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ABSTRACT: Glycinamide ribonucleotide transformylase (GART; 10-formyltetrahydrofolafghbsphori-
bosylglycinamide formyltransferase, EC 2.1.2.2), an essential enzyme in de novo purine biosynthesis,
has been a chemotherapeutic target for several decades. The three-dimensional structure of the GART
domain from the human trifunctional enzyme has been solved by X-ray crystallography. Models of the
apoenzyme, and a ternary complex with the 10-formyl-5,8-dideazafolate cosubstrate and a glycinamide
ribonucleotide analogue, hydroxyacetamide ribonucleotige-N-(hydroxyacetyl)e-ribofuranosylamine],

are reported to 2.2 and 2.07 A, respectively. The model of the apoenzyme represents the first structure of
GART, from any source, with a completely unoccupied substrate and cosubstrate site, while the ternary
complex is the first structure of the human GART domain that is bound at both the substrate and cosubstrate
sites. A comparison of the two models therefore reveals subtle structural differences that reflect substrate
and cosubstrate binding effects and implies roles for the invariant residues Gly 133, Gly 146, and His
137. Preactivation of the DDF formyl group appears to be key for catalysis, and structural flexibility of
the active end of the substrate may facilitate nucleophilic attack. A change in pH, rather than folate binding,
correlates with movement of the folate binding loop, whereas the phosphate binding loop position does
not vary with pH. The electrostatic surface potentials of the human GART domai&stitkrichia coli

enzyme explain differences in the binding affinity of polyglutamylated folates, and these differences have
implications to future chemotherapeutic agent design.

The discovery that glycinamide ribonucleotide transformy-  In higher eukaryotes, the GART activity comprises the
lase (GART} is the target of the potent antifolate 5,10- C-terminal domain of a trifunctional enzyme, which is also
dideazatetrahydrofolate (DDATHF)1X has promoted a responsible for catalyzing the second (glycinamide ribo-
resurgence of interest in both the enzyme and the purinenucleotide synthetase) and fifth (aminoimidazole ribonucle-
biosynthetic pathway. In recent years, inhibitors of folate- otide synthetase) reactions of de novo purine biosynthesis
dependent enzymes have been shown to demonstrate antii3). GART catalyzes the third step of this biosynthetic
tumor activity in vivo, and increasingly, inhibitors of these pathway, namely, the conversion of glycinamide ribonucle-
enzymes are being synthesized and tested for their chemo-otide (GAR) toN-formylglycinamide ribonucleotide (FGAR)
therapeutic activity %). accompanied by the conversion of the cosubstrate, 10-

formyltetrahydrofolate (10-CHO-THF), to tetrahydrofolate
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formyltransferase; FGAR\-formylglycinamide ribonucleotide; GAR, Kinetic studies of thés. colienzyme 6) and of the human

glycinamide ribonucleotide; GAR-OHy,3-N-(hydroxyacetyl)p-ribo- ; ; ;
furanosylamine; GART, glycinamide ribonucleotide transformylase or (7) and murine § GART domains suggest a sequential

10-formyltetrahydrofolate’8phosphoribosylglycinamide formylirans- ~ Mechanism in which the formyl group is transferred by a
ferase (EC 2.1.2.2). direct nucleophilic attack of the GAR amino group on the
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formyl carbon of the cosubstrate, leading to the formation glycerol bound directly at, or just outside, the phosphate
of a tetrahedral intermediate. Formation of this intermediate binding loop (residues 1114) for the substrat@-GAR. The
and collapse to product require proton transfers. It has beenhuman apoGART model reported herein represents a struc-
proposed thtaa “ fixed” water molecule, rather than the ture that is devoid of small molecules at either th6&AR
invariant amino acids in the active sit8)( mediates the  or 10-formyl-THF binding sites. The second model reported
required proton transfer between substrate and cofactor, butn this work corresponds to the first structure of human
this has not been verified. GART occupied at both the substrate and cosubstrate site.
Retention of the cosubstrate (or analogue) in the cell is A structure has been determined for the ternary complex of
affected by polyglutamylation of THF, DDATHF, and other an inhibitor/cosubstrate pair, hydroxyacetamide ribonucle-

potential folate analogue chemotherapeutic dra@s Previ- otide [GAR-OH;Kjs ~ 1.3uM (7)], in which the side-chain
ous studiesg) of murine GART have shown that the hexa-

y-glutamate of the 10-formyl-5,8-dideazafolate (10-CHO- Q

DDF) cosubstrate binds almost 10-fold more tightly to the =0,P0 0 %

enzyme than the monoglutamate form and that the hexa- \Q’W OH

glutamate of DDATHF was bound approximately 30-fold HO  OH

more tightly than the monoglutamate. To date, there is no

structural information to explain the enhanced affinity GAR-OH

resulting from polyglutamylation, but the high sequence ) ) .

