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ABSTRACT: The crystal structure oEscherichia coliGAR Tfase at 2.1 A resolution in complex with
10-formyl-5,8,10-trideazafolic acid (10-formyl-TDAK; = 260 nM), an inhibitor designed to form an
enzyme-assembled multisubstrate adduct with the subsf-&3&R, was studied to determine the exact
nature of its inhibitory properties. Rather than forming the expected covalent adduct, the folate inhibitor
binds as the hydrated aldehyde (gem-diol) in the enzyme active site, in a manner that mimics the tetrahedral
intermediate of the formyl transfer reaction. In this hydrated form, the inhibitor not only provides unexpected
insights into the catalytic mechanism but also explains the 10-fold difference in inhibitor potency between
10-formyl-TDAF and the corresponding alcohol, and a further 10-fold difference for inhibitors that lack
the alcohol. The presence of the hydrated aldehyde was confirmed in solufit®-H§1 NMR spectroscopy

of the ternary GAR Tfasef-GAR—10-formyl-TDAF complex using thé*C-labeled 10-formyl-TDAF.

This insight into the behavior of the inhibitor, which is analogous to protease or transaminase inhibitors,
provides a novel and previously unrecognized basis for the design of more potent inhibitors of the folate-
dependent formyl transfer enzymes of the purine biosynthetic pathway and development of anti-neoplastic
agents.
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The transfer of a formyl group from 10-formyl-tetrahydro- N'°-Formyl-H,-folate
folate (10-formyl-THF) to the primary amine @#-glycin- OH OH
amide ribonucleotidg3GAR) introduces C8 into the purine GAR Formyl GAR
ring (Figure 1). GAR Tfase, like dihydrofolate reductase
(DHFR, folate metabolismy( 5) and thymidylate synthase
(TS, pyrimidine biosynthesisp( 7), is now established as % X(NH
an important target for anti-neoplastic interventi@ ). »

The tetrahydrofolate analogue, R®S)-5,10-dideaza- OSPO HO H
5,6,7,8-tetrahydrofolic acid (DDATHF, Figure 2), is a potent COzH
and selective inhibitor of GAR Tfase and exhibits effective OH OH
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(6R)-5,10-DDATHF CO2H CO.H

(Lometrexol, Ki = 120 nM)

AG2034
Ki=28nM

10-formyl-5,8,10-TDAF CO,H
K =260 nM

Ficure 2: Representatives of GAR Tfase inhibitors.

More recently, a number of antifolates specific to GAR
Tfase have been identified. Habeck et &¥)(described the
development of two promising selective GAR Tfase inhibi-
tors based on the DDATHF core, where flhaminobenzoic
acid moiety is replaced by d,8'-thiophene (LY254155K;
= 2.1 nM) and a 25-furan (LY222306,Ki = 0.77 nM).
Boritzki et al. (L5) described the synthesis and characteriza-
tion of AG2034 K; = 28 nM), a close relative to LY254155,
that enlists a 5-thia-DDATHF core system (Figure 2). All
of these inhibitors show specific, low nanomolar inhibition
of GAR Tfase and in vivo antitumor activity, and are
presently being evaluated for potential clinical usé)(

Greasley et al.
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Ficure 3: Mechanism of imine bond formation. Nucleophilic
addition by attack from the primary amine fGAR (Rs) to the
aldehyde of 10-formyl-TDAF, followed by rapid proton transfer,
results in the unstable carbinolamine. A proton associates with the
hydroxyl group forming a protonated hemiaminal followed by
elimination of water. The final step involves the loss of a proton
from the imine nitrogen.

other C10-substituted TDAFs possessing either dispp
C10 center 23, 24). In addition, the inhibitor is 10 times
more potent than a simplified multisubstrate adduct inhibitor
based on the TDAF cor@5), and 16-100 times more potent
than the most effective N10-substituted 5,8-dideazafolic acid
derivatives 26, 27). The 10-formyl-TDAF exists exclusively

in the hemiacetal form in methanol and readily forms an
imine upon treatment with glycinamid@X). The effect of

In parallel to these studies, the focus of our work has beenthe nontransferable aldehyde was found to be general and

to utilize the knowledge obtained from various X-ray
structures of GAR Tfase 1{—20) to design a novel

enhanced the potency of other related analogues against GAR
Tfase @1, 28). Despite these properties, 10-formyl-TDAF

compound capable of forming an enzyme-assembled, tightdisplayed simple competitive inhibition of GAR Tfase and

binding inhibitor specific to GAR Tfase. The inhibitor 10-
formyl-5,8,10-trideazafolic acid (10-formyl-TDAF, Figure 2)
was designed to form a covalent imine bond with the
substrate5-GAR, within the active site by replacement of
N10 with a carbon, which would prevent breakdown of the

did not exhibit the expected tight binding or time-dependent
inhibition, characteristic of formation of an enzyme-as-
sembled multisubstrate adduct inhibitor. Furthermorekthe
is 2—3 orders of magnitude higher than those of typical
multisubstrate adduct inhibitors [for example, TGDD& (

tetrahedral intermediate via a formyl transfer reaction (Figure = 250 pM) and BW1476U89K; = 100 pM) @9)].

3) (21). However, should the imine bond not form, competi-
tive inhibition, which is selective for GAR Tfase over other

A number of possible explanations could account for this
nature of the inhibition of GAR Tfase by this compound. A

folate-dependent enzymes not involved in a formyl transfer rapid, yet readily reversible, imine bond may be formed with
reaction, would still be expected to be observed. The designs-GAR which provides some enhancement of binding
of 10-formyl-TDAF also takes advantage of the replacement affinity, but without formation of a stable multisubstrate
of the sensitive pterin core of the natural folate cofactor with adduct. Alternatively, the carbonyl oxygen of the aldehyde
a quinazoline, which has been shown to be an effective may form hydrogen bonds with active site residues, such as
cofactor substitute for GAR Tfas@?). residues Asn 106 or His 108, thereby enhancing the binding

Boger et al. 21) reported the synthesis and characterization affinity. A third possibility is that the aldehyde may react
of 10-formyl-TDAF which demonstrated competitive inhibi-  with an active site nucleophile to form a reversible hemiacetal
tion of GAR Tfase with & of 260 nM, comparable to the type adduct.

