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ABSTRACT: Glycinamide ribonucleotide transformylase (GAR Tfase) is a key folate-dependent enzyme in
the de novo purine biosynthesis pathway and, as such, has been the target for antitumor drug design.
Here, we describe the crystal structures of the human GAR Tfase (purN) component of the human
trifunctional protein (purD-purM—purN) at various pH values and in complex with its substrate. Human
GAR Tfase exhibits pH-dependent enzyme activity with its maximum around pH87.6omparison of
unliganded human GAR Tfase structures at pH 4.2 and pH 8.5 reveals conformational differences in the
substrate binding loop, which at pH 4.2 occupies the binding cleft and prohibits substrate binding, while
at pH 8.5 is permissive for substrate binding. The crystal structure of GAR Tfase with its natural substrate,
p-glycinamide ribonucleotidef¢GAR), at pH 8.5 confirms this conformational isomerism. Surprisingly,
several important structural differences are found between human GAR Tfase and previously eported
coli GAR Tfase structures, which have been used as the primary template for drug design studies. While
theE. colistructure gave valuable insights into the active site and formyl transfer mechanism, differences
in structure and inhibition between the bacterial and mammalian enzymes suggest that the human GAR
Tfase structure is now the appropriate template for the design of anti-cancer agents.

Glycinamide ribonucleotide transformylase (GAR Tfdse) 4-carboxamide-ribonucleotide transformylase (AICAR Tfase),
catalyzes the first of two formyl transfer reactions in the de has been an active area of drug discovery research for over
novo biosynthetic pathway of purines and, thus, is an enzyme50 years (reviewed in reand9). Validation of GAR Tfase
of fundamental significance to the anabolism of all organisms as a viable anticancer target came in the mid-1980s with the
(1—3). The conversion of glycinamide ribonucleotide to discovery of the first potent and selective inhibitor, 5,10-
formyl glycinamide ribonucleotide uses 10-formyl-tetrahy- dideaza-5,6,7,8,-tetrahydrofolate (DDATHRYY. The C-6
drofolate (10-formyl-THF) as a cofactor in the pathway that R isomer of DDATHF, referred to as lometrexol, entered
leads to inosine monophosphate (IMP) and eventually to clinical trials and demonstrated antitumor activity against a
other purinesX). wide range of solid tumorsL().

The design of small-molecule antagonists of folic acid,  Naturally occurring folate within mammalian cells is
acting on a number of critical folate-binding enzymes, such converted to a polyglutamated form by the addition of
as dihydrofolate reductase (DHFRY, (5), thymidylate glutamate residues viajyapeptide linkage by the action of
synthetase (TS)§( 7), GAR Tfase, and 5-aminoimidazole- folylpolyglutamate synthetase (FPG3P{14). Polyglutama-

tion can increase the affinity of the folate-derivatives to GAR

T This work was supported by the National Institutes of Health Grant Tfase (L9), as well as increase .the overall neg_qtlve charge
PO1 CA63536 (I.AW., D.L.B, and G.P.B.) and a Skaggs predoctoral ON the folate molecule by 1 unit for each additional gluta-
fellowship (Y.Z.). mate. The increased negative charges afforded by poly-

¥ The coordinates for the human GAR Tfase at pH 8.5, pH 4.2, and glutamation prevent transport of the folate derivatives back

in complex with substrat@-GAR structures have been deposited in ;
the Protein Data Bank under file names 1MEJ, 1MEO, and IMEN. 2C'0SS the cell membrane and, therefore, enable retention

* Corresponding author. Phone: 858.784.9706. Fax: 858.784.2980. Within the cell. Folate analogues that use the folate binding

E-mail: wilson@scripps.edu. protein and folate transporter are taken up into the cell.
fgﬂfres;]ctfg%%iei:se&ggr'E'E‘gﬁé 10770 Science Center Drive. San - 0lYdlutamation then results in their sequestration within the

Diego, CA 92121. : ' ' : cell and, _hernce, |.ncreases thelr cytotoxic pptenlié] L7).
UYale University School of Medicine. Escherichia colGAR Tfase is a monofunctional monomer

