphate moietyincubation conditions of (A) the dibromide analogliand (B) the

prevents effective cellular uptake; thus, reduced bioavail-

ability and general cytotoxicity hinder the clinical application
of such inhibitors. Consequently, if a chemically simpler

epoxide analogu@. Assay conditions: 2 nMpurN GAR Tfase
(E), 104M inhibitor (1 or 2), 20 uM fDDF, 50 uM GAR, and 2
min preincubation.

folate compound can be synthesized which has the CapaCityMATERIALS AND METHODS

to sequester the natural substr@& AR, within the enzyme
active site, we could potentially assemble a potent GAR
Tfase and/or AICAR Tfase adduct inhibitor of clinical utility.

Materials. Luria broth and agar were obtained from Life
Technologies, Gaithersburg, MD. All common buffers and

Further, we could also take advantage of the cells own folate reagents were purchased from Sigma-Aldrich Corp., St.
uptake systems via the reduce folate carrier and folate bindingLouis, MO. The substratea($)-GAR was synthesized as

protein (L3). Indeed, GAR Tfase was previously shown to
be capable of in situ MAI formatiorid); unfortunately, the
folate analogue N'°-bromoacetyl dideazafolate, was too
reactive and unstable to be adopted as a didy (

The compound 10-bromo-10-bromomethyl-5,8,10-tridea-
zafolic acid (dibromidel) (15), a functionalized analogue
of 10-formyl-5,8,10-trideazafolic acid (10-formyl-TDARJX
(Figure 1), although not a particularly potent inhibitor toward
GAR Tfase K; of 20 uM), was observed to exhibit time-
dependent inhibition €20% activity remaining after 460
min, Figure 2A) (5). It was previously proposed that this
time-dependent inhibition was a result of the formation of a
multisubstrate adduct with the substrafeGAR, and/or
alkylation of an active site residue by the inhibitor. Additional
inhibition studies, in the presence and absencg-GfAR,
strongly favored the formation of a multisubstrate adduct
(19).

The high-resolution crystal structure Bscherichia coli
(E. col) GAR Tfase, crystallized in the presence of the
dibromide inhibitor,1, and substraté§-GAR, was determined

to 1.6 A resolution to ascertain the exact nature of the time-

described previously1@).

Protein Preparation and PurificatiorE. coli GAR Tfase
was prepared as reported previousty §). Approximately
25 mg of GAR Tfase can be recovered (el preparation
of cells and purified to 98% homogeneity, as assessed by
SDS-PAGE. Purified enzyme was stored at°€, at a
concentration of 2.6 mg/mL in 50 mM Tris-HCI, pH 7.5,
and 1 mM EDTA. The dibromide inhibitor was dissolved in
100% DMSO and added to the dilute protein to give a 10-
fold molar excess. The substrate,f)-GAR, was dissolved
in water and added in 1.2-fold molar excess to the protein/
inhibitor solution and incubated overnight at°@ before
concentrating to 10 mg/mL suitable for crystallization
experiments.

Crystallization and Data CollectianThe protein/ligand
complex was crystallized by the method of vapor diffusion
in sitting drops 17). The protein solution was mixed with
an equal volume (1.8L) of precipitating solution and left
to equilibrate at 22C. Initial crystals were obtained after 1
week from 22% polyethylene glycol (PEG) 3350, 0.15 M
calcium chloride, 4% MPD (v/v), and 0.1 M imidazole
malate (pH 7.4). These crystals were then macroseeded into

dependent enzyme inhibition. Subsequently, an authentic14% PEG 3350, 0.15 M calcium chloride, 4% MPD, and
epoxide compound was synthesized, and its inhibitory 0.1 M imidazole malate (pH 7.4) that resulted in large (0.4
properties were evaluated, to substantiate the existence oinm x 0.2 mmx 0.05 mm) platelike crystals, which were

the C10 hydroxyl of the MAI observed in the crystal
structure, thus providing an additional perspective for the

typically multilayered.
Owing to the thin nature of these crystals, data collection

design of antifolates against de novo purine biosynthesiswas only possible at a synchrotron source. Data were

enzymes.

collected to 1.6 A resolution from a single crystal-at78
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Table 1: Data Collection and Refinement Statistics

space group

P1

unit cell dimensions (A; deg) a=55.14,b =56.01,c = 76.13;

no. of molecules per au
resolution range (A)
no. of unique reflections

o.=80.83,8=71.71y = 83.69

4
301.6 (1.64-1.60)
106828 (6398)

completeness (%) 94.4 (76.4)
multiplicity 1.9 (1.5)
averagd/o 6.2 (2.2)
Rsym® (%) 5.0 (32.5)
refinement

resolution range (A) 301.6

data cutoff Fo> 0o

reflections (test set) 106744 (10690)

protein atoms 6469

water molecules 607

inhibitor atoms 208

Reryst Riree © (%) 22.1:24.3
Ramachandran plot (%)

most favored 91.2

additionally allowed 8.6

generously allowed 0.3

disallowed 0.0

2 Numbers in parentheses refer to the highest resolution 8tiglkge
= (Ondillithy — D(h)d/yrYili(h)) x 100, wherell(h)Ois the mean of
the I(h) observation of reflectiom. ¢ Reyst = (3nlFo — Fel/YnFo) x
100, where=, andF. are the observed and calculated structure factors,
respectively.Rqee is computed as foRuys but with the test set of
reflections only.