identity between the murine and human GART domains terminal amino group of GAR is replaced by a hydroxy

(87%) merits a structural investigation of this phenomenon. 9roup, and 10-formyl-5,8-dideazafolic acid [10-CHO-DDF;
The structure of th&. coli GART enzyme has been solved Km ~ 1.5uM (7)] with the human GART domain. This

at pH 3.5 (1.8 A) 12), pH 6.75 (2.8 and 3.0 A)1@, 13), unique pair of models offers the opportunity to investigate

and pH 7.5 (1.9 A) 11) and at neutral pH in complexes Structural differences between the bound and unbound

with GAR and 5-deazatetrahydrofolate (2.5 AR, GAR structures.

and 10-formyl-5,8,10-trideazafolic acid (2.1 A¥), and two Herein we report the structures of the apo human GART
multisubstrate adduct inhibitors (1.96 and 1.6 A%,(16). domain and human GART ternary complex (GAR-OH/10-
The 38% sequence identity between fhecoli and human ~ CHO-DDF) to 2.2 and 2.07 A, respectively. We make a
GART enzymes led to the premise that tBecoli GART structural comparison of all human GART structures as a

structure could provide an appropriate model for its eukary- fu.nctlon of pH, examine the structu.ral_changes associated
otic counterpart. However, recent kinetl7f and structural ~ With substrate and cosubstrate binding, and propose a
(18) studies suggest that this is erroneous. The human GARTMechanism for the tight binding of polyglutamylated cosub-
domain is now readily available through cloning and over- Strate based on surface charge complementation.
expression 1 19),_thus it is the most relevant protein fo_r EXPERIMENTAL PROCEDURES

mechanistic studies and structure-based inhibitor design.
Indeed, the structure of human GART has been reported at Sequence Alignmen#ll known GART sequences (GART

pH 4.2 (1.7 A), at pH 8.5 (2 A), at pH 8.5 in the binary domains and monofunctional GART enzymes) were aligned
complex with the substrai®-GAR (2.2 A) (18) and at pH with ClustalwW @2).

7 in a binary complex with the cosubstrate analogue inhibitor  Protein PreparationThe rhGART domain, which consists
10-trifluoroacetyl-5,10-dideaza-acyclic-5,6,7,8-tetrahydro- of residues 8081010 of the GARS-AIRS-GART human
folic acid (10-CRCO-DDACTHF) (2 A) Q0) and a series trifunctional enzyme, was prepared and assayed according
of folate inhibitors 21). Several questions remain regarding to published procedure§)( The protein was ultrapurified
the structure-based mechanism of GART. First, does the pHto >99% homogeneity by anion-exchange (DEAE-5PW,
of the protein environment affect the structure or dynamics TSK, 7.5 mmx 7.5 cm, TosoHaas) high-performance liquid
of the enzyme, thereby regulating its activity? Wilson and chromatography. A linear gradient (30 min from 0 to 0.2 M
co-workers have addressed this question by examining theNaCl in 10 mM Tris, pH 7.5) was used for elution, and the
E. coli (11) and human 18) GART structures at low and  peak fraction between the full width at half-maximum of
high pH values, representing the inactive and active forms the predominant peak~23 min; data not shown) was

of the enzyme, respectively. For both proteins, importance collected. The HPLC-purified hGART was assay@)l to

has been ascribed to structural differences as a function ofverify formyltransferase activity. Selenomethionyl (SeMet)
pH. In the case of th&. coli enzyme, emphasis is placed GART was produced i&. colistrain B834(DE3)pLysS (Met

on changes in the “flexible” (residues 13131) and folate auxotroph) grown on defined media3) containing 0.3 mM

binding (residues 141145) loops as a function of pH.Q), SeMet and 50 mg/L ampicillin. To minimize oxidation of
while pH studies of the human GART enzyme highlight the SeMet, 10 mM dithioerythritol (DTE) was included in
changes in the substrate (residuesl8) binding site 18). all media and buffers.