! Abbreviations: GAR Tfase, glycinamide ribonucleotide trans- of molecular weiaht of 23kDa but dimerizes below pH 6.8
formylase;3-GAR, -glycinamide ribonucleotide; IMP, inosine mono- 9 P :

phosphate; DHFR, dihydrofolate reductase; TS, thymidylate synthetase;(18)- Investigation of the genetics of de novo purine
AICAR Tfase, 5-aminoimidazole-4-carboxamide-ribonucleotide trans- biosynthesis in Drosophila and mammalian systems revealed

formylase; DDATHF, 5,10-dideaza-5,6,7,8-tetrahydrofolate; FPGS, that three enzymic activities, namely, GAR synthetase

folylpolyglutamate synthetase; 10-formyl-DDACTHF, 10-formyl-5,-
10-dideaza-acyclic-5,6,7,8-tetrahydrofolic acid; 10-formyl-TDAF, 10- (purD), AIR synthetase (purM), and GAR Tiase (purN), are

formyl-5,8,10-trideazafolic acid; 10-formyl-THF, 10-formyl-tetrahy- ~€ncoded by the same genetic locus, suggesting that all three
drofolate; NCS, noncrystallographic symmetry. activities reside on a single polypeptide chai®{21). The
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GAR Tfase activity resides at the C-terminus of the trifunc- well ordered above pH 7.5. This pH-dependent loop is in
tional protein (purD-purM—purN) in eukaryotes. Human  close proximity to the substrate-cofactor binding cleft. It was
GAR Tfase domain has only 31% sequence identity to the suggested that the loop could function as a hydrophobic lid
E. coli protein; however, all of the key active site residues to cover the active site3@), although its sequence is not
are conserved throughout the various known sequences frontotally conserved (45% identity) in the GAR Tfase domain
different species. Th&. coli enzyme’s lack of structural  of the human trifunctional protein.

complexity, but close mechanistic similarity to the human  Here, we show that the activity of human GAR Tfase is
trifunctional protein, made it an attractive candidate for also pH-dependent. However, we propose that this pH-
previous studies of the biological role of this enzyme in dependent activity in human GAR Tfase is due to its inability
purine biosynthesis and for the design of novel inhibitors to bind the substratg-GAR, at low pH on the basis of our
for antineoplastic intervention. Extensive kinetic and struc- structural studies at high and low pH.
tural studies have since then udedcoli GAR Tfase as the
template for mechanistic studie8, 22—24) and for drug
design 25—28), although some limited design on the human ) o _
enzyme has also been report@9)( Materials. The original plasmid of human GAR Tfase
However, even subtle differences within and around the (clonel) from the Beardsley lab was used to initiate the
protein active site might compromise the effectiveness of human GAR Tfase (purN) studies. The primer used to clone
drugs targeted to the human enzyme, but designed againsf€W constructs was synthesized by Retrogen, La JoIIa,'CA.
the E. coli enzyme template. For GAR Tfase, this concern 1he cofactor, 10-formyl-THF, was synthesized as described
surfaced when an aldehyde-based folate-analogue inhibitorPréviously 88). Due to the relative instability of the cofactor,
10-formyl-5,10-dideaza-acyclic-5,6,7,8-tetrahydrofolic acid the pH-dependent activity assay was completed within 24 h
(10-formyl-DDACTHF) was found to be more than 400 &fter the compound was synthesized. The substrai)-(
times more active against human GAR Tfakg= 14 nM) GAR, was synthesized as described previou8g).(Luria
than theE. coli enzyme K; = 6 uM) (28). Furthermore, anti- bro'th (LB) and agar were obtained from Life Technologies,
folates show totally different glutamation profiles toward the Gaithersburg, MD. All common buffers and reagents were
human versus thE. coli enzyme 80, 31). These combined ~ Purchased from Sigma-Aldrich Corp., St. Louis, MO.
results suggest that a human GAR Tfase structure would Protein Cloning and ExpressiofTthe clonel containing
provide a significantly better template for antitumor drug the GAR Tfase domain (residues 810010 of the trifunc-
design than its bacterial counterpart. tional protein) was originally subcloned into a pet23d vector
E. coli GAR Tfase exhibits a pH-dependent activity profile at a Bsmi/Xhol site with a C-terminal hexahistidine tag to
with the maximum occurring between pH 8.0 and 8.5 with facilitate the production and purification of the protein. We
a nearly bell-shaped profile that drops at extreme 32 (  also designed a second clone (clonell) starting at an earlier
33). E. coli GAR Tfase also shows a pH-dependent mono- Site (residue 808) that was cloned into a pet22b vector using
mer—dimer equilibrium in solution, with the monomer an Ndel/Xhol site. For both clones, BL21 (DE3) Gold cells
preferably populated above pH 7.4 and the dimer below pH Were used to achieve stable expression and high yields of
6.6 (18). These solution studies are consistent with crystal- protein. For the clonel, the bacterial culture grew to an
lization studies of GAR Tfase at various pH values. Wild- absorbance of 0.6 at 595 nm from a freshly streaked plate at

MATERIAL AND METHODS

type, phosphate-bound GAR Tfase, crystallized at pH 6.75 37 °C, which was then induced with 0.1 mM IPTG at 2D

(34, 35), and the multisubstrate adduct complexedto€oli
GAR Tfase at pH 6.336) are both dimeric, whereas the
ternary enzyme complex with substrgeeGAR and 10-
formyl-5,8,10-trideazafolic acid (10-formyl-TDAF) at pH 7.5
is monomeric 25) and an epoxide-derived multisubstrate
adduct inhibitor complex withe. coli GAR Tfase at pH 7.4
(26) crystallize with four independent monomers in the
asymmetric unit.