(6R,69)-mixture of DDATHF. 10-Formyl-TDAF proved to
be an effective inhibitor of GAR Tfase, binding ap-
proximately 100 times more effectively than the cofactor 10-
formyl-5,8-dideazafolic acidK; = 17 uM), and being 12
times more potent than the corresponding alcokpK 3.1
uM) (23) and approximately 100 times more potent than

The X-ray crystal structure dEscherichia coliGAR Tfase
in complex with 10-formyl-5,8,10-trideazafolic acid and
B-GAR was determined to 2.1 A resolution to address the
origin of the inhibitory properties of 10-formyl-TDAF and
to establish whether the multisubstrate adduct is indeed
formed. An NMR spectroscopic study was subsequently
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performed with &C-labeled inhibitor to test and unambigu-
ously confirm the hypothesis that emerged from analysis of

Table 1: Data Collection Statistics

. space group P2,

_the crystal structure that the 10-formyl-TDAF ligand bound unit cell dimensions a—403Ab=112.8A,
in the hydrated state. c=47.0A,5=101.6

no. of molecules per au 2
MATERIALS AND METHODS resolution range (A) 202.1 (2.17-2.1y

no. of unique reflections 23742 (2338)

Materials. Luria broth and agar were obtained from Life completeness (%) 99.2(99.3)

Technologies (Gaithersburg, MD). All common buffers and ;”V“e'ﬁg"'g'a’ i'sgéz(-ls)g)
reagents were purchased from Sigma-Aldrich Corp. (St. g ebg(%) 8.3 (42.1)

Louis, MO) . aNumbers in brackets refer to the highest-resolution sA&kerge
Pro_teln Preparation. E. colGAR Tfase was prepz_ired as = [53li(h) — I)I=Sil(h)] x 100, wherel(h)Ois the mean of
described by Inglese et al3)( Cells were grown in LB the I(h) observation of reflectiom.

medium with 100ug/mL ampicillin at 37°C to an OD of
0.6, induced with 1.@M IPTG, and grown for an additional =403 A, b = 1128 A,c = 47.0 A, andg = 101.6
8 h. Cells were harvested by centrifugation and resuspendedTpje '1)_ Calculation of the Matthews coefficier\zm(.:

in a minimal volume of 50 mM Tris-HCI (pH 7.5), 50 mM ; PP
NaCl, 1 mM EDTA, and protease inhibitors (buffer A). i'izﬂ(\cﬁf ggg;sr;tts ;?252?;0“'83 per asymmetric unit with
Protein Purification.Lysozyme (1 mg/mL) was added to  strycture Solution and Refinemerithe structure was
the cell suspension; cells were disrupted by sonication, andgetermined by the method of molecular replacement using
the lysate was clarified by centrifugation at 20Qd0r 60 the program AMoRe from the CCP4 packa@é, (35). The
min. Supernatant was dialyzed agaids L of buffer A search model used was monomer 1 from the 1.96 A structure
overnight at 4°C. The dialyzed material was loaded onto a f K|ein et al. (PBD file 1GAR) 19) and included residues
50 mL DE-52 anion exchange column and eluted with a 0 1121 and 127209. The rotation search from 10.0 to 3.5
to3 M NaCl gradient. Eluted fractions containing GAR Tfase A revealed two strong solutions with peak heights of 34.3
protein were detected by SD®AGE, pooled, concentrated,  and 32.3 (the next highest peak was 14)4The translation
and loaded onto a 500 mL Superdex 200 high-resolution gelfynction gave a clear solution for each molecule that, after
filtration column (Pharmacia Biotech Inc., Piscataway, NJ), the rigid body fitting step in AMoRe, resulted in &value
equilibrated with 50 mM Tris-HCl and 50 mM NaCl (pH  of 38.79% with a correlation coefficient of 68.7%. The crystal
7.5). Fractions containing GAR Tfase, based on SBAGE  packing showed that this crystal form does not exhibit the

analysis, were again pooled and concentrated to 20 mg/mLintimate dimer observed in previous structures at low pH
using Millipore Ultrafree-15 devices. Approximately 25 mg (1719,

of GAR Tfase is obtained fra a 1 L preparation of cells Structure refinement and electron density map calculations
and is 98% pure, as assessed by _SDAGE- . were initially performed using X-PLOR version 3.8536{
Crystallization and Data CollectionCrystals ofE. coli with a 5% test set (917 reflections) of data set asiderfgg