The question remains as to the relevant structural changes Crystallization.All crystals were grown by vapor diffusion
associated with human GART activity solely as a function from a 1:1 mixture of protein solution (5 mg/mL GART, 10
of pH. The pH (6.3) of the crystals used in this study is mM Hepes, pH 7.5, 1 mM DTE) and well solution. Small
intermediate to the pH values of the two previously published crystals grew spontaneously with a well solution consisting
models of human GART, affording structural comparisons of 0.1 M sodium citrate, pH 6.0, 20% 2-propanol (v/v), and
as a function of pH. 20% PEG-4000 (w/v). Larger hexagonal bipyramids (0.5 mm
To date, all crystal structures of GART, in the absence of x 0.4 mmx 0.4 mm) of wild-type and SeMet GART were
substrate and/or cosubstrate, contain a phosphate, sulfate, agrown by seeding small crystals into fresh sitting drops using
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space group was determined toR#21 or its enantiomorph

Table 1: Crystallographic Summary -
(P3:21) with one ¥, = 3.7 A%Da) or two monomers

GART Géi;'_%[ﬁ":' (Vm = 1.85 A¥Da) in the asymmetric unit.
. . Phase Determinatiorlhe structure of the apoenzyme was
Diffraction Data
space group P3,21 P3,21 solved by molecular replacement from a truncated model of
unit cell constants (A) 75.7,75.7,101.7 75.9,75.9,101.0 the 38% identicaE. colienzyme [2.0 A; PDB entry 1GAR
X-ray source CHESS F2 CHESS F2 (15)] using the program AMoRe 26, 26). The probe
data range (A) 40.22.2 40.6-2.07 structure, for which nonidentical residues were truncated to
completeness (%) 97.9 (99:8) 99.5 (97.4) . . . o .
Reyn? (%) 8.9 (31) 7.3(29.6) alanine, contained approximately 70% of fche total _pr_oteln
Wond 8.3(7.7) 7.7(3.7) atoms. TheR-factor (0.48%) and correlation coefficient
unique reflections (no.) 20705 21025 (0.58) were determined for the correct solution, and the space
average redundancy 6.9 3.9 group was found to b@3,21.
dat " Model Rej;icr)‘zg‘ezm 40.0.2.07 The molecular replacement solution contained only one
d:tg L%Tgﬁ( ) F<o0 F<0 molecule per asymmetric unit and a high solvent content
Ruon® (%) 224 222 (73%). Two Se sites from the SeMet-substituted GART
reflections (no.) 15686 18900 (residues 89 and 104) were located inFeyamet — Fuwiid type
Rfﬁeb (%) 26%71 25’-(; difference map, confirming the molecular replacement solu-
;gsﬁﬁg’?asng'g') izoo 1_203 tion, the positions of the Met side chains, and the presence
solvent sites (no.) 248 335 of only one GART domain per asymmetric unit.
g\/’\tjrsag? (A2) | 56.2 53.8 Model Building and Structure Refinemerll model
rom target values i1di i :

bond lengths (A) 0.007 0.006 building was done.usmg the program 27, and reflnemgnt

bond angles (deg) 134 1.45 was conducted using X-PLOR 3.23) and CNS g9). Rigid

bondedB (A?) 4.47 2.94 body refinement of the molecular replacement model was
estd coordinate error (A) , 024 0.28 used initially on the entire molecule and then on individual
OVGBra”Ba”'S°”°p"B'fa°t°r (%) e . secondary structural elements. The high solvent content of

By _313 —349 the GART crystals was exploited for phase refinement using

Bas 15.03 11.59 SOLOMON @5, 30).

aRyn= Silln — II/3;l, where 1, = average intensity for all Frozen GART crystals Qiffractgd significantly furt_her th_an
observations of a reflection with unique indicésand I; = jth unfrozen crystals but exhibited highly anisotropic diffraction
observation of a reflection with average intensity” R= ¥ |Fo — F|/ (Table 1). The final models of free GART and the ternary

2 |Fol Riecis based on a 5% subset of the ddtealues in parentheses  complex contain 200 of 203 amino acids. No electron density
pertain to the outermost shell of data. was observed for the three residues at the C-terminus{(201

Il solut - f di . 203). The free GART model contains one glycerol and 248
weo solutions consisting (? 0.1 M sodium citrate, pH 63 water molecules, while the ternary complex contains GAR-
10% 2-propanol, and 18% PEG-4000. Crystals were dis- 55 {9 and including the amide nitrogen, all of 10-CHO-

solved and tested for enzyme activity) (o eliminate the DDF except the formyl group and-carboxylate, and 335

possibility of protein inactivation during crystallization. water molecules. Structures were com ;
) . pared using a least-
Crystals of the ternary complex of GART with GAR-OH, a squares analysis (DEJAVURS, 31).