The proposal of a monomedimer transition near physi-
ological pH as a control for the enzyme activity was an
intriguing early speculation from these observatid®).(To
test this notion, a single-point mutant, Glu70Ala (E70A), of
E. coliGAR Tfase was produced that disrupted dimerization
even at low pH 87). Crystallization studies, as well as
dynamic light scattering experiments and size exclusion
chromatography, confirmed that tke coli E70A mutant is
monomeric at both low and high pH but, more importantly,
had a kinetic pH-rate profile nearly identical to that of the
wild-type enzyme §3). Thus, dimerization oE. coli GAR

for 9 h. This low concentration of IPTG and temperature
substantially improved the protein solubility. The clonell was
induced with 0.5 mM IPTG at room temperature for 5 h
after its absorbance reached 0.8.

Protein Purification. The cells for the two clones were
disrupted by sonication in a buffer of 0.5 M NaCl, 50 mM
Hepes, pH 7.9, 10% glycerol, 0.1% Triton, and the lysate
was clarified by centrifugation at 20 0§@or 50 min. The
supernatant was then incubated with 10 mL of nickel affinity
beads (Qiagen Inc., Valencia, CA) for 3 h. The beads were
washed extensively with 0.5 M NaCl, 10mM Imidazole, 25
mM Hepes, pH 7.9, until the baseline for the absorbance
became flat. The protein was eluted with a—50 mM
Imidazole gradient. Fractions containing protein were de-
tected by SDSPAGE and pooled. For clonel, the major
contamination, as assessed by SIPAGE and mass spec-
trometry, was a 66kDa polypeptide which was then removed
by gel filtration on a superdex75 (Amersham Pharmacia
Biotech, Piscataway, NJ) column, equilibrated with 0.2 M

Tfase cannot then account for the observed decrease ifNaCl, 25 mM Tris, pH 8.0, 10 m\B-mercaptoethanol. The

enzyme activity at more acidic pH. Comparison of the high-
resolution crystal structures @&. coli E70A GAR Tfase
mutant at low and high pH3Q@) showed that a loop
containing residues 131131 is disordered at pH 3.5 but is

clonell protein after elution from a nickel column was further
purified by a second application of nickel affinity chroma-

tography. The purity of both proteins was assessed by-SDS
PAGE and indicated higher than 99% purity. Both proteins
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Table 1: Data Collection and Refinement Statistics for Phosphate-Bound and Substrate-Bound Human GAR Tfase at pH 8.5 and pH 4.2

unliganded substrate-bound unliganded
atpH 8.5 atpH 8.5 atpH 4.2
Data Collection
space group R32 R32 P6522
no. molecules per asu 3 3 1
resolution (A) 36-2.0 (2.10-2.0¢ 43—-2.23 (2.36-2.23) 46-1.72 (1.78-1.72)
# observations 118898 144600 167456
# unique reflections 53638 38266 40379
multiplicity 2.21 3.78 4.15
completeness (%) 97.8 (96.8) 98.5 (86.4) 98.7 (99.0)
Reyn? (%) 6 (37.2) 7.6 (51.0) 7.2 (41.8)
llo 11.2 (1.6) 24.3 (2.5) 23.4(1.6)
Refinement

Reryst (%0) 214 22.0 22.5

ree’ (%0) 25.2 26.7 24.0
number of protein atoms 4557 4557 1532
number of waters 448 128 148
averageB-value (%) 29.9 441 25.3
average solverB-value (22 34.1 37.9 34.4
average ligan@-value (#) - 41.2 -
rms deviations from ideal

bond lengths (A) 0.0085 0.0084 0.0080

bond angles (deg) 1.34 1.45 1.14
Ramachandran plot (%)

most favored 90.8 91.2 92.6

additionally allowed 9.2 8.8 7.4

2 Numbers in parentheses refer to the highest resolution $flkge= [YrnYilli(h) — D(h)O> |/3nYili(h)] x 100, wherel(h)Cis the mean of
thel(h) observation of reflectiorf. Ruyst= Ynl|Fol — |Fcll/nlFol, WwhereF, canF. are the observed and calculated structure factor amplitUgies.
(%) is the same aBeys; but for 10% of the data randomly omitted from refinement.