GAR Tfase in complex witiB-GAR and 10-formyl-TDAF  cross validationg7). Rigid body refinement in the resolution
were grown by the method of vapor diffusion in sitting drops  range from 10 to 3.5 A gave aRee and anRgys of 41.3
(30). A protein solution at a concentration of 20 mg/mL  and 45.3%, respectively. Electron density maps at this stage
containing a 10-fold molar excess of both inhibitor angs}- provided clear evidence for the position of the inhibitor, 10-
GAR were mixed with an equal volume (1/8.) of a formyl-TDAF, but weaker density for the substr#téSAR
precipitating solution of 18% polyethylene glycol 3350 (v/ in both monomers. Cycles of manual rebuilding withZB)(
v), 0.1 M imidazole malate (pH 7.2), 0.15 M calcium were alternated with conventional positional refinement or
chloride, and 4% MPD (v/v). The sitting drop trays were simulated annealing and individuglvalue refinement with
equilibrated at 2ZC, and precipitate was observed in the X-PLOR using data from 20.0 to 2.1 A with arZutoff on
drops 24 h after being set up. Crystals grew out of this F,. Electron density mapsik-weighted &, — F. andF, —
precipitate after 37 days. The crystals had a morphology F.) were calculated after each cycle of refinement in addition
of thin plates, with maximum dimensions of 0.2 mmo0.1 to simulated annealing and shake omit maps for poorly
mm x 0.05 mm, and were typically multilayered and difficult ~ defined regions of the structure. The residues that required
to separate. the most rebuilding were 130131, which adopt the loop
After many crystals had been screened, a complete datahelix conformation observed in the other high-pH GAR Tfase
set was collected from a single cryoprotected crystalBt9 structures 18, 20), and the flexible loop of residues 141
°C on beam line 9-1 at Stanford Synchrotron Radiation 146. After the first round of positional refinement, the
Laboratory with a wavelength of 0.98 A. The crystal was inhibitor and thepB-anomer of the substrate, GAR, were
mounted in a loop (Hampton Research, Laguna Hills, CA) included in the model. The glycine moiety of tifeGAR
and transferred quickly through a cryosolution of 10% MPD still had weak density, but the well-defined electron density
in mother liquor before being flash-cooled in the liquid around the anomeric carbon (C1) of GAR gave no indication
nitrogen streamdl). Data were collected on a MAR345 of additional binding of the-anomer. This interpretation is
Research imaging plate, with a crystal-to-detector distancein agreement with kinetic studies that show ofilGAR is
of 170 mm, a plate diameter of 180 mm, and an oscillation utilized by GAR Tfase and that the presenceceGAR in
angle of 2.0. The HKL V1.9.1 package3@) was used to  the anomeric mixture has no effect on enzyme activ8§; (
process and scale the data to 2.1 A resolution. The crystal40). Insightll (MSI, San Diego, CA) was used to generate
space group i®2; with the following unit cell dimensions:  and minimize coordinates for 10-formyl-TDAF, and the
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Ficure 4: Stereoview of the electron density and coordinates for hydrated forms of 10-formyl-TDA%@®AdR for molecule 1 illustrating
how both the (18)- (orange) and (19-hydrated (yellow) forms of the inhibitor may be modeled. The density shown is frofy a 2F.
oa-weighted map contoured av'l

topology and parameter files required by X-PLOR were Table 2: Refinement Statistics for GAR Tfase for Both of the
generated by XPLO2D4(). Coordinates and X-PLOR files ~ Hydrated Forms, (1R)- and (1&)-Formyl-TDAF, and-GAR

for f-GAR were extracted from the Hetero-Compound resolution range (A) 202.1
Information Centre-Uppsala (HIC-UP, Uppsala, Sweden). data cutoff Fo > 20
During later rounds of refinement, the parameter files for no. of reflections (test set) 18883 (917)
2 e no. of protein atoms 3236
both inhibitor and substrate were optimized by hand and the no. of water molecules 197
geometry of the structures was assessed by comparison to no. of inhibitor atoms 70
similar structures in the Cambridge Structural Database. The no. ?if §Ubstrate atoms 36
electron density around the formyl transfer region suggests Roysf (%) R 9 22.1,22.1
) 2 Ried (%) (R, 9 26.3,26.5
tha.t both the (1B)- _a.nd (1(B)—d|ast(_areome_rs can b_md in the rmsd for bond lengths (A) 0.011
active site. In addition, the density provides evidence that rmsd for bond angles (deg) 1.55
the (1R, 109-10-formyl-TDAF is present as the hydrated Ramachandran plot (%)
aldehyde (Figure 4). In an attempt to determine which form ;alll\g\)/\r/ee?j 399-8
of the inhibitor is bound, refinement was carried out with generously allowed 0.3
the (1R)- and (1®)-forms and the hydrated (R} and disallowed 0.0
(109)-forms of the |nh|pltpr separately. The resu]uﬁ?ge_e % Royst= (h/Fo — Fol/SaF) x 100, whereF, andF are the observed
andRqyst values were similar for each form of the inhibitor;  and calculated structure factor, respectiveRe. is computed as
however, the density favored the hydrated RI®S)-10- described folReys, but with the test set of reflections only.

formyl-TDAF. Following the unequivocal results of the
NMR studies, only the hydrated aldehyde forms of the
inhibitor were refined.

Noncrystallographic symmetry (NCS) restraints were ap-
plied throughout refinement. The initial restraints of 200 and
100 kcal mot? A2 for main chain and side chain atoms,
respectively, were reduced in the final rounds of refinement
to 100 for main chain atoms and 50 for side chain atoms, % 7. . )
but were not released completely. The final rmsd between Puilding and refinement were performed using the CNS
molecule 1 and molecule 2 is 0.14 A fouGtoms and 0.48  Version 0.3 43), with the maximum likelihood target. The
A for all protein atoms. In addition to NCS restraints, an Subsequent electron density maps for all regions of the

overall anisotropic temperature factor correction (whgyre ~ Structure were improved over the X-PLOR maps, and
= —7.6 A2 By, =10.8 2 Bss=—3.3 A2, Bj, = Bys= 0.0 minimal remodeling of the structure was required. The final
A2, andB;s = 4.0 A?) was applied, in addition to a bulk  Riee @ndReysi for the model refined with the (H)-hydrated

solvent correction42). Water molecules were added during aldehyde form of the inhibitor are 26.5 and 22.7% and for
the final stages of refinement using the water picking routine the (1(R)-hydrated aldehyde 26.3 and 22.7%, respectively.
in X-PLOR. After each round of refinement, all water A summary of the refinement statistics is given in Table 2
molecules were examined, and those vBtvalues greater  along with the geometry of the model, as analyzed by

than twice the averadgvalue for the protein were discarded, PROCHECK 44).

along with water molecules without good hydrogen bonds
to the protein. After refinement in X-PLOR, tH&.. and
Ruyst in the resolution range of 262.1 A, with a & cutoff

on F,, were 28.7 and 21.7%, respectively, for the $t0
hydrated aldehyde and 28.8 and 21.3%, respectively, for the
(10R)-hydrated aldehyde. A further two cycles of model
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10-formyl-TDAF
CO,H

Preparation of*3C-Labeled 10-Formyl-5,8,10-trideazafolic
Acid ([**C]-10-Formyl-TDAF): Methyl 4-(}3C]Cyanometh-
yhbenzoate Z). A solution of methyl 4-(bromomethyl)-
benzoate (Scheme 1, 1.0 g, 4.37 mmol) in 1,4-dioxane
(15 mL) and HO (6.5 mL) was treated with RCN (99%
enriched, 341 mg, 5.24 mmol, 1.2 equiv). The reaction
mixture was stirred at 25C for 36 h before the addition of
H,O (10 mL) and extraction with EtOAc (& 15 mL). The
organic layers were combined and concentrated to afford
(1.47 g, 96%) as a white crystalline solié = 0.35 (20%
EtOAc/hexane); mp 4951 °C; *H NMR (CDCl;, 400 MHz)

0 8.05 (d,J = 8.3 Hz, 2H), 7.41 (dJ = 8.4 Hz, 2H), 3.92
(s, 3H), 3.79 (dJ = 10.7 Hz, 2H);3C NMR (CDCk, 100
MHz) 6 117.2; IR (neatymax 2954, 2195, 1712, 1615, 1431,
1404, 1286, 1192, 1113, 742 clpFAB-HRMS (NBA) m/z
177.0737 (M+ HT, Co*3CiHgNO, 177.0745).