substrate analogue and competitive inhibitor, and 10-CHO-

DDF, a cosubstrate, were produced by addition of 0.24 MM ReSULTS AND DISCUSSION

GAR-OH and 0.45 mM 10-CHO-DDF to a sitting drop o

containing one or more GART crystals. Immediately prior ~ Structure DescriptionCommon features of the hGART

to crystal soaking, the integrity of 10-CHO-DDF was domain can be viewed in Figure 1a, and the active site is

assessed spectroscopically, where loss of the formyl grouphighlighted in Figure 1b. Figure 1a shows the relationship

alters the UV~vis spectrum. Crystals of the SeMet GART between the active site, the flexible region (residues-111

ternary complex were also grown by seeding into sitting 131) thought to be important for folate binding, the phosphate

drops with well solutions that contained 0.1 M sodium citrate, (residues 1+14) and folate binding (residues 14145)

pH 6.3, 6-8% 2-propanol, and 1618% PEG-4000. Crystals  loops, and the N- and C-termini. The overall structural details

were cryoprotected by successive transfer into well solution of human GART have recently been describ&g)(while

(4 °C) augmented by increasing glycerol in 5% increments the topology 12) and structural detailsl@, 13) have been

(2 min/increment) to a final concentration of 20%. described elsewhere for the simikarcolienzyme. The first
Data Collection.Preliminary 2.9 A data were collected ~residue (Figure 1a) in the human GART domain is numbered

using Cu Ku radiation and a Rigaku R-axis llc image plate according to theE. coli enzyme to facilitate comparisons

detector for the wild-type free enzyme at room temperature between the homologous enzymes, where Ala 1 of the GART

and 2.85 A data for the SeMet GART ternary complex at 2 domain corresponds to Ala 808 of the human trifunctional

°C. These data were used for initial phasing, model building, enzyme 8). Contrary to all previous “apo” GART structures,

and refinement. Data used for the final refinements were there are no small molecules associated with the phosphate

collected on beamline F2 at CHESS using a Quantum 4 CCDloop of the substrate binding site of this hGART model,

detector (Area Detector Systems Corp.) from frozen crystals possibly as a result of the additional and more rigorous HPLC

(—=178°C) of wild-type GART. Data were processed using Ppurification procedure used in these studies.

Denzo and ScalepacRk4) (Table 1), and the CCP4 suite of Structural ComparisonsAmong the crystal structures of

programs was used for further data manipulati®g).(The the human GART domain, in the presence and absence of
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Ficure 1: Overlay of the € coordinates for all high-resolution models of human GART: apo hGART (dark gold; this work), hGART/
GAR-OH/CHO-DDF (light gold and yellow, respectively; this work), hGART, pH 4.2 (red; PDB 1ME&),; hGART, pH 8.5 (blue; PDB

1MEJ;18), hGART/10-CRCO-DDACTHF (green; PDB 1NJ20), hGART/GAR (cyan; PDB 1MEN18). (a) Backbone traces of apo and

complex structures. (b) Close-up view of the complexed structure backbones with bound substrates, cosubstrates, and inhibitors. Figures
1—-4 were generated using the program SETGB).(

substrates/inhibitors, the most significant structural variability ~ Asp 144 in the folate binding loop was identified as being
occurs in the cosubstrate (folate) binding loop (residues-141 catalytically important in thé. coli enzyme 82). The Asp
145) (Figure 1a). In addition, the outer loop region defined 144 side chain is positioned toward the folate site in all of
by residues 3645, which is adjacent to the phosphate the neutral pH structures (apo, DDF-bound, and ternary) but
binding loop, shows slightly different positions for the points away from the site at higher pH (8.5; apo and GAR-
various hGART structures. bound). In fact, the position of Asp 144 is nearly identical
The folate binding loop (residues 14145), which for bound and unbound forms of the enzyme at neutral pH,
displays significant variability in the hGART structures (see and therefore we conclude that folate binding is not a
Figure 1a), is directly preceded by residue 140, which is requirement for the correct positioning of the active site Asp
involved in contacts with the cosubstrate pteridine ring in 144, as has been suggested for Eheoli enzyme 83) and
all of the complexed structures (human a&dcoli). This hGART (18). The high (X, of 9.7, ascribed to His 108 in
folate binding loop displays a range of positions; 2 A the E. colienzyme, is attributed to the Asp14#is108 salt
away from the pteridine ring, that do not appear to correlate bridge @3). However, in both of the structures reported here,
with folate binding but rather changes in pH. The folate Asp 144 is near His 108 (3.4 A), but the His imidazole and
binding loop of hGART is largely disordered at pH 4.2, is Aspl144 O are not coplanar, ruling out a hydrogen bond under
ordered and closest to the pteridine ring at neutral pH (6.3, these conditions. In contrast to Asp 144, Asp 142 and Val
7; apo and ternary), and is furthest from the pteridine ring 143 in the folate binding loop move in response to folate
at pH 8.5 (apo and GAR-bound) (Figure 1a). binding, while the Glu 141 side chain and it coli
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formyl group was lacking whether ternary complex crystals
were produced by soaking (Table 1) or by cocrystallization
(data not shown). We conclude that the active site environ-
ment is particularly conducive to removal of the labile formyl
group when a substrate or analogue is present. The ternary
complex structure thus represents a mixed substrataluct
complex, with GAR-OH as substrate analogue and deformy-
lated 10-CHO-DDF (DDF) as product. Steric effects may
have contributed to departure of the formyl group and to
disorder of the GAR-OH hydroxyacetamide, which would
be less tha 1 A from the formyl oxygen of 10-CHO-DDF
based on the binary hGART complexes. There is little
difference between the apo and ternary complex structures
(Figure 2), especially at the phosphate binding loop. Unlike
all other GART crystal structures, the apoenzyme structure
lacks fortuitous binding of ions at the phosphate binding loop
of the GAR binding site that would have to be replaced by
its substrate.