°C on beam line 9-1 at Stanford Synchrotron Radiation
Laboratory, using a MAR345 imaging plate. A single crystal

was cryocooled by mounting in a loop (Hampton Research,
Laguna Hills, CA) that was quickly dragged through a

solution of mother liquor, where the MPD concentration had
been raised from 4% to 10%, before cryocooling directly in

the liquid nitrogen stream.

Data were processed with MOSFLNI&) and scaled with
SCALA (19) and programs from the CCP4 suit20). The
crystals belong to space gro&, with unit cell dimensions
a=5514Ab=56.01Ac=76.13A,00=80.83, 5=
717, and y = 83.69. Calculation of the Matthews
coefficient ,m, = 2.5) (21) suggested four molecules per
asymmetric unit. Data statistics are given in Table 1.

Structure Solution and Refinemerfthe structure was
determined using molecule 1 from the refined structure of
GAR Tfase in complex with 10-formyl-TDAF (PDB file
1C2T) @) as the search model for molecular replacement
using the program EPMR2R). All water molecules, inhibi-

Greasley et al.

of 300 and 100 kcal mot for main-chain and side-chain
atoms, respectively (all residues). After individual temper-
ature factor refinementR.ys: and Rqee Were 30.6% and
31.3%, respectively. Electron density mapg-(veighted &,

— 2F, 2F, — F., andF, — F) calculated at this stage clearly
revealed electron density in the active site of each molecule
for the folate inhibitor, with distinct density connecting to
the primary amine off-GAR (Figure 3).

To establish which form of the inhibitor was bound, a
number of models were refined, including both theRLO
and (1(®) diastereomers, inhibitor minus the primary bro-
mide, a version with the primary bromide removed and the
tertiary bromide replaced by a methyl group, and the5[10
form covalently linked tg3-GAR via removal of the primary
bromide, with either a tertiary bromide or hydroxyl group.
All inhibitor models were built in Insightll (MSI, San Diego,
CA), and topology and parameter files required for CNS
refinement were generated by XPLO2P6]. The electron
density calculated from each model strongly suggested that
the best fit to the electron density was observed for the
covalently linked adduct containing a @0C10 hydroxyl.

All subsequent refinements were performed with this deriva-
tive. Cycles of conventional positional refinement and
individual B-value refinement using all data from 30.0 to
1.6 A were alternated with manual rebuilding with @7).
Density modification with 4-fold averaging, solvent flatten-
ing, and histogram matching was employed in D28)(to
produce improved electron density maps to facilitate model
building of the more disordered regions (typically residues
112-132, 146-146, 154-168, and 191209) (Figure 4).
The loop containing residues 14145 required the most
rebuilding as it adopts a conformation different from that
observed in other folate-bound complex structue$,9).

Ncs restraints were released for the more disordered regions
of the structure (listed above) and were never applied to the
inhibitor/substrate adduct. In the later stages of refinement,
water molecules were fit using a combination of the
automated water picking routine in CNS (442 waters) and
manual addition of a further 165 waters during the final
rebuilding cycle. During the last round of refinement, all ncs
restraints were released, resulting in a fiRg|s; andRyee OF
22.1% and 24.3%, respectively. The Ramachandran values
of the model are excellent as assessed by PROCHEGK (
(Table 1). The model was compared to the following
structures in the PDB: ternary complex wihGAR and
10-formyl-TDAF [1C2T Q)], ternary complex with3-GAR

tor, and substrate were removed from the model. The searchand 5-DATHF [1CDE %)], complex with BW1476U89

was conducted with data from 10.0 to 3.5 A, and all four
molecules were found in a single EPMR run, resulting in an
R-value of 36.4% and a correlation coefficient (cc) of 64.2
(incorrect solution has aR-value= 45.8% and ce= 42.2).
Refinement was carried out using the program CRS (
with overall anisotropic temperature factor correction (where
Bll = —-0.6 AZ’ Bgz =-4.0 AZ’ B33 =34 AZ, Blz = —-0.5
A2 By = —1.8 A2, andBi3 = 2.7 A and bulk solvent
correction applied at each round of refineme2d)( A test
set of 10% of reflections was omitted for the calculation of
Riee (25). The Reyst and Rgee Values after rigid body

[LGAR (7)], low pH phosphate-bound structures [LGRC and
1CDD (5, 6)], E70A phosphate-bound structuré® &t low
pH (2GAR) and high pH (3GAR).