Methyl 4-(5,6-Dihydro-4,4,6-trimethyl-4H-1,3-oxazin-2-
yl)-2-[*C]methylbenzoate3j. A solution of 2 (3.36 g, 19
mmol, 1.1 equiv) in CECI, (2.5 mL) was cooled to 0C
and slowly treated with concentrated,$0O, (3.5 mL)
followed by 2-methyl-2,4-pentanediol (2.22 mL, 17.4 mmol).
The reaction mixture was allowed to stir at°@ for an
additional 80 min and poured into ice water (ca. 100 g). The
aqueous solution was extracted with £H (3 x 30 mL).

Biochemistry, Vol. 38, No. 51, 19996787

material in 20% vyield. The aqueous solution was basified
with addition of solid NaHC@ and extracted with EtOAc
(3 x 50 mL). The combined organic layers were washed
with H,0, saturated aqueous NaCl, dried ovepB{&;, and
concentrated to provid® (2.96 g, 56%) as a light orange-
yellow solid: Rr = 0.30 (50% EtOAc/hexane); mp 4618

°C; 'H NMR (CDClz, 400 MHz) 6 7.94 (d,J = 8.2 Hz,
2H), 7.35 (d,J = 8.4 Hz, 2H), 4.12-4.03 (m, 1H), 3.88 (s,
3H), 3.48 (d,J = 7.5 Hz, 2H), 1.69 (ddJ = 13.6, 2.7 Hz,
1H), 1.38-1.05 (m, 10H);3C NMR (CDClk, 100 MHz) 6
156.3; IR (neatpmax 2965, 1721, 1629, 1604, 1434, 1277,
1253, 1180, 1102, 1043, 760 cinFAB-HRMS (NBA/Nal)

m/z 277.1630 (M+ HT, Ci5%CiHNO; 277.1633).

Methyl 4-(Tetrahydro-4,4,6-trimethyl-2H-1,3-oxazin-2-yl)-
2-[*3C]methylbenzoatedj. A solution of NaBH was pre-
pared by dissolving NaBH138 mg, 1 equiv) in a minimum
amount of HO (ca. 156-200uL) in which NaOH (40%, 2
uL) was present. The NaBts$olution arl a 9 N HClsolution
were introduced alternately at35 to —40 °C to a 100 mL
beaker charged witl8 (1.0 g, 3.64 mmol) in a solvent
mixture of THF (3.64 mL) and ethanol (95%, 3.64 mL) such
that a pH 6-8 was maintained. After addition of the NaBH
solution, the reaction mixture was stirred-a85 to—40°C
for an addition&l h with the occasional addition of the HCI
solution to maintain a pH of-68. The reaction mixture was
then poured into ice water (20 mL), basified with addition
of saturated agueous NaHgQnd extracted with EtOAc
(3 x 20 mL). The combined organic layers were washed
with H,O and saturated aqueous NaCl, dried ovesS@,
and concentrated. Flash column chromatographyASi@b
EtOAc/hexane) provided (0.84 g, 84%) as a light yellow
crystalline solid: Ry = 0.35 (50% EtOAc/hexane); mp 69
71°C; 'H NMR (CDClz, 400 MHz)6 7.94 (d,J = 8.2 Hz,
2H), 7.35 (d,J = 8.2 Hz, 2H), 4.46 (dt) = 15.2, 4.6 Hz,
1H), 3.89 (s, 3H), 3.733.69 (m, 1H), 2.92-2.87 (m, 2H),
1.39 (dd,J = 13.2, 2.2 Hz, 1H), 1.130.91 (m, 11H);**C
NMR (CDCls, 100 MHz)6 83.0; IR (neatpmax 2965, 1721,
1609, 1434, 1277, 1180, 1102, 990, 765 énrAB-HRMS
(NBA/Nal) m'z279.1787 (M+ H*, Ci51%CH,aNO; 279.1790).

[1-13C]-4-(Methoxycarbonyl)phenylacetaldehyds).( A
solution of4 (100 mg, 0.36 mmol) in THF (2 mL) andJ@
(0.3 mL) was treated wit4 M aqueous k8O, (54.2uL) at
0 °C, and the reaction mixture was warmed to €D and
stirred for 3 h. The reaction mixture was quenched with the
addition of EtOAc (2 mL) and saturated aqueous NaHCO
(0.5 mL). The organic layer was washed withGHand
saturated aqueous NaCl, dried over,8i@, and concen-
trated. Flash column chromatography (8i® to 20%
EtOAc/hexane gradient elution) providé&d(23 mg, 36%)
as a light yellow thick oil identical in all respects to authentic
material 1): *C NMR (CDCk, 100 MHz) 6 198.3.

Methyl [2+3C]-4-(2-Dimethylhydrazonoethyl)benzoa&. (
This was prepared as described by Boger etz): (13C
NMR (CDCl;, 100 MHz) 6 135.1.

Methyl (2R*)-4-[1-Dimethylhydrazon$iC]-3-(2-trimethyl-
acetimido-3,4-dihydro-4-oxo-quinazolin-6-yl)prop-2-yllbenzoate
(7). This was prepared as described by Boger et2l): (
3C NMR (CDCk, 100 MHz)6 137.0.