The GAR-OH substrate analogue binds the enzyme with
FIGURE 2: Superposition of apo and ternary hGART models to 1tS Phosphate in a loop (residues-114) at the N-terminus
show the structural similarity of the active site and its invariant Of @ helix and is hydrogen bonded to backboneHNgroups
amino acids (Asn 106, His 108, Gly 133, His 137, Asp 144, and of Ser 12 and Asn 13, to a water molecule anchored to the
%lél:(sc),iﬂct;h:%e;e?gﬁ dag;g dati)r?el'iﬂchet OfO%ATFISTe?RngTIgfé)TF. backbone at Leu 14, and to the Ser 12 side chain (Figure
complgx in dark gold, and GAR-OI9| an% CHO-DDF Wit);ﬁ atomic 3a). T.he nbos.e Shydroxyl is hydroggn bo.ndEd to .the GIu
colors, and the B, — F. electron density map contoured at 0.8 173 side chain, and the GAR amide nitrogen is within
RMS is shown in green for the substrate and cosubstrate. hydrogen-bonding distance of the backbone carbonyl of lle

107 (Figure 3a). These interactions are in general agreement
counterpart, Asp 141, are positioned away from the pteridine with previous structures of GAR bound to tke coli (12,
binding site in all cases. 14) and human18) GART enzymes. Th&-factors are high

Substrate and Inhibitor Bindin@-he binding mode of the  for the GAR-OH inhibitor, and the inhibitor is poorly ordered
cosubstrate and inhibitor in the human GART ternary at the hydroxyl end (Figure 2).
structure is similar to that observed for analogous ligands The DDF product is well ordered at the bicyclic pteridine
bound to theE. coli (12, 14) ternary complexes and the ring and becomes disordered toward the carboxylate end.
human (8, 20) binary complexes (Figure 1b). The electron The electron density is continuous to threcarboxylate,
density map (Figure 2) displays clear density for much of which clearly protrudes from the substrate binding cavity,
the GAR-OH inhibitor and DDF cosubstrate but not for the but density is missing for the-carboxylate (Figure 2). The
reactive groups: the GAR-OH side-chain hydroxyacetyl and bicyclic ring hydrogen bonds (Figure 3b) with the backbone
the DDF formyl group. Although weak density appeared for NH groups of Leu 92 (N1) and Asp 144 (4-oxo) and the
the substrate hydroxyacetyl group, density for the entire backbone carbonyl groups of Ala 140 (N3) and Glu 141

b

ILE 107

Al

Ficure 3: Close-up view of the binding sites of (a) GAR-OH and (b) CHO-DDF for the hGART ternary complex, including hydrogen-
bonding interactions between substrate/cosubstrate and protein.“T¢moftlinates of the ternary coordinates, along with GAR-OH and
CHO-DDF, are shown in atomic colors.
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Scheme 1

:
|
<;