show a single band with a pt+6.5 on isoelectric focusing  experiment was performed on a crystal at pH 8.5 soaked
gels. Each liter of clonel broth can produce 8 mg of pure overnight in mother liquor with 2 mMd(,5)-GAR. Data for
protein, while 40 mg of pure protein can be obtained per the complex were collected on a MAR Research imaging
liter of clonell broth. Both protein clones were used in our plate on beam line 5.0.2 at Berkeley Advanced Light Source
kinetic activity assays and crystallization experiments. (ALS). Both data sets were processed and scaled with
Kinetic Activity Assay.The same pH buffer was used in HKL2000 (43). The unliganded and substrate complex
the pH-dependent activity assay containing 50 mM acetate, crystals at pH 8.5 belong to space grdrg®2, with unit cell
50 mM bis-propane, 50 mM CHES, and 150 mM NaCl. The dimensions a= b = 152.5 A,c = 193.4 A,y = 120 and
buffer was adjusted to the following values with HCl or a = b = 147.8 A,c = 189.5 A,y = 120, respectively.
NaOH: 4.2, 5.5, 6.1, 6.5, 6.9, 7.2, 7.4, 7.8, 8.1, 8.5, 8.8, There are three molecules per asymmetric unit based on the
9.1, 9.5, and 9.8. The substrat§;GAR, at 0.2 mM estimated Matthews coefficier4) of 3 and 2.8 & Da !
concentration was mixed with the buffered protein solution for free and bound enzyme. Data statistics for each data set
and the reaction initiated by the addition of 201 of are given in Table 1.
cofactor. The reaction was performed in a Spectra Max 250  The low-pH crystals grew from clonell protein at 20 mg/
(Molecular Devices Inc, Sunnyvale, CA), similar to @ m| in 1.9-2.1 M ammonium sulfate, 0.1 M acetate buffer,
previously described method@. The data were fitted to  pH 4.2-4.6. To try to obtain the substrate-bound complex
eq 1 @1) using KaleidaGraph (Abelbeck Software, Version at Jow pH, crystals were either soaked in 4 mif)-GAR
3.0.5): overnight or from cocrystallization experiments with 0.5 mM
substrate. Glycerol at 25% was used as cryo-protectant. Data
were collected on an ADSC 8 3 CCD detector at beam-
line 11-1 at SSRL. All three sets of crystals (unliganded,

Crystallization and Data CollectionThe proteins of both ~ attempted soak and cocrystallized with substrate at pH 4.2)
clones were screened for initial crystallization conditions by belong to space group d?6s22 with one molecule per
the method of vapor diffusion in sitting dropd2j. The asymmetric unit. The Matthews coefficierd4) for this
protein solution was mixed with an equal volume(?) of cryst.al form ranges from 4.4 to 4.6, which translates to a
precipitating solution and left to equilibrate at>€. The  relatively high solvent content of75%. The soaked and
clonel protein crystallized at a concentration of 10 mg/mL cocrystallized data sets hafgm values of 5.5% and 6.2%
from 18-21% PEG4K, 2% PEG400, 0.1 M NaCl, 0.1 M and completeness of 99.7% and 96%, respectively. Only the
Tris, pH 8.5. A plate-shaped crystal (0.6 mm0.4 mm x data collection statistics for the unliganded human GAR
0.05 mm) was obtained after 6 days. Data were collected onTfase at pH 4.2 are reported in Table 1,/A6AR could
a MAR345 Research imaging plate at beam line 9-1 of the Not be found in any of the electron density maps calculated
Stanford Synchrotron Radiation Laboratory (SSRL}-a78  from low pH data.
°C by flash-cooling a crystal cryoprotected with 12% Structure Solution and Refinementhe structure of
PEG400 in the nitrogen gas stream. The substrate soakingunliganded human GAR Tfase at pH 8.5 (high pH model:

KoalPH) = K, (1 + 10P PR 4 qPH-plag =1 ()
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hgar) was determined by molecular replacement (IM#9) (
using theE. coli GAR Tfase in complex witt3-GAR and
10-formyl-TDAF (PDB code 1C2T)25) as the search model

in Molrep (CCP4 program suite}16). All of the noncon-
served amino acids were truncated to alanine; waters and
substrate/cofactors were excluded from the search model.
Once refined, this model became the search model for the

-
o N b
T T T

substrate-bound human GAR Tfase complex at pH 8.5,
unliganded human GAR Tfase at pH 4.2 (low pH model:

Igar) and the attempted soaked and cocrystallized crystals

for human GAR Tfase at low pH. Molrepl§) was used to
find the solution for substrate-bound protein complex at pH
8.5. The low-pH crystal structures were determined by
Molecular Replacement with AmoRé&7).

Refinement for all of the models was carried out using
the program CNS48). The CNS program package allows
rigid-body refinement, energy-restrained minimization pro-

tocols, and simulated annealing procedures for refinement.