(2R*)-4-[3-(2-Amino-3,4-dihydro-4-oxoquinazolin-6-yl)-1-
(dimethylhydrazono)prop-2-yl]benzoic Aci8)( This was

Flash column chromatography (20% EtOAc/hexane) of the prepared as described by Boger et 21)( 3C NMR (DMF-
concentrated organic extracts provided the recovered startingd;, 100 MHz) 6 139.4.



16788 Biochemistry, Vol. 38, No. 51, 1999 Greasley et al.

FiGUrRe 5: Stereo representation of the structureEofcoli GAR Tfase showing the position of the bound hydrated form of the inhibitor,
10-formyl-TDAF, and substratg-GAR. The figure is colored bg-values with a gradient ranging from low (1&/lue) to high (55 &
red), which illustrate the more disordered regions of the structure (red).

Di-tert-butyl (2RS)-N{4-[(2-Amino-3,4-dihydro-4-oxo-  Table 3: Comparison dB-Values forE. coli GAR Tfase
guinazolin-6-yl)-1-(dimethylhydrazondJC]propyl-2-yllben- 10-Formyl-TDAF-$-GAR and 5,8-DDATHF-A-GAR Complex
zoyl-L-glutamate 9). This was prepared as described by Structures for Disordered Regions, the Inhibitor, and the Substrate,

Boger et al. 21): 13C NMR (DMSO-ds, 100 MHZ)8 141.7, ~ P-SAR

140.8. 10-formyl-TDAF—$-GAR 5.8-DDATHF—
(10RS)-10-FormylfEC]-5,8,10-trideazafolic Acid (10- molecule 1 molecule 2 B-GAR

Formyl[*3C]TDAF). A solution of9 (5.0 mg, 8.1umol) in structure (A% A% (A%e

CH.Cl, (1 mL) was cooled te-78 °C and treated with ozone  all protein atoms ~ 28.2 31.0 24.8

until the solution became very light blue. The solvent and inhibitor® 39.9R), 463 R) 56.0 (2.3)

excess ozone were removed under a stream of nitrogen, ?ffng ?f?ffaR

followed by addition of a solution of trifluoroacetic acid (40 15for9®  1.5for9

uL) in CH,Cl, (120uL) at 0 °C. The reaction mixture was  g-GAR 54.7 (1.9) 60.1 (1.9) 25.8 (1.0)

stirred at 0°C for 2 h and at 25C for 12 h. EtO (1 mL) residues 116131 41.2 (1.5) 41.0(1.3) 46.5(1.4)

was added to the reaction mixture to precipitate the product {:2:2322 igﬂgg Z‘Z:; 88 ‘3‘?2 8‘2‘; 28:2 g:gg

(3.2 mg, 85% for two steps) which was identical in all RandSrer he (18- and (1B e hvdrated
: ; any- 1 _ andSrefer to the -an -diastereomers of the hydrate
(rjespi%%tst:th téhzggtseggg rgaterlall.l. “C NMR (DMSO aldehyde form of 10-formyl-TDAF, both of which are modeled in the
6 2) =0 s . structure”? The numbers in parentheses are the ratio of the protein
NMR Spectroscopy of th&C-Labeled Inhibitor, the segment or ligand-value to that of the overall protein (residues

Enzyme-Inhibitor Complex, and the Substrat&nzyme- 1-209).¢ PDB file 1CDE (8).
Inhibitor Complex.All NMR experiments were performed
on a Bruker DRX-600 NMR spectrometer at 26. 'H— GAR Tfase structures at low pH (5%.75) (L7—19). The

1C heteronuclear multiple-quantum coherence spectra [HMQC jna| model of both molecules 1 and 2 contains all residues
(49)] using gradient pulse with cof;erence selection step after gycept for the C-terminal residues (21812), for which

t, were obtained in BO with *C decoupling during  there is no convincing electron density, as observed in
acquisition. For each FID, 12 transients were acquired OVer previous structureslf—20). The-anomer of the substrate,

2048 data points. A total of 256 FIDs were obtained in the B-GAR, and both the (1R)- and (1(§)-diastereomers of the
t dimension for each data set. Thé¢and*'*C sweep widths  jnhipitor are present in each monomer. The refinement