Synthesis of Epoxid2 The synthesis of the epoxideis
shown in Scheme 1. The known dia&d15) was esterified
to provide the dimethyl ested by treatment with catalytic
H.SO,—CH3OH (25°C, 12 h). The dimethyl ester protection
was chosen in order to allow saponification of the esters
during the base-catalyzed epoxide closure reaction, releasing
the glutamate as a carboxylic acid salt. Compoéndas
converted to its corresponding bromohydrirby reaction

refinement from 30 to 3.5 A resolution were 38.1% and with 1 equiv of N-bromosuccinimide (NBS) in aqueous
38.1%, respectively. Simulated annealing, followed by 200 dioxane at room temperature overnight. Finally, the bromo-
cycles of conventional positional refinement, was performed hydrin 7 was treated with 3 equiv of lithium hydroxide in
to 1.6 A, using noncrystallographic symmetry (ncs) restraints aqueous CkDH at room temperature overnight to simulta-
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Ficure 3: Stereoview of the initial, unbiased, electron density with superimposed final coordinates for the multisubstrate adduct formed
betweern3-GAR and the dibromide. The density shown is fromg 3 2F. oa-weighted map contoured at &.2nd clearly shows connecting

density between the substrate and inhibitor and insufficient electron density for a tertiary bromide (*). The C10 carbon has been labeled for
clarity. Atoms are colored according to atom type.
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Ficure 4: Plot of B-values vs residue number forGatoms of GAR Tfase molecules-#. The plot highlights the previously identified
disordered regions of the structure (residues-1132, 146-146, 154-168, and 191209). In this study, molecules 3 and 4 have higher
averageB-values than molecules 1 and 2.

neously close the epoxide ring and saponify the two methyl 1H), 7.55 (d,J = 8.5 Hz, 1H), 7.25 (dJ = 7.6 Hz, 2H),

esters forming the dilithium salt of the epoxi@e 7.19 (d,J = 7.6 Hz, 2H), 5.60 (s, 1H), 5.24 (s, 1H), 4:63
Dimethyl N-[4-[3-(2-Amino-3,4-dihydro-4-oxoquinazolin-  4.58 (m, 1H), 3.96 (s, 2H), 3.72 (s, 3H), 3.62 (s, 3H), 2.46

6-yl)prop-1-en-2-yllbenzoylj-glutamate 6). A solution of (t, J=7.5Hz, 2H), 2.33-2.21 (m, 1H), 2.12-2.00 (m, 1H);

5(15) (20.0 mg, 0.018 mmol) in C¥DH (4 mL) was treated ~ MALDI-FTMS (DHB) m/z479.1929 (M+ H™, CysH26N4Os

with concentrated k80O, (3 drops). The reaction mixture was requires 479.1931).

allowed to stir at room temperature overnight. The reaction  Dimethyl (2RS)-N-[4-[3-(2-Amino-3,4-dihydro-4-oxoquina-

mixture was poured into saturated aqueous Naki2O mL) zolin-6-yl)-2-bromo-1-hydroxyprop-2-yllbenzoyljgluta-

and extracted with EtOAc (3 30 mL). The combined mate {). A solution of 6 (34.0 mg, 0.071 mmol) in 1,4-

organic layers were washed with saturated aqueous NaCl (1dioxane (4 mL) and D (2 mL) was treated withN-

x 30 mL), dried over Ng50O;, and concentrated to provide bromosuccinimide (13.0 mg, 0.073 mmol, 1.0 equiv). The

6 (17.0 mg, quantitative) as a pale yellow solitt NMR reaction mixture was allowed to stir at room temperature

(CDsOD, 400 MHz)6 7.85 (s, 1H), 7.74 (dJ = 8.5 Hz, overnight. The reaction mixture was poured into distillet®OH
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Scheme 1
N.__NH, N.__NH
Y ) X2
O NH 1 equiv NBS \,5_‘
5 2:1 dioxane / H,O Br
O " 25°C, 12h o
H
N._CO,R OH O N__CO,CH;
o] 0 (‘
CO,R CO,CHj3
CH30H E 5R=H 7
cat. H2304 -
25°C, 12h 8R=CH,
3 equiv LiOH
CH30H / H,0 2
25°C,12h
N.__COpLi
COp,Li
Ny NHz2 5 equiv NaHCO, YNHZ
Ho0 (pH = 8)
NH NH
B 25°C,12h
r 0
or
H H
Br O N.__CO,H pH=7 N__CO,Na
aqueous buffer
o 25°C, 24h
CO.H CO,Na