Vmax (micromol/min)

o N A O @
T

YT RS Y9 10
pH

Ficure 1: Human GAR Tfase activity vs pH. Théaxis represents

pH, and theY axis represent¥nax under assay conditions. The

results shown are the average of three measurements for each

condition. Data curves are fitted with KaleidaGraph (Abelbeck

Software, Version 3.0.5) fitted in eq 1.

corresponding activity in the trifunctional enzyme suggest

The structures were refined by means of iterative cycles of that the GAR synthetase and GAR Tfase activities of the

torsion angle dynamics using a maximum likelihood target
function and either slow cooling or constant temperature
protocols 49) in CNS. A bulk solvent correction with a flat

trifunctional enzyme act independentiqQj, although sub-
strate sequestration may be facilitated within the trifunctional
complex.

model and anisotropic temperature value correction was used For E. coli GAR Tfase, the enzyme has a pH-dependent

throughout the refinement. Model building was performed
in O (50) using a combination of shake-omit 2FBc and
Fo—Fc density maps. A test set of 10% of reflections was
omitted from each data set for the calculationRaf. (51).

activity with its maximum observed between pH-8.5.
Several hypotheses have been proposed for this pH depen-
dence. One is the loss of activity due to dimerization, but
this idea was dismissed when the engineered mutant E70A,

Since unliganded and substrate-bound human GAR Tfasewhich is an obligate monomer, displayed a wild-type pH-
crystals at pH 8.5 contain three molecules per asymmetric activity profile. Another proposal from our own worB3)

unit, the calculated phases were improved by 3-fold non-
crystallographic symmetry (NCS) averaging in combination
with solvent flattening and histogram matching with DM

showed an orderdisorder transition of the loop 131131,
which is ordered only at high pH in the electron density
maps. To test whether this pH dependence is conserved in

(52). NCS restraints were released for the more disorderedthe human enzyme, the human GAR Tfase recombinant

regions of the structure (residues-226, 58-63, 141-145,
and 1906-200). During the last round of refinement, all NCS
restraints were released, resulting in a fiRgs; andReee Of
21.4% and 25.2% for unliganded GAR Tfase at pH 8.5 and

22.0% and 26.7% for substrate-bound complex at pH 8.5.

For human GAR Tfase at pH 4.2, the final refinement was
implemented in the CCP4 program TLS refinemé&d)(The
final RerystandRyee are 22.5% and 24.0%, respectively. The

protein was similarly tested for its activity at various pHSs.
The same buffer (50 mM acetate, 50 mM bis-propane, 50
mM CHES, and 150 mM NaCl) was used throughout the
assay to minimize buffer interference. The protein was
oversaturated with both substrate (0.25 mM) and cofactor
(20 uM), based on the published,, for substrate (0.94:
0.21uM) and cofactor (1.58& 0.25uM) (56). The specific
activity of the recombinant human GAR Tfase is consistent

crystals soaked and cocrystallized with substrate at low pH With previous results under similar conditiongyx = 13.3

also refined to reasonabR.. values (23.6% and 23.4%,

respectively), but, as indicated previously, no electron density

corresponding to the substrate was observed.

Structure validation was carried out with Prochebld)(
All models show excellent stereochemical quality, with more

than 90% of the residues in the most favored regions of the

Ramachandran plot with no outliers. The final statistics for
the crystal structures of human GAR Tfase at pH 8.5 and
pH 4.2 are summarized in Table 1.

RESULTS AND DISCUSSION

Enzyme Acitiity Profile. Due to the complexity of the
human trifunctional protein and our special interest in GAR

+ 1.2 umol/min vs 17.4+ 1.4 umol/min, as reported for
recombinant human GAR Tfase domain, 46f. The human
protein also shows a bell-shaped activity profile, with a
maximum activity around pH 7:58.0 (Figure 1). Enzyme
activity is lost rapidly on reduction of pH, with no activity
observed below pH 6 under the assay conditions (Figure 1).
Therefore, under crystallization conditions at pH 4.2, the
protein has negligible activity. However, at pH 8.5, the GAR
Tfase retains more than half of its maximum activity. Thus,
at pH 8.5, GAR Tfase is in its active form, whereas at pH
4.2, it corresponds to an inactive protein.