Q
—ICHC—OH
N\\l/NHz CH,
R = NH R = CH,
¢=0
o OH

(NA2), in general agreement with the cosubstrate binding This idea is also supported by the apparent lability of the
pattern forE. coli GART (12, 14). One oxygen atom from  DDF formyl group when bound to the enzyme in the
the terminal carboxylate is hydrogen bonded to the amide presence of a GAR analogue inhibitor. The 10-CHO-DDF
NH of lle 91. used in these experiments was intact when added to solutions
GART was initially thought to follow an ordered sequen- used to soak protein crystals. We have found 10-CHO-DDF
tial mechanism, but studies on the murine recombinant to be stable in aqueous solutions at neutral pH and, therefore,
enzyme revealed that the binding mechanism was randomconclude that the enzyme accelerates loss of the formyl
sequential §), leading to studies of thE. coli (6) enzyme group.
that corrected the previous literature and suggested random A random-collision mechanism for catalysis is suggested
addition. Thus, random sequential binding and direct nu- by the preactivated cosubstrate and the flexibility at the
cleophilic attack have been proposed for e coli (6), reactive end of the substrate. If 10-CHO-DDF, with a
murine @), and human®) GART enzymes. The structural preactivated formyl leaving group, and GAR, with a flexible
flexibility of the substrate and cosubstrate and the preorderingreactive end, are bound in extremely high local concentration,
of the phosphate binding loop are consistent with the then catalysis could proceed easily by random collision. In
proposed reaction and binding mechanisms, respectively. Thehis circumstance, it seems unnecessary to preorient the
honeycomb packing of the crystals used in this study resultsreactive end of GAR. The enzyme need only provide an
in minimal crystal contacts and a high solvent content environment in which the GAR amino group is unprotonated
(>70%), providing a good model for GART in solution. The and perhaps stabilize a transient negative charge on the
structural flexibility of the substrateBf, = 79 A?) and formyl oxygen.
cosubstrateR,, = 71 A% may facilitate the GART reaction, Role of Inariant Amino AcidsThe sequence of the GART
and the disordered portions of each substrate may representiomain within the trifunctional enzyme is highly conserved.
flexibility that allows for optimal positioning of the reactive  For example, 41% of residues are invariant among four
groups for a direct nucleophilic attack. We suggest, however, eukaryotic organisms (human, mouse, chicken, fruit ) (
that binding of the substrate ribose ring along with the and the human GART domain is 38% identical to the
bicyclic ring of the cosubstrate may be important for ordering monofunctionaE. coli enzyme. Eighteen sites of conserva-
the entire active site. tive substitution are distributed throughout the molecule, and
It has been suggeste®3) that the formyl group is  some of these residues are important in protsimbstrate
activated by its twisting “out of the delocalized planar interactions. Residues Asn 106, His 108, Gly 133, His 137,
structure to relieve the resonance stabilization”. Scheme 1Asp 144, and Gly 146 are invariant among the GART
shows that there are two pathways for delocalization of the domains and enzymes. The invariant residues are in or
N0 one pair. Path A would lead to deactivation of the formyl adjacent to the GART active site. His 108, Gly133, Asp 144,
group toward nucleophilic attack, while path B would and Gly146 are also invariant within the putative folate
increase the positive charge on the formyl carbon, increasingbinding site of other 10-CHO-THF-utilizing enzyme34j.
its electrophilicity. In free DDF, one would expect that the Although GART and 10-formyltetrahydrofolatemethionyl-
lone pair would be delocalized into the benzene ring (C). tRNA N-formyltransferase (FMT) have a low sequence
The conformation of DDF bound to the enzyme (Figures 2 identity, they are structural homologue35). Modeling
and 3B) suggests overlap of thé®honbonding orbital with studies of the 10-formyltetrahydrofolate dehydrogenase
the & system of the benzene ring, favoring path B and (FDH) structure indicate that it has the same fold as GART
deformylation of 10-CHO-DDF. If this conformation reflects  (34). FMT and FDH have putative catalytic residues analo-
that of enzyme-bound 10-CHO-DDF, this is the first direct gous to His 108 and Asp 144 in GART, and FMT has the
structural evidence for conformational preactivation of the additional Asn 106 analogue that may be critical to formyl-
cosubstrate formyl group. We speculate that free 10-CHO- transferase activity34), but neither related enzyme has an
DDF would exist in a conformation with minimal overlap analogue of GART His 137.
of the N° lone pair with the benzeng system and that The positions of Gly 133, His 137 (including the side
enzyme binding induces the conformational change. chain), and Gly 146 are virtually identical for all GART
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structures (human ard. coli) in the presence and absence |

of ligands. The role of His 137 has been largely ignored for Asp 144
both the human anB. colienzyme. The fact that His 137 is

completely conserved in GART but not in FMT and FDH Folate
indicates it may have a specific role in the GART mecha- binding loop
nism. The position of the His 137 imidazole is fixed by a
hydrogen bond to Asn 106 in both the apoGART and ternary
complex (Figure 2), consistent with electrostatic calculations
of the E. coli enzyme 86) that suggest His 137 is part of
the proton relay system for removal of a proton from GAR
and addition of a proton to theNof folate. The structure
reported in this work shows evidence of four ordered water
molecules in the active site, but none is found in a position
suitable to act as the catalytic water proposed foigheoli
GART mechanism9).