1

2

(20 mL) and extracted with EtOAc (X 30 mL). The
combined organic layers were washed with saturated aqueou
NaCl (1 x 30 mL), dried over Ng5O,, and concentrated.
The film isolated was triturated with G&l, + hexanes and
concentrated to providé (32 mg, 79%) as a white solid:
IH NMR (CD30OD, 250 MHz)¢6 7.85-7.72 (m, 2H), 7.76
(d, J = 8.8 Hz, 2H), 7.46 (dJ = 8.0 Hz, 2H), 7.49-7.42
(m, 1H), 4.64-4.56 (m, 1H), 3.72 (s, 3H), 3.753.64 (m,
4H), 3.61 (s, 3H), 2.46 (1) = 7.1 Hz, 2H), 2.35-2.20 (m,
1H), 2.17-2.01 (m, 1H); MALDI-FTMS (DHB)m/z597.0931
(M + Na*, CosH27BrN4O7 requires 5970955)
(2RS)-N-[4-[3-(2-Amino-3,4-dihydro-4-oxoquinazolin-6-
y)-1,2-(ethylene oxide)prop-2-yllbenzoyHglutamic Acid
Dilithium Salt ). A solution of 7 (10.0 mg, 0.017 mmol)
in CH;OH (1 mL) and HO (1 drop) was treated with LiOH
H,0 (2.2 mg, 0.052 mmol, 3.0 equiv). The reaction mixture
was allowed to stir at room temperature overnight before
the reaction mixture was concentrated. The film isolated was
triturated with and concentrated from @EN (1x) and
CH.CI, + hexanes (%) to cleanly provide2 dilithium salt
+ 1 equiv of LiBr (9.8 mg) as a white solid. The inorganic
impurities were removed to generate an analytical sample
using Sephadex LH-20 (100 g, @BH eluent) gel filtration
chromatography:!H NMR (CD3;OD, 250 MHz)6 7.86 (s,
1H), 7.82 (d,J = 8.4 Hz, 2H), 7.44 (dJ = 8.4 Hz, 2H),
7.35 (d,J = 8.5 Hz, 1H), 7.07 (dJ = 8.4 Hz, 1H), 4.46-
4.35 (m, 1H), 3.51 (dJ = 14.8 Hz, 1H), 2.96 (d) = 5.0
Hz, 1H), 2.73 (dJ = 5.4 Hz, 1H), 2.29 (tJ = 6.9 Hz, 2H),
2.26-2.05 (m, 2H); MALDI-FTMS (DHB) m/z 467.1563
(M + H*, CyH2N4O; requires 467.1567).
Corwersion of Dibromidel to Epoxide2. To establish the
feasibility of in situ epoxide generation from compouhd

Greasley et al.

Table 2: Cytotoxic Activity (1Go, uM)?

agent L1210 CCRF-CEM
(6R)-DDATHF >225,0.07 >225,0.05
methotrexate 0.05, 0.05 0.06, 0.07
1 50, 40 60, 50
2 not tested 30, 30

2 Dialyzed FBS, RPMI-1640 medium.With (+) hypoxanthine, €)
hypoxanthine.

the dibromide {5) was stirred in either mildly basic (pH 8)
distilled water which contained 5 equiv of NaHg@vernight

or pH 7 phosphate buffer for 24 h (Scheme 1). After
concentration in vacudH NMR and high-resolution mass
spectroscopy indicated the surprisingly facile and quantitative
conversion of the dibromide to the disodium salt of epoxide
2. This indicates that compouridis completely converted
to epoxide 2 under the aqueous assay conditions and
conditions similar to the crystallization media. In fact, the
synthesis of epoxid@ via the mild reaction of dibromidé

is a more efficient synthetic route than via the bromohydrin
dimethyl ester intermediate discussed above.

(2RS)-N-[4-[3-(2-Amino-3,4-dihydro-4-oxoquinazolin-6-
yD)-1,2-(ethylene oxide)prop-2-yllbenzoyHglutamic Acid
Disodium Salt 2). A solution of 1-CRCO,H (15) (4.0 mg,

5.5 umol) in distilled HO (3 mL) was treated with solid
NaHCG; (2.3 mg, 28:mol, 5.0 equiv). The reaction mixture
was allowed to stir at room temperature overnight before
the reaction mixture was concentrated. The film isolated was
triturated with and concentrated from @EN (1x) to cleanly
provide 2 disodium salt+ 2 equiv of NaBr+ 1 equiv of
odium trifluoroacetate (4.7 mg) as a white solith NMR
CDs;OD, 250 MHz)¢ 7.86 (s, 1H), 7.81 (dJ = 8.7 Hz,
2H), 7.43 (d,J = 8.7 Hz, 2H), 7.39 (d,) = 8.7 Hz, 1H),
7.08 (d,J = 8.7 Hz, 1H), 4.46-4.34 (m, 1H), 3.55 (d) =
15.4 Hz, 1H), 2.98 (dJ = 5.4 Hz, 1H), 2.74 (d) = 5.7 Hz,
1H), 2.29 (t,J = 7.5 Hz, 2H), 2.26-2.05 (m, 2H); MALDI-
FTMS (DHB)m/z 489.1373 (M+ Na', Cy3H2:N4O7 requires
489.1386). Alternativelyl—CFRCOH (15) (7.8 mg, 10.8
umol) was partially dissolved in pH 7 aqueous phosphate
buffer (1 mL, 0.05 M potassium phosphate monobasic
sodium hydroxide buffer). This reaction mixture was allowed
to stir at room temperature for 24 h before the reaction
mixture was concentrated. The inorganic salts were removed
via Sephadex LH-20 (100 g, GBH as eluent) gel filtration
chromatography to generate compo@(®.0 mg, 91%):'H
NMR (CDsOD, 250 MHz)¢6 7.86 (s, 1H), 7.81 (dJ = 8.4
Hz, 2H), 7.42 (dJ = 8.1 Hz, 2H), 7.457.39 (m, 1H), 7.09
(d,J = 8.4 Hz, 1H), 4.46-4.34 (m, 1H), 3.59 (dJ = 15.1
Hz, 1H), 2.98 (d,J = 4.0 Hz, 1H), 2.75 (dJ = 5.0 Hz,
1H), 2.30 (t,J = 6.9 Hz, 2H), 2.26-1.96 (m, 2H).