Overall Structure The structures described herein include
unliganded human GAR Tfase at pH 8.5 (hgar) human GAR
Tfase in complex with substratg;:GAR, at pH 8.5, both

Tfase, the expression constructs contained only the humanfrom construct clonel, and unliganded human GAR Tfase

GAR Tfase domain (purN). The individual GAR Tfase
domain of human trifunctional enzyme retains comparable
enzymatic properties to those of the native trifunctional
protein 65, 56). Furthermore, the marked kinetic similarities

at pH 4.2 (lgar) from construct clonell. The sequence
differences of the two clones are only the first two residues
Ala and Arg at the N-terminus, which are not involved in

the formyl transfer reaction. Although the crystals were

between recombinant human GAR Tfase domain and its processed and refined independently, the soaked and coc-
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C-terminus

Ficure 2: Human GAR Tfase structure. (a) Stereo ribbon diagram of the overall topology of unliganded human GAR Tfase at pH 8.5
(hgar). Helices are shown as coils gitdtrands as extended arrows and labeled according tB.theli GAR Tfase structure34). osy is

the helix that is disordered in tHe. coli structures (residues 139.28). Color coded from N (blue) to C terminus (red). (b) Stereoview of

the superposition of unliganded human GAR Tfase at pH 8.5Encbli GAR Tfase (PDB code 1C2T) (grey). Human GAR Tfase is
colored by its rms deviation fror. coli GAR Tfase with the rms deviations of less tha A represented by green, rms deviations of 1

A — 1.8 A by yellow, and rms deviations greater than 1.8 A by red.

rystallized crystals at pH 4.2 are structurally similar to the until the cofactor 10-formyl-THF or a cofactor analogue is
unliganded human GAR Tfase at the same pH (lgar) with bound.
no substrate density present in the substrate binding site. The The overall topology (Figure 2a) of human GAR Tfase,
data collection, processing, and model refinement statisticsas expected, shares the same architectur. amli GAR
are summarized in Table 1. The human GAR Tfase residuesTfase. The structure can be divided into two subdomains
are numbered according tB. coli GAR Tfase unless that are connected through a central, mainly parallel, seven-
specified. strandeds-sheet 84). The N-terminal subdomain contains
The human GAR Tfase model at pH 8.5 (hgar) consists a Rossmann type mononucleotide fold with a phosphate ion
of the residues 8101007 from the trifunctional protein  or glycerol molecule bound to the C-terminal end of the loop
(purD—purM—purN) with an additional three residues (Arg, connecting the firss-strand andx-helix. A long narrow cleft
lle, Leu) at the N-terminus resulting from expression with stretches from the phosphate-binding site to the invariant
the pet23d vector. The C-terminal residues are flexible; the aspartic acid, Asp144, in the active site. The cleft is lined
last three GAR Tfase residues and the C-terminal poly-His by a cluster of residues highly conserved among bacterial,
tag could not be traced. The human GAR Tfase protein at yeast, avian and human enzym&dg)( On the basis of the
pH 4.2 (Igar) contains an additional two residues Ala808 E. coli GAR Tfase complex structures, this cleft is the
and Arg809 (numbered according to the trifunctional protein binding site for the cofactor and the substra?g, (26, 35,
sequence) because of the different truncation construct{808 36). The three independent molecules in hgar at pH 8.5 are
1010). In this model, all of the C-terminal residues have very similar (rms deviations for the main-chain atoms of
convincing density with reasonabievalues (average of 27  molecules A and C are 0.29 and 0.20 A, respectively, in
A2 for the last five residues of the model), as do two of the comparison to molecule B).
hexa-His residues. However, in the low-pH structures, the Comparison of Human and E. coli GAR Tfase Structure.
density for active site loop 144145 is very weak, and  E. coliGAR Tfase is dimeric below pH 6.75 and monomeric
residues 142144 cannot be interpreted. This loop has been at higher pH ¢ 7.5), as described from crystal structur2s, (
found to have multiple conformations in the coli GAR 26, 33, 36) and biochemical studiesl®, 37). The dimer
Tfase structures2b, 26, 33—36) and is generally flexible interface is relatively small, with a buried surface of 730



Crystal Structure of Human GAR Tfase

A2 Human GAR Tfase remains monomeric in the crystals
at both pH 8.5 (hgar) and pH 4.2 (Igar). The human protein
is also monomeric at pH 5 and 8 in solution, as confirmed
by size exclusion chromatography (data not shown). How-
ever, the human GAR Tfase (purN) construct represents the
C-terminal module of the human trifunctional protein (ptrD
purM—purN). The oligomeric state of human GAR Tfase
in vivo will obviously be determined by the properties of
the intact trifunctional enzyme. ThHe coli purM components
form a dimer, but consideration of the linker lengths that
connect to purD and purN leads to a model in which two
trifunctional protein molecules dimerize through purM, but
the purN and purD components remain monomege).(
Thus, the monomeric form of human purN in the crystal is
consistent with that model.