Gly 146 (Figure 1b) is located at the hinge point of the
folate binding loop in all GART structures and may confer
flexibility on the loop to facilitate folate binding, whereas
conserved Gly 133 likely plays a pivotal role in the mobility .
of the flexible loop comprising residues 11031 (Figure FIGURE 4: Comparison of the €coordinates of the folate binding
1). On the basis of the loop (13131) flexibility shown in Ir?op, including igvariant r;sidue:ﬁ,jforl'high-resolution models of
the stuctural comparison (Fgure 1) and th positon of the FART 2L 42,05, 8 all Ol CART sl H 5 P8,
conserved Gly 133 at its hinge point, this residue may be g coli GART at pH 3.5 is rendered in yellow.
poised to play a pivotal role in the mobility of this region.

Substitution of five residues (118.22) at the tip of the loop The hydrogen bond between the Asp 144 and His 108
with Ser-Ser in theE. coli enzyme reduced its affinity for  side chains has been proposed as a critical determinant for
substrate §), demonstrating the importance of the loop to the catalytic function of thé&. coli enzyme by altering the
substrate binding. The loop occupies a variety of positions pK, of His 108, allowing it to act as a general acid catalyst
and is disordered in some crystal structures. There is further(33), an idea that is supported by Poissd@pltzmann-based
support that Gly 133 and Gly 146 are pivotal to cosubstrate electrostatic models3). This interaction is not observed
binding since they are strictly conserved not only in GART in the hGART enzyme, but it is nonetheless possible that
from different species but also in the related 10-CHO-THF- thjs interplay between active site residues is involved in
utilizing enzymes 34). hGART enzyme activity.

As previously stated, the position of Asp 144 is virtually Effects of pH on GART Structuréhe human18) andE.
identical for the apo and ternary complexes at pH 6.3. coli (33) enzymes show similar pH rate optima at ap-
Therefore, these structures do not support the mechanisnmproximately pH 8 86). Crystal structures of human aifid
proposed on the basis of the structure ofheolienzyme,  coli GART at pH values ranging from 3.5 to 8.5 have various
in which folate binding is a prerequisite to active site |oops in different positions as a function of pH in the
rearrangements allowing a salt bridge, “critical to catalysis”, cosubstrate-free structures (Figure 4), but the loop positions
to form between His 108 and Asp 1433. In the apo and  are identical in the cosubstrate complexes at all pHs. In the
ternary hGART models, His 108 is not close enough to Asp absence of cosubstrate, the folate binding loop (residues
144 (3.5 A apart), nor properly oriented to form a salt bridge 137-147) encroaches progressively deeper into the cosub-
(Figure 2). strate binding site with decreasing pH. However, the position

Residues Asn 106 and His 108 make hydrogen bonds with Of the loop at pH 6.3 is closest to its position in the presence
the formyl group of the multisubstrate adduct complexed to Of cosubstrates, which is virtually identical in all complexed
the E. coli enzyme 15), implying that Asn 106 is directly ~ structures. Therefore, a pH-dependent loop motion is ob-
involved in the catalytic mechanism. The formyl group is Served for the free enzyme, but cosubstrate binding stabilizes
missing in the ternary complex structure reported herein, the loop at the position observed in the structure derived
precluding comparison. Pairwise electrostatic interactions of from near-physiological pH (6.3). Further, the folate-de-
conserved residues in tie colienzyme 86) have been used ~ Pendent conformational changes, which were ascribed rel-
to examine the electrostatic environment of the GART active €vance in previous studie83), do not appear to be relevant
site and indicate that neutral His 137 relays an electrostaticto the hGART structure because the folate loop is ordered
interaction to GAR(NH) through Asn 106 and ultimately ~ Poth in the presence and in the absence of cosubstrate (Figure
Asp 144 and His 108, thus contributing to the proton relay 2).
between GAR(NH) and His 108. The positions of Asn 106, The substrate binding loop (residuesBt), which cradles
His 108, His 137, and Asp 144 side chains are superimpos-the GAR phosphate group, also exhibits different conforma-
able between the ternary hGART complex (this work) and tions in various crystal structures (Figure 1la). Zhang et al.
theE. coli structure used for the computational studie®) ( highlighted an occluded substrate loop as the major source
Given that His 137 is within hydrogen-bonding distance of of hGART’s inability to bind GAR and its inactivity at pH
Asn 106 (Figure 2), this residue may play a similar role in 4.2 (18). Others have suggested that the loss of activity for
the hGART enzyme. the E. coli enzyme at low pH results from titration of the
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Phosphate
{_ binding loops

B

Ficure 5: Surface charge representation of (a) the human GART structure in the presence of GAR-OH/CHO-DDF (this workleand (b)
coli GART in complex with GAR and 10-formyltetrahydrofolate (PDB 1C3H) calculated using the programs GROMACS) and

MEAD (39) and rendered by the program PyMol (40). The folate cofactor is shown as a stick representation using standard atomic colors
(except cyan= carbon), and the surface potential color scheme indicates areas that are neutral gWhiteogitively (red,+6.7kT) and
negatively (blue,—6.7kT) charged. The view is similar here and in Figure la.