Biological Testing.Time-dependent inhibition of GAR
Tfase by the epoxid2 was examined as described previously
(4), and results are presented in Figure 2B. Cytotoxicity
testing was also performed as described previod§lyTiable
2).

RESULTS AND DISCUSSION

X-ray Structure DeterminatiorE. coli GAR Tfase was
cocrystallized in the presence of its substr@#& AR, and
the folate-based inhibitor, 10-bromo-10-bromomethyl-5,8,-
10-trideazafolic acid, from polyethylene glycol in the space



Crystal Structure of a GAR Tfase/MAI Complex Biochemistry, Vol. 40, No. 45, 200113543

131

15&

Ficure 5: Stereoview of a ribbon figure of GAR Tfase showing the final coordinates for the multisubstrate adduct (MAI) formed between
B-GAR and the dibromide. The labeled regions correspond to loops that contain the more disordered regions of the structure, as seen in
Figure 4. Helices are shown in greghstrands in blue, and connecting loops in yellow. The MAI is shown as a ball-and-stick representation

and is colored by atom type.

N

FIGURE 6: Stereoview of the active site of GAR Tfase illustrating the different conformations of the flexible “folate-dependent” loop,
141-146, and substrate/inhibitor structures. Superposition of the coordinates was performed in ProFit using core residues (see Table 3).
The structure in yellow is the current structure while all other models are colored gray, except for the flexible loop (Asp 144 is also shown)
which is colored pale blue (10-formyl-TDAF), mint green (molecule 1 of BW1476U89), pink (5-DATHF), and orange (E70A, pH 7.5). The
carbon atoms of each substrate/inhibitor are colored the same as the corresponding loop. Only a slice through the active site region is
shown for clarity. The pterin and glutamate moieties of the folate analogues are highlighted, as is the sgbS#&e,

group P1, with four molecules in the asymmetric unit. molecules 3 and 4 are more disordered than molecules 1
Molecule 1 of the 2.1 A structure of GAR Tfase in complex and 2, as reflected in the avera@aalues (18.3, 19.2, 26.2,
with 10-formyl-TDAF (PDB file 1C2T) 0) was used as the and 28.7 A& for all protein atoms in molecules 4,
search model for structure determination by molecular respectively) (Figure 4). Th@&-values of each molecule
replacement. The structure was refined to 1.6 A (the highestreveal a profile comparable to all other reported structures,
resolution GAR Tfase structure so far) and contains all with regions 116-131 [pH-dependent loephelix (8)], 141—
residues (except the three C-terminal residues,—21@, 146 [containing the catalytic residue, Asp 144 30)], and
which are disordered) and one molecule of the multisubstrate157—166, and the C-terminal residues 2409 exhibiting
adduct that is formed between the substrate and compoundhe highest thermal parameters.
1 (Figure 5) for each of the four molecules in the asymmetric ~ Although the loop containing Asp 144 is flexible, as
unit. Data collection and refinement statistics are summarizedexhibited by highB-values in all known GAR Tfase
in Table 1. structures, it appears to exist in three discrete conforma-
Overall Structure The topology of this enzyme is very tions: flipped into the active site, flipped out of the active
similar to those reported previouslg<9) and, not surpris-  site, or in a position between these two extremes. To date,
ingly, exhibits the greatest similarity to those structures all structures that have a folate analogue inhibitor bound
determined above pH 6.8,8, 9). High pH is necessary for  [BW1476U89 (), 5-DATHF (5), and 10-formyl-TDAF 9)]
formation of an ordered loophelix for residues 116131 display the same “in between” conformation of this loop,
(Figure 5). Additionally, the enzyme is monomeric rather independent of the pH of crystallization (Figure 6), suggest-
than in the dimeric form observed at lower pb7). The ing that the loop becomes fixed by two hydrogen bond
structures for each of the four molecules in the asymmetric interactions from the protein main chain to the pteridine ring
unit are very similar (rms deviations for alloCatoms for system (O of Thr 140 to N3 and NH of Asp 144 to O4). In
molecules 2, 3, and 4 are 0.2, 0.3, and 0.5 A, respectively), the absence of inhibitor [phosphate-bound structues)(
with molecule 4 showing the greatest deviation. In general, and the E70A, high and low pH structure®)]( the loop
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Table 3: rms Deviations (A) of Molecule 1 of the MAI Complex Scheme 2