The structure of unliganded human GAR Tfase at pH 8.5
(hgar) is highly conserved with tHe coli GAR Tfase despite
its relatively low sequence identity (31%) (Figure 2b) (n.b.
the comparison here is made with tBe coli GAR Tfase
complex with-GAR and 10-formyl-TDAF at pH 7.5, ref
25, which is a high pH form and, hence, has an ordered-111
131 loop-helix). The overall rms deviation is 1.5 A for all
main-chain atoms with the major conformational changes
confined to a few loops: loop 2125, loop 58-63, the
folate-dependent loop 14146, and the N and C termini.
Structure differences at the termini of the protein are not
surprising, especially as they are not involved in the formyl

transfer reaction and their sequence is not conserved. The

conformational change for loop 225 likely reflects a
sequence difference of Thr24 to Pro in the middle of the
loop. This loop is located far from the active site, which
suggests that it has no direct role in the formyl transfer
reaction. However, loop 5863 is located at the entrance of

Biochemistry, Vol. 41, No. 48, 20024211

g

Glu126% Glul22
Ficure 3: The loop-helix 11+131 conformation in human GAR
Tfase. The 2FeFc electron density map of the loop 11131 of
human GAR Tfase in contoured av.2The refined model is
superimposed on the density with the oxygen atoms colored red,
nitrogen atoms blue, and bonds/carbon atoms yellow. (a) the final
model and electron density map at pH 8.5 (hgar); (b) the final model

the cleft where the cofactor and substrate bind. Superpositionand electron density map at pH 4.2 (Igar). In both structures, the
of variousE. coliand human GAR Tfase structures suggests loop is well ordere.d and fprms a loop-helix structure, while in the
that this loop may be involved in the binding of the E- coliénzyme, this loop is only ordered above pH 7.
polyglutamated tail of the folate cofactor. The different Although Tyr115 is replaced by Phe in human GAR Tfase,
conformations of folate-bound loop 14146 appear to be  this hydrogen bond is conserved (3.15 A in human vs 2.6 A
essential in the catalytic mechanism. The loop is only well in E. coli), since the interaction is between His108 and the
ordered in complex with folate or analogues in a conforma- main-chain carbonyl of residue 115. However, compared to
tion that most likely facilitates the formyl transfer reaction the structure of thé. coli enzyme, residues 131131 of
(see below). human GAR Tfase are well ordered at pH 8.5 (Figure 3a)
Residues 111131 In all of the E. coli GAR Tfase and at pH 4.2 (Figure 3b) with loB values (23.5 Aat pH
structures, residues 11131 are disordere@®8—36), or have 8.5 and 27.5 A at pH 4.2). In other human GAR Tfase
high B values which indicate relatively high flexibility. Only  structures now in refinement (Zhang et al., unpublished data)
at a pH higher than 6.8 does the loop appear to be orderedn complex with different inhibitors at various pH values
(25). In the 3.0 and 2.8 A structures & coli GAR Tfase (4, 5.5, 6.5, 7.3, 8), none of these structures show a
at pH 6.75, these residues were not observed in the electrordisordered loop-helix 13+1131. Thus, the loop-helix in
density map 34, 35). In the mutant E70A structure, at pH human GAR Tfase exhibits a similar conformation under
3.5, this loop is disordered, while at pH 7.5, it forms a loop- different pH conditions. Otherwise, when compared to the
helix structure, but with an avera@evalue of 59 &, nearly E. coli enzyme, differences in this loop are minor, except
double that of the overall averadgevalue (31 &) for the for an rms deviation ©2 A for residue 116, which is most
protein. It has been proposed that one of the consequenceskely caused by its mutation from Pro to Val. Any disorder
of ordering of the loop-helix is the formation of a hydrogen order transition of the loop-helix in the active site that is
bond between the main-chain carbonyl of Tyrl15 and the used to regulate the pH-dependEntoli GAR Tfase activity
side chain of His108, which could affect both the position is, therefore, not likely for the human GAR Tfase enzyme.
and (K, of the essential active site residue His108. Also, = Comparison of Human GAR Tfase at High and Low pH.
the loop-helix formed by residues 14131 could provide a  The overall rms deviation is only 1.1 A between the human
hydrophobic lid to the active sit&8) in the presence of the GAR Tfase at pH 8.5 (hgar) and pH 4.2 (Igar). The only
substrate. Thesg. coli structures suggested that the pH- significant changes are in the substrate-binding loe{i4,
dependent activity oE. coli GAR Tfase may be attributed the folate-dependent loop 14145, and the flexible loop
to a disorder-order transition of the loop-helix 131131. 57—-63. The C-terminal residues, Lys201, Glu202, and
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residue 146
e E.coli GAR Tfase at high pH

m E.coli GAR Tfase with dibromide
folate analog

s Human GAR Tfase at pH 8.5

pmn E.coli GAR Tfase with
10-formyl-TDAF
mmmm E.coli GAR Tfase at low pH

Ficure 4: Conformational variation of the folate-dependent loop
139-146. The loop 139146 conformation for phosphate-bound

E. coli GAR Tfase mutant E70A at pH 7.5 (PDB code 3GAR) is

colored lilac and dark-blue at pH 3.5 (PDB code 2GAR). The wild-
type E. coli enzyme in complex with a dibromide folate analogue
(PDB code 1JKX) is in khaki, and the complex structure of the
folate analogue 10-formyl-TDAF (PDB code 1C2T) is colored
green. In human GAR Tfase at pH 8.5, the loop is colored purple
whereas at pH 4.2 it is highly flexible and disordered.