were set to 12 and 230 ppm, respectively. Final FIDs were giatistics and structure analysis are presented in Table 2.
weighed with a Guassian function on thedimension and Overall Structure The overall topology of the protein is
a 90 shifted sine-bell-squared function on thelimension,  jgentical to those of previously published structures (Figure
and zero-filled to obtain a 4096 512 data matrix. All 5y \ith the closest similarity [rmsd of 1.16 A (molecule 1)
HMQC spectra were recorded at pD 7.5 (20 mM sodium gnq 1.13 A (molecule 2) for all protein atoms] being to the
phosphate/l mM EDTA, BD) with DMSO added as an 5 geazatetrahydrofolate (5-DATHFB-GAR complex (8).
internal standard. Analysis of theB-values reveals three regions of high thermal
mobility, in agreement with all GAR Tfase structures
RESULTS AND DISCUSSION determined to date2(Q) (Figure 5). These regions include
X-ray Structure DeterminationThe structure of. coli the flexible pH-dependent loefhelix region of residues
GAR Tfase, cocrystallized with ()109-10-formyl-TDAF 110-131, the active site loop of residues 146 contain-
and @,5)-GAR, was determined to 2.1 A resolution (Table ing Asp 144 46), and a third loop of residues 15166
1) by molecular replacement; monomer 1 of the 1.96 A (Table 3). Indeed, residues 12031 adopt the loophelix
structure of Klein et al. (PDB file 1GAR)10) was used as  conformation observed in the 5-DATHIB-GAR ternary
the search model. The complex was crystallized at pH 7.2 complex (8) and the pH 7.5 mutant monomeric Glu 70 Ala
from polyethylene glycol (PEG 3350) with two molecules GAR Tfase structure2Q), presumably due to the stabilization
in the asymmetric unit (see methods), but does not exhibit derived from physiologic pH2Q). This ordered loop helix
the intimate dimer observed in phosphate-bound and complexconformation provides not only a hydrophobic lid to the
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cofactor and substrate binding pocket but also two main chainare common. The binding site for this portion of the inhibitor
hydrogen bonds to catalytic residues His 108 and Asp 144, is defined by residues Met 89, lle 91, Leu 118, and Leu 143.
thus preparing the active site for catalyste)( The electron The glutamate portion of the 10-formyl-TDAF exhibits the
density for the loop containing residues 4146 is par- greatest flexibility as revealed by highBtvalues. The side
ticularly weak. A comparison of the conformations of this chain glutamate carboxylate forms a hydrogen bond with
loop in the available crystal structures reveals that it adopts the main chain amide of lle 91 and a salt bridge with Arg
a wide range of conformations from occupying the folate 64 (Table 4).
binding pocket, to a more open conformation when folates The most informative interactions concerning the mode
are bound, to a completely extended conformation where Aspof inhibition are in the formyl transfer region, surrounding
144 is no longer in the active sit€2@. As discussed the C10 position. The electron density maps show no
previously @0), the loop conformation may be affected by connecting density that would suggest imine bond formation
crystal packing interactions. However, the range of discrete between the aldehyde carbon and the primary amine of the
conformations may mimic the structural snapshots of eventssubstrate5-GAR (Figure 4), or any evidence for covalent
in the formyl transfer reaction where, upon folate binding, attachment to an active site nucleophile. However, the density
the loop moves to a conformation that positions Asp 144 of the formyl transfer region can be interpreted as an equal
adjacent to His 108 in a salt bridge interaction that promotes occupancy for both the (F)- and (1®)-diastereomers. Most
the stabilization of the positive charge on the imidazolium interestingly, the electron density provided evidence that the
(20). Upon completion of the formyl-carbon transfer reaction, aldehyde was actually bound as the hydrate. This hydrated
the loop of residues 141146 may need to flip out of the  aldehyde (gem-diol) provides not only a better fit to the
active site to facilitate cofactor release. The movement electron density but also two additional hydrogen bonds with
observed for this loop may, therefore, account for the Asp 144 and His 108 that cannot be made by the aldehyde
conformational isomerization that is evident from the kinetic (Table 4 and Figure 6a).
data @7). Despite the weak electron density for the loop of  The substrates-GAR, is tightly anchored in the binding
residues 144146, its conformation is similar to that groove at the phosphate group by several hydrogen bonds
observed for the multisubstrate adduct inhibitor BW1476U89 with the canonical phosphate binding loop connecting strand
and the 5-DATHF-$-GAR complex structures. This “folate- 51 and helixal of the N-terminal domain (Table 4). The
bound” position is stabilized by a hydrogen bond from the phosphate region is much better defined compared to the
backbone amide group of Gly 117 (loop of residues-210 rest of the substrate; however, the density around the
131) to the side chain carboxylate of Asp 144, hydrogen anomeric carbon provides no evidence for binding of the
bonds from the backbone of Thr 140 and Asp 144 to the a-anomer of the substrate that is present in the crystallization
quinazoline of 10-formyl-TDAF, and a salt bridge from Asp  solution (Figure 4). The ribose ring SfGAR was positioned
144 to His 108. in density taking into account hydrogen bond interactions
Ligand Binding SiteThe electron density for 10-formyl-  from the O6 and O8 hydroxyl groups to the carboxylate side
TDAF clearly reveals that the inhibitor is bound in the 20 A chain of Glu 173, as found in the 5-DATHB-GAR
long active site binding pocket in a location similar to that structure where the substrate appears to be well ordered from
observed for the folate portions of the BW1476U89 multi- analysis of theB-values (Table 3). However, placement of
substrate adduct inhibitor complek9d) and the 5-DATHF- the glycine portion of 3-GAR was driven mainly by
B-GAR ternary complex18). The electron density around stereochemical restraints, due to poor electron density in this
the formyl region suggests that both the RJ:0and (1(5)- region (Figure 4). The presence of the inhibitor, 10-formyl-
diastereomer forms of the inhibitor may be bound. The TDAF, is likely to have displaced the glycyl moiety of the
quinazoline,p-aminobenzoic acid, and glutamate portions substrate, and the glycine amine now makes a hydrogen bond
of the two diastereomers occupy similar positions (Figure to the main chain oxygen of Phe 88. It is interesting to note
4). The quinazoline ring is located in the pteridine binding that despite the lack of imine bond formation between the
site, and overlaps with the pyrimidone ring of the inhibitor inhibitor and substrate, crystallization studies have revealed
BW1476U89 (19). The inhibitor is surrounded by a number evidence of bound 10-formyl-TDAF only in the presence of
of hydrophobic residues, including Leu 85, Phe 88, Leu 92, 5-GAR. However, the kinetic dat&{) do not provide any
Phe 96, Val 97, Leu 104, and Val 139. All of the hydrophilic evidence for enhanced stability of the substrdt#ate
interactions are derived from main chain contacts, including complex that would explain this observation. Thus, a
residues from the flexible loop of residues 4146 (Table combination of the pH-induced conformational changes that
4). Replacement of N8 of the natural cofactor with carbon occur above pH 6.820) and the possible differential
results in the loss of a hydrogen bond to the main chain solubility of the ternary complex (i.e., lower) versus the
carbonyl of Arg 90. binary complex above pH 6.8 may enhance the formation
The benzoyl ring of thgp-aminobenzoic acid has been of the ternary complex crystals. Consistent with that notion,
modeled in one conformation, but appears to exhibit some we have not yet been able to obtain native crystal& of
degree of rotational flexibility, as was observed in the coli GAR Tfase, or a binary complex with-GAR above
BW1476U89 structurel@). However, the electron density pH 6.8 [except for the E70A mutant proteiaQj].

of the carbonyl group is well defined and is out of plane
with the benzoyl ring in molecule 1 by7.5° and—21.6°

for the (1R)- and (1(9-diastereomers, respectively. A search
of the Cambridge Structural Database with gh@minoben-
zoic acid moiety revealed that deviations from planarity of
the carbonyl with respect to the benzoyl ring of ##0°