with OtherE. coli GAR Tfase Structures N\ NH, N\ NH,
region (Gx atoms) Y
model core 110-131 141146 157-166 Br _aqueous buffer
10-f-TDAF® molecule 1 0.3 0.7 4.0 0.9 CO H
10-f-TDAF molecule 2 0.3 0.7 4.0 0.7 COeH 2
BW1476U89 molecule1 0.4 —h 3.6 2.7
BW1476U89 molecule2 0.3 - 34 14
5-DATHF! 0.4 0.7 3.7 0.8 COgH COzH
apd molecule 1 0.5 - 4.3 2.4 o
apo molecule 2 06 - 17 1.8 1 2, active inhibitor
E70AfpH 3.5 0.6 — 5.6 2.3
E70A8pH 7.5 0.4 0.8 1.7 1.6
@ Molecules were superimposed on structurally well conserved core
residues (+109 + 132-140 + 147-156 + 167—190), excluding -Br HBr
flexible regions, using ProFit (A. C. R. Martin, SciTech Software).
bPDB file 1C2T.©PDB file 1GAR.9YPDB file 1CDE.cPDB file
1GRC."PDB file 2GAR.9 PDB file 3GAR." Residues 110131 are —
missing or disordered in these structures. NH,

" . : . H,0
adopts two additional conformations, flipped into or out of 2

the binding pocket, possibly as a result of crystal packing
interactions. It has been postulated that the ordering of this
loop helps to prepare the active site for the formyl transfer
reaction 8).

Interestingly, the electron density for this loop in the MAI
structure clearly shows that these residues adopt a flipped__
out conformation (Figure 6, Table 3), as observed in molecule
2 of the apo crystal structure§, (6) and in the apo E70A  require the facile, in situ conversion of the dibromide to the
high pH structureg), rather than the orientation seen in the epoxide followed by its effective enzyme inhibition or
other folate-bound structures. Residues-2425 form a type inactivation. Presumably, the sequence of epoxide formation
| B-turn, and the loop is predominantly held in position arises by bromonium ion formatios, followed by water
through hydrogen bond interactions with water molecules. addition to the bromonium ion to provide an intermediate
The effect that this loop rearrangement, and concurrent bromohydrind, and finally closure to the epoxid(Scheme
removal of the two hydrogen bond interactions, has on the 2). A small number of reports have described the conversion

binding of the quinazoline ring of the dibromide is
discussed below.
Structure of the Multisubstrate Addudthe advantage of

of similar dibromides to their bromohydrir8), followed
by closure to the corresponding epoxid2{35). To our
knowledge, all such reports utilized more vigorous, basic

higher resolution data is that the chemical identification and conditions for this conversion than that required of the in
conformation of the actual bound ligand adduct can be situ conversion of dibromidel to epoxide2. We have
assessed with considerable confidence. This point wassuccessfully demonstrated the conversion of dibrorfitte
demonstrated beautifully when the first electron density mapsthe epoxide€ under aqueous assay conditions (see Materials
for this structure were calculated. We could unambiguously and Methods). To establish the viability of this in situ
build a model for almost all of the dibromide inhibitor generation of the putative epoxi@ean authentic sample of
(except the glutamate moiety) and all atoms of fREAR 2 was independently prepared and its properties were
substrate, including identification of the ribose ring pucker established (see Materials and Methods). Although it is
as C(1) exo (Figure 3). In particular, we observed formation expected that the epoxide-opening reaction proceeds via a
of a covalent bond between the amine GAR and trans-planar attack of the GAR amine nucleophile, interest-
compoundl. However, the electron density around the ingly, the covalent adduct exhibits a dihedral angle of only
tertiary bromide was not at the level expected for an electron 52°. This suggests that a confomational rearrangement may
dense atom, and the predicted bond length (ca. 1.5 A)occur following formation of the MAI.

connecting to the adjacent carbon was shorter than that Ligand Interactions.The binding of the multisubstrate
typically observed for a carberbromine bond (1.94 A). The  adduct in the enzyme active site is similar to that observed
structure suggested the presence of a C10 hydroxyl, and an other GAR Tfase complex structures deposited in the PBD,
number of different models were refined (see Materials and namely, the multisubstrate analogue inhibitor BW1476U89
Methods) to establish the nature of the atoms around the(7), the 5-DATHFS-GAR (5), and the 10-formyl-TDARS3-

C10 position of the inhibitor. Refinement convincingly GAR complexes9) (Figure 6). The phosphate moiety, in
concurred that a C10 hydroxyl was present and, hence, theparticular, shows the greatest structural overlap, as this region
electrophilic species responsible for theGAR alkylation is involved in extensive hydrogen-bonding interactions

within the GAR Tfase active site; furthermore, the alkylation
of an AICAR Tfase active site residud5) by the same
inhibitor would most likely have come from an epoxide
rather than the original dibromide This mechanism would