Zhang et al.

conformations (Figure 4). Residue Aspl44 is essential for
catalytic activity, and the conformation of this loop has

important implications for inhibitor design. However, there

is no evidence that the loss of activity of the protein at low
pH is due to the conformational isomerism of this loop.

Substrate Binding Pockeln all of the publishecE. coli
GAR Tfase structures, the enzyme always binds to a
phosphate group at its substrate-binding site, either inorganic
phosphate ion from the purification/crystallization buffer or
the phosphate moiety from the substrate or inhibif&; 26,
33—35). The binding of phosphate group in the coli
enzyme is so tight that, even in phosphate-free purification
and crystallization conditions, a phosphate group is always
found at that location. Most of the interactions between the
phosphate group and enzyme are among the phosphate
oxygens with the backbone amide nitrogens of residues 10
13, along with a hydrogen bond to the side-chain amide of
Asnl3 @B4). The conformation of this phosphate/substrate
binding loop is almost identical in all of the differeht coli
GAR Tfase structure2b, 26, 33—36).

The loop sequence-8l4 is conserved in human GAR
Tfase with only one mutation from Asn10 to Thr, and its
conformation at pH 8.5 (hgar) is similar to that of tke
coli enzyme. However, in two of the three NCS-related
molecules (A and C), a loosely bound glycerol is found in

' the substrate-binding site. The glycerol likely comes from
the 10% glycerol buffer used in the first step of purification.

Glu203, which are disordered at pH 8.5 (hgar), are ordered The other molecule (molecule B) shows beautiful tetra-
at pH 4.2 (Igar), and so are two residues of the poly-His hedral phosphate ion electron density (Figure 6a), similar to

tag. As the C-terminal and loop 563 residues are not
thought to be directly involved in the formyl transfer reaction,
we will only focus on differences in the substrate and
cofactor binding sites.

Cofactor Binding Siteln the E. coli GAR Tfase structure,
the folate-binding loop 141145 displays different confor-
mations under different conditions and in complex with
different inhibitors (Figure 4). Without folate or a folate-
analogue in the active site, the loop is very flexil38,(34).

In human GAR Tfase at pH 8.5 (hgar), the loop haB a
value of 47 R (protein averag® value of 29.9 &), and at
pH 4.2, residues 142144 in the loop are untraceable.
Comparison of the human GAR Tfase with varidascoli

that found inE. coli GAR Tfase. The phosphate group is
located at the very end of the active site cleft between the N
and C subdomains, at the turn connecting the firstrand

and a-helix that contains the GXG motif. The helix dipole
and the accessible amide hydrogens are favorable for binding
negatively charged ions (reviewed in &8). At pH 8.5, the
prominent species for phosphate ion is HPOthe phos-
phate oxygen O4 forms an electrostatic interaction (2.7 A)
with Lys170. The side chain of Serl2 also forms a strong
hydrogen bond of 2.6 A with the phosphate, as well as a
hydrogen bond with His174 NE2 (3.3 A). The oxygen atoms
of the phosphate ion also form numerous hydrogen bonds
with the backbone amides of Glyll, Serl2, and Asnl3

GAR Tfase structure shows this loop adopts a variety of (Figure 6d). Further interactions are formed between the

1bstrate B-GA

Ficure 5: Stereoview of substraj2 GAR binding site of human GAR Tfase at pH 8.5. The enzyme is illustrated by ribbon diagram with
the side chains of Ser12, Asnl13, and Glul73 in ball-and-stick. The subgiv@#&R, is represented by ball-and-stick and fitted into the

2Fo—Fc electron density map contoured atdl.4
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hydrogen bond formation. For molecules A and C, the
glycerol is replaced wit3-GAR, so that these two molecules
now have the same structure as molecule B. Interestingly,
in the purT GAR transformylase, which also uge&AR

as the substrate, a glutamate acid (Glu82) bridges between
the 2 and 3 hydroxyl group of the GAR ribose as we89).

Yet, this is the only similarity between these two trans-
formylases upon the binding mode of substrgtSAR.
Unlike the extensive hydrogen bonds between the phosphate
group and backbone nitrogen atoms in human GAR Tfase,
purT anchors the substrate by several electrostatic interactions
between the phosphate moiety and side chains of positively
charged residues Arg362 and Lys35®)(

Unexpectedly, in the human GAR Tfase structure at pH
4.2 (lgar), the substrate-binding loop folds