Superposition of the structure with that of the 5-DATHF
B-GAR complex shows that the primary amine of th&AR
in the 5-DATHF/-GAR complex is positioned very close
to one of the hydroxyl groups of the hydrated aldehyde
(Figure 6b). Thus, the structure adopted by the enzyme and
10-formyl-TDAF may actually provide a close mimic of the
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Table 4: Hydrogen Bond Interactions (A) between 10-Formyl-TDARGAR, and GAR Tfase

ligand atom protein atom molecule3(A) molecule 1R (A) molecule 2,S(A) molecule 2R (A)
10-formyl-TDAF
NA Leu92 0O 2.8 2.7 3.1 2.9
N3 Thr 140 O 2.7 2.9 2.7 2.8
04 Asp 144 N 2.7 2.7 2.8 2.8
Wat 3.1 (Wat 109) 3.2 (Wat 109) 3.3 (Wat 37) 3.3 (Wat 37)
N1 Leu 92 N 3.0 3.0 3.1 3.0
OE1l lle91 N 2.9 2.7 2.4 2.6
Arg 64 NH? 2.9 3.1 2.8 2.9
OE2 Arg 64 NH! 2.9 3.2 - -
Glu 131 2?2 - - 3.2 2.8
OA2 Asn 106-N? 2.9 3.2 2.6 3.1
Asp 144 Ot 2.4 2.6 2.7 35
His 108 Nt 2.8 2.4 3.2 2.8
OAl His 108 Nt 2.9 3.0 2.7 2.8
B-GAR
08 lle 107 O 3.1 3.2
Glu173 Ot 2.7 2.9
06 Glu173 & 3.1 3.1
Glu 173 G? 2.6 2.9
016 Wat 2.5 (Wat 13) 2.7 (Wat 117)
Asn 13 N 2. 3.1
Wat - 2.7 (Wat 119)
Asn 13 N2 3.2 3.2
o17 Serl2 0 2.9 2.9
Ser 12N 2.6 2.5
018 Gly11N 2.8 3.0
Wat 2.9 (Wat 33) 2.7 (Wat 36)
NH> Phe 88 O .0 2.6

[EO” TOE,

Hydrated 10-formyl-TDAF

@Residue from a symmetry-related molecule 1.

transition state of the formyl transfer reaction (Figure 1), methyl ester provided th&C-labeled aldehyd& and the
despite the fact that the 10 position of the inhibitor is different immediate precursor t6.

from that of the natural cofactor, 10-formyl-THF &sys si3).
Hence, the enhanced binding affinity of the inhibitor

In previous studies21), 10-formyl-TDAF was shown to
exist as a rapidly equilibrating diastereomeric mixture of

compared to the affinities of others prepared in this series aldehydes in aprotic solvents, but as a hydrated aldehyde

(21, 23, 24) is derived from stabilizing hydrogen bond

(gem-diol) in water and a hemiacetal adduct in methanol, as

interactions within the enzyme active site in a manner that was confirmed with the labeled inhibitor b{C NMR

mimics the activation of formyl transfer.

spectroscopy. 10-Formyl-TDAF exhibited onlyC reso-

13C-Labeled 10-Formyl-TDAF and NMR Characterization nances of the diastereomeric aldehydes in the polar aprotic

of GAR Tfase Bindingro distinguish between the possibili-

solvent DMSO#ds, while only resonances that corresponded

ties of bound diastereomers of the aldehyde or a boundto the hydrate or hemiacetal were observed ¥®PpH 7.5
aldehyde hydrate, BC-labeled aldehyde was prepared and phosphate buffer, or GJOD (Table 5). In the case of the

its binding to GAR Tfase was investigated by NMR. The
final steps of the®*C-labeled inhibitor synthesis were as
previously described?(l) with the exception being that the

hemiacetal formation in CfDD, each of the aldehyde
diastereomers provides two diastereomeric hemiacetals that
could be distinguished b{¥C NMR. These spectra and the

penultimateN,N-dimethylhydrazone cleavage to the sensitive corresponding behavior of the aldehyde confirmed its elec-

aldehyde by ozonolysis, rather than buffered (pH 7.0) GuCl

trophilic character, provided diagnostic chemical shifts for

promoted hydrolysis, provided a better (85 vs 46%) and more Poth the aldehyde and hydrate forms of the inhibitor, and

dependable conversion (Scheme 1). Tf@-labeledN,N-
dimethylhydrazon& was prepared from methyl 4-bromom-
ethylbenzoatel with the economical KCN. A two-step
selective reduction4@®) of the nitrile in the presence of the

established the potential to distinguish either frBAGAR
or enzyme-derived covalent adducts.

Initial attempts to examine the GAR Tfase bound inhibitor
by 3C NMR in the absence of the substrat€cGAR were
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Excess Line Width (Hz)

0 0.1 0.2 0.3 0.4 0.5
[Enzyme]/[Inhibitor]

FIGURE 7: Plot of excess line width vs enzyme-to-inhibitor ratio
for the13C-labeled 10-formyl-TDAF hydrate proton signakeb.28
derived from the titration of inhibitor with enzyme in the absence
of GAR.

10-formyl-TDAF

His 108

7.5 phosphate bufferf®, the two overlapping 93.6 and
5.28 (8C—'H) cross-peaks correspond to the hydrate form
of the two aldehyde diastereomers and no cross-peak
corresponding to the aldehyde form was detected{ @20

and 11-9). Titration of the!3C-labeled 10-formyl-TDAF
with GAR Tfase in the absence of the substf6AR led

to line broadening of the cross-peak that increased linearly
Asn 106 (49) with enzyme concentration (Figure 7), which induced
a small perturbation in its proton chemical shift%.28—
5.26) without alteration of th&C chemical shift resonance

(6 93.6), and no detectable appearance of alternative cross-
peaks diagnostic of either the aldehyde form of the inhibitor
or an enzyme covalent adduct. The progressive line broaden-
ing and small chemical shift perturbation of the proton
resonance, without the appearance of discrete signals for the
bound and unbound inhibitor, indicate that they are in fast
exchange. In addition, the small perturbation intHENMR
chemical shift was upfield, further characteristic of the
hydrate form, and not downfield, as would be required by
averaging with a putative bound aldehyde. Thus, in the