(Figure 7) and is additionally stabilized by the helix dipole
moment 6). The ribose portion gf-GAR presents different
interactions to the protein in each of the four molecules in
the asymmetric unit. These differences arise from the change
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tion of the flexible 141146 loop, two hydrogen bond
interactions, from the main-chain carbonyl of Thr 140 to N3
and from the main-chain amide of Asp 144 to O4, have been
lost. These ligand contacts with the protein main chain are
replaced by new hydrogen bond interactions with bound
water molecules that then set up an extensive local hydrogen-
bonding network (Figure 7). This flexible loop has been
described as a “folate-dependent” lo&9g) and is normally
responsible for the correct positioning of the catalytic residue
Asp 144 when folate analogues are bound. In the structure
presented here, the covalent multisubstrate adduct is formed
in the active site and might be expected to more likely
resemble the transition state rather than the substrate/cofactor
bound states. However, only a spatial positioning of the
reactive epoxide in close proximity to the primary amine of
B-GAR is required for formation of the MAI and, hence,
does not necessarily depend on the positioning of the catalytic

0 JHO  hao \‘[qH residues, as in the enzyme reaction. So, perhaps in this
Asnm-n \ H_H/Glyn structure, the 141146 loop adopts a conformation that
Serz g would, ordinarily, facilitate product release, after the catalytic

Ficure 7: Potential hydrogen bond interactions between GAR steps have taken place. )
Tfase and the enzyme-assembled multisubstrate adduct (blue). Bond As a result of covalent bond formation fsGAR and/or

lengths, shown in angstroms next to hydrogen bonds (dashed lines)yepositioning of the quinazoline, the C10, benzoyl ring, and
2;%;2?3\,%2?2”5‘:;{; d’&""leiﬁ“rlﬁzl é”‘gdina[ﬁ 45,;'3[‘1'1'?:] 'rglmg'gci‘#en“:'é? glutamate portion of the folate analogue are shifted toward
enot in m4:dreplaced by water in m2not in m3:fbond to symmetry ~ Arg 64 relative to the parent 10-formyl-TDAF compound
molecule in m1 and m2). Hydrogen bonds shown in green only Structure (1.36 A between the C10 atoms, 1.28 A between
occur in molecules 1 and 3; those in magenta only occur in the Go atoms). The orientation of the benzoyl ring is most
molecules 2 and 4. Catalytic residues Asn 106 and His 108 are gjmjlar to that of 5-DATHF. The most striking divergence
shown in bold. occurs at the glutamate moiety (Figure 6). The glutamate
carboxylate in the BW1476U89, 10-formyl-TDAF, and
5-DATHF (disordered) forms a salt bridge with Arg 64 and
a hydrogen bond with the backbone amide of lle 91. As a
consequence of moving closer to Arg 64, the glutamate side
chain and terminal carboxylate in this structure have swapped
positions (Figure 7), and a salt bridge with Arg 64 and a
hydrogen bond with the backbone amide of lle 91 are now
formed with the terminal carboxylate. The glutamate side
chain is flexible, as evidenced in the electron density (Figure
3), and adopts a slightly different conformation in each of
the four molecules. This alternative binding orientation for
the glutamate may provide a better model for binding of the
it folate cofactor as the glutamate side chain, which becomes
polyglutamated at the | carbon, is pointing out of the

in conformation of residues GIn 170 and Glu 173. The result
is that, in molecules 2 and 4, the C2 hydroxyl of the ribose
hydrogen bonds to the main-chain carbonyl of lle 107, while
the C3 hydroxyl is hydrogen bonded to the side-chain
carboxyl of Glu 173 (Figure 7). In molecules 1 and 3, the
C2 hydroxyl forms a hydrogen bond to the carboxyl of Glu
173, and the C3 hydroxyl interacts with the side-chain amine
of GIn 170 (Figure 7). Overall, the substrate portion of the
adduct bears a striking resemblance to the conformation of
B-GAR in the 5-DATHF structure, including the ribose ring
pucker, which is more planar and disordered in the 10-
formyl-TDAF-5-GAR complex. In particular, the glycine
moiety superimposes well (Figure 6), with only a minor shi
of 0.8 A in the position of the primary amine, adding P>} .
credence to the hypothesis that the structure observed in théyndmg pocket and can thus accommodate additional glutamate
10-formyl-TDAF complex is a close structural mimic of the moieties.
transition state of the formyl transfer reactid).( A tightly bound water molecule close (2.7 A) to the C10
In each of the folate analogue structures, the plane of thehydroxyl (Figure 3) is capable of forming several hydrogen
pteridine portion is oriented at a slightly different angle. For bonds to key active site residues such as His 108, Asn 106,
example, the flexible pyrimidone of BW1476U89 adopts two and the primary amine ¢gi-GAR (Figure 7). This water (W1)
distinct conformations with the plane of the ring varying by occupies a position similar to that of the side chain of Asp
16° (7). The quinazoline of the multisubstrate adduct is tilted 144 in the “folate-bound” loop conformation and potentially
by 12 and 9 relative to the 5-deazapterin of 5-DATHF and fulfills the role of this residue in stabilizing the conformation
the quinazoline of 10-formyl-TDAF, which are orientated of His 108 in the absence of Asp 144 due to the loop
similarly (Figure 6). In addition, the quinazoline of the MAI  rearrangement. The multisubstrate adduct formed between
is pulled down, toward the substrate, by 0.7 A relative to the substrate and the dibromide (or its epoxide derivative)
the quinazoline of 10-formyl-TDAF, probably due to the is firmly held in the active site of GAR Tfase through an
formation of the covalent bond to the substrate, which is extensive network of hydrogen bonds, involving both active
tightly anchored in the active site. Despite these differences,site residues and numerous water molecules (Figure 7).
each compound presents similar hydrogen bond interactionsTherefore, the effective inhibitory property of compouhd
to the backbone carbonyl of Leu 92 and the amide of lle 91 is probably afforded by the MAI, while the time dependence
(Figure 7). However, as a result of the change in conforma- of inhibition arises from the conversion of compouhdo
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the epoxide2 and subsequent adduct formation within the
enzyme active site.