GAR amino group &3, 36). Direct comparison of the ~ 6 uM). This increased affinity of hGART for the
phosphate binding loops is not straightforward because only polyglutamylated DDF is likely the result of charge comple-
the pH 6.3 structure represents a truly apo structure. Thementarity of the glutamyl portion of the cofactor and the
difference in loop position+2.3 A, Figure 1a) observed at  outer surface of the folate binding loop (14145), giving

pH 4.2 is not observed either for tle coli GART structure rise to further stabilization of the substrate binding pocket.
(11) at pH 3.5 (inactive) or for the human GART structure A structural role is certainly not unprecedented for the
reported here at pH 6.3 (active). In fact, the phosphate hexaglutamate moiety37), and the comparison presented
binding loops in human GART structures at pH 818)(and herein provides a plausible explanation for the role of
6.3, along with theE. coli GART structure at pH 3.51(), polyglutamylation in the hGART reaction.

are virtually identical (Figure 1a; data not shown Earcoli Conclusions.Comparison of the first apo and ternary

structure). Therefore, prewo_usly observeq phosphate 100ppGART structures reveals that limited structural changes are
movgments 18) do not explaln_ the pH_ prpﬁle for hGART induced with binding of both the substrate and cosubstrate,
and I|k.ely'reflect extraneous ligand binding. and their protein interactions are consistent with earlier work.

Implications of Surface Charge Patter.surface poten- e have elucidated roles for the invariant residues Gly 133,

tial diagram has been constructed for the protein portion of gy 146, and His 137 and propose that substrate/cosubstrate
the ternary complex of human GART (Figure 5a) andsts  feyipility and cosubstrate preactivation are critical for the

coli counterpart (Figure 5b)L6). T.he electrostatic potential catalytic mechanism of human GART. A structural com-
at the surface of hGART, extending away from the glutamyl - isn was conducted to identify flexible areas that are likely

[f.’g(ifn OT the I.DDF. ﬁnd towarcli the ou'ggr slide t?f the dfOIaée important to facilitate substrate and cosubstrate binding. The
Inding loop, Is either neutral or positively charged and, pH affects the position of the folate binding loop in the

ther_e_fore, qud prc_;vide a suitable surface (nt_eutral and absence of cosubstrate, but at pH 6.3 folate binding does
positive) for interaction with a polyglutamate (Figure 5a) not appear to drive the position of the folate binding loop.

Wltht altt(at[rﬁate ?eutralf and fnteﬁgat"ll_eelig_ﬁr%etd L‘?gc';?ns' I Einally, the surface charge on the hGART exterior, leading
confrast, the outer suriace of faecoll olate binding from the y-carboxylate of the monoglutamate to the folate

Ié)oomp I':mz;etg?mmggttly e?neegi?avle’toagd otlhel ?gxafeuzgzdes binding loop, appears to be complementary to the charge
P y (posi Iverneu ) Jpolygiu . pattern expected for a hexaglutamate and may explain the
away from the folate binding loop (Figure 5b). Previous .. ht bindi £1h he h .
studies 8) examined the binding of folate substrates and tight binding of t ecosu_bstrate_ to_t € human GART domain
conferred by glutamylation. This finding is relevant to future

inhibitors to recombinant mouse GART, finding that poly- . . ° . A o .
glutamylation of the tight-binding DDF ligands enhanced inhibitor design and to the in vivo hGART activity for which
folates are known to be polyglutamylated.

affinity of both substrate and inhibitor by an order of
magnitude. Marsilje et al1{) examined 10-CHO-DDACTHF
and its pentaglutamate derivative as inhibitors of recombinant ACKNOWLEDGMENT

E. coli and human GART, revealing that thepenta-

glutamylated inhibitor was more potent against the human We thank the staff of the MacCHESS facility for helpful
enzyme K; ~ 14 nM) compared to th&. coli enzyme K; support, and T.E.S.D. thanks Dr. J. Krahn for generous
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