Ficure 6: Hydrogen bond interactions between the inhibitor and absence of the substrgieGAR, the inhibitor binds nonco-

the enzyme around the formyl transfer region. (a) Four hydrogen Valently to the enzyme as the hydrate and is in fast exchange
bonds are formed by the ($phydrated aldehyde with the three ~ with the unbound inhibitor.

catalytic residues as well as the salt bridge (blue) formed between The analogous titration of the inhibitor with the enzyme
Asp 144 and His 108. (b) Two hydrogen bonds that would existin \yas carried out in the presence of the substfa@AR. A

the (135-aldehyde and the position of the primary amingg€sAR - . .
(yell(ox?vs)), as s)z/aen in thepS-DATHFﬁ-GKR te?lnary ?[ructure small, but more pronouncethi NMR upfield chemical shift

(Brookhaven PDB file 1CDE). The primary amine SGAR sits (6 5.28— 5.24-5.20 and 5.09) without perturbation of the
approximately where the second hydroxyl of the hydrated aldehyde *3C NMR chemical shift § 93.6-93.8) indicates a bound

is modeled and suggests that the structure observed in the hydrat¢yydrate form of the inhibitor and excludes formation of a
form of 10-formyl-TDAF bound tcE. coli GAR Tfase may mimic bound aldehyde, an enzyme covalent adduct, SrGAR
the proposed tetrahedral intermediate. . S . ’

imine or hemiaminal (Figure 8). Two cross-peaks for the
hydrate were detected, oné 6.09) which is sharp and
appears upon titration with enzyme, distinct from unbound

10-formyl-TDAF

Table 5: 13C Resonances of Labeled 10-Formyl-TDAF

solvent T*C signals form inhibitor, and one which simply line broadens and slowly
DMSO-ds 220.7,220.6 aldehyde shifts with the enzyme titration frord 5.28 to 5.24-5.20.
pH 7.5 phosphate buffer 94.5,94.4 hydrate

These results have been assigned tentatively to the two bound
D,O 94.2,94.1 hydrate . . L
CD-0OD 101.29, 101.24, 101.06, 100.99 hemiacetal hydrate diastereomers, one which is in slow excharige (
5.09) and the other in rapid exchangeq.24-5.20). This
unsuccessful due to line broadening and the slow tumbling interpretation suggests one of the hydrate diastereomers binds
of the high-molecular weight enzyme. At 0.8 mM enzyme more tightly to the enzyme and, in the presence of the
and 0.5-2.5 equiv of inhibitor, no observabC NMR substratep-GAR, forms a noncovalent complex that is
signal for the aldehyde or hydrate was detected even after 8temporally stable on the NMR time scale. This distinguish-
h (18 000 scansl s PD, 90°PW, broad band decoupling). able behavior of the inhibitor in the presence or absence of

Analogous results with*C-labeled inhibitor-protein com- B-GAR is consistent with the crystallization studies where
plexes have been observed and discussed in dégaily1). bound inhibitor was observed only in the presencg-GfAR.

The more sensitive technique 8H—3C heteronuclear = However, due to the line broadening of the downfield signal
multiple-quantum coherence spectroscopy (HMQE) 62) at 0 5.24-5.20 and the accompanying loss of resolution, it

detected a clear cross-peak to tf@-attached proton. InpH  is not clear whether this observation is due to a single
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Ficure 8: HMQC spectra of thé3C-labeled 10-formyl-TDAF
alone (left, 0.4 mM) and in the presence of substrate GAR and
GAR Tfase (right; for GAR, a mixture of- andS-isomers at 1.3
mM; for GAR Tfase, 0.64 mM).

5.5

—T ——
5.0 5.5 5.0

resonance or multiple overlapping signals. Such overlapping
signals might arise from multiple bound conformations of
the inhibitor (i.e., the benzoylglutamate domain) or multiple
bound conformational states of the enzyme (i.e., the disposi-
tion of the loop of residues 141146).

Conclusion The study with the'*C-labeled 10-formyl-
TDAF firmly established that both the free and bound
inhibitor exist in the hydrate form, excluded the possibility
of bound aldehyde, and further confirmed that a covalent
adduct of the inhibitor with either the enzyme or the substrate
-GAR is not observed. Thus, this NMR study, combined
with the interpretation of the electron density from the crystal
structure, revealed that 10-formyl-TDAF binds as a hydrate
mimic of the formyl transfer tetrahedral intermediate and,
hence, permits a more detailed interpretation of the mech-
anism of inhibition. In the crystal structure, the formyl
transfer region has well-defined electron density that identi-
fies two hydrogen bonds that bridge the imidazole of His
108 to the oxygens of the hydrated aldehyde (Figure 6a).
The bound hydrate benefits from direct hydrogen bonding
to both Asp 144 and Asn 106, analogous to the interactions

proposed to stabilize the protonated tetrahedral intermediate

for the formyl transfer reaction1@, 20). This structure,
involving the bound hydrate, now beautifully explains the
10-fold difference in the inhibitor potency of 10-formyl-
TDAF and the corresponding alcohol which lacks one of
the two hydroxyl groups of the aldehyde hydrate and which,
in turn, is approximately 10-fold more potent than inhibitors
that lack the alcohol2Ql, 23, 28). Although it is premature

to speculate on why 10-formyl-TDAF fails to form a GAR
Tfase-assembled adduct withGAR, its geometry at the 10
position is different than that of the natural cofactor 10-
formyl-THF (sp vs sp). Due to the constraints of the folate
and inhibitor core structures, this positions the formyl group
in different orientations when bound at the GAR Tfase active

Greasley et al.

site, potentially with 10-formyl-TDAF misaligned to react
with GAR.

The discovery that 10-formyl-TDAF binds and inhibits
GAR Tfase as a noncovalent hydrate (gem-diol) that acts as
a mimic of the formyl transfer tetrahedral intermediate,
analogous to the classical electrophilic aldehyde and ketone
transition state inhibitors of proteases, provides novel design
strategies for a future generation of new inhibitors for GAR
Tfase. To date, this analogy between the folate-dependent
formyl transfer reactions and peptide protease or transaminase
reactions has not been recognized or exploited for the
development of inhibitors.
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