Inhibition by the EpoxideThe epoxide2 was assayed as
a time-dependent inhibitor against GAR Tfase under condi-
tions utilized for the assessment of dibromide (15).
Compoundd and2 display almost identical, time-dependent
inhibitory activity against GAR Tfase in the presence of the
substratgs-GAR (Figure 2). In the absence fGAR, the
potent, time-dependent GAR Tfase inhibitory activity was

Greasley et al.

tion with the substrate and, thus, should be pursued in future
inhibitor design. More importantly, the structure revealed an
unexpected and novel in situ conversion bfinto the
biologically active epoxid®. This unique and surprising in
situ conversion to the biologically active form of the inhibitor
explains the unusually effective properties of the dibromide
1, which would not have been realized in the absence of the
crystal structure, thus emphasizing the importance of crystal-
lography in the iterative process of inhibitor design. With

lost. Even in the absence of enzyme, but in the presence ofthis example, we have shown that an epoxide, when properly

B-GAR, compoundd and2 behaved similarly and retained
some activity, albeit significantly lowered, suggesting a small
amount of adduct formation betweghGAR andl1 or 2.

The epoxide2 and dibromidel appear to retain slight activity
when the preincubation with the enzyme was conducted in
the absence of th&-GAR. These results are consistent with

presented to thg-GAR substrate amine, will react within
the active site producing a potent MAI. With this proof of
principle of epoxide-based inhibitors in hand, we are
currently designing second generation inhibitors that will not
only react with the substrate to form an MAI but also
incorporate epoxides or aziridines that are more stable and

the formation of the enzyme-assembled multisubstrate adductpotentially useful in vivo. The utilization of epoxides in

inhibitor between compoundsor 2 and the substraj@ GAR
that is observed in the X-ray studies rather than direct
alkylation of the GAR Tfase active site. CompouBdvas
also tested against DHFR (data not shown). After incubation
with DHFR for 3 days, no loss of enzymatic activity was
seen, indicating that compoudshows selectivity between
DHFR and GAR Tfase.

The cytotoxic activity of compounds and2 against the

CCRF-CEM cell line was tested in the presence and absenceL

of added hypoxanthine (Table 2). To the extent that this could
be established, the preformed epoxiiexhibited slightly
more cytotoxic activity (ca. ) than the dibromidéd against
CCRF-CEM cells (IG > 10 uM). Neither exhibited a
dependence on media purines-J(and () hypoxanthine),
indicating that the modest cytotoxic activity is not being
derived from inhibition of purine biosynthesis characteristic
of selective GAR or AICAR Tfase inhibition. However, such
results can be attributed to inefficient cellular uptake or lack
of polyglutamation, and therefore, further development of
the inhibitor is required to improve its affinity for the cellular
folate transport enzymes and folylpolyglutamyl synthetase.

Compound2 has comparable, time-dependent enzymatic
inhibitory properties to compount (Figure 2). The conver-
sion of the dibromidé to the epoxide in weakly basic or
buffered aqueous medium was established experimentally
(Scheme 1), presumably via the intermediate bromohydrin
as outlined in Scheme 2. Since compouh@snd?2 exhibited
nearly identical time-dependent inhibition of GAR Tfase, the
in situ conversion of the dibromidé to the epoxide? in
aqueous medium is so facile that it is not rate limiting in
terms of the GAR Tfase time-dependent inhibitory activity.
In addition, the MAI formed results from the reaction of one
of the two epoxide diastereomers, the $Lderivative, as
established in the X-ray structure. It is unknown whether
this is derived from selective binding of the @@erivative
or subsequent selective reaction of the1@ersus (1®)
derivative with enzyme-boung-GAR.

In conclusion, the crystal structure of the ternary complex
of E. coli GAR Tfase,-GAR, and 10-bromo-10-bromom-
ethyl-5,8,10-trideazafolic acidl, confirmed that the time-
dependent inhibition of GAR Tfase is due to the formation
of a multisubstrate adduct between the aming-&AR and
the folate inhibitor in the enzyme active site. This discovery
confirms that the efficacy of folate-based inhibitors can be

enhanced by enzyme-catalyzed multisubstrate adduct forma-

inhibitor design has already been shown to be effective in a
number of compounds, such as Rhizoxin, a novel antitumor
antibiotic that inhibits microtubule assembl$6-38), and
TNP-470, an angiogenesis inhibit@9 40), both of which

are presently in human clinical trials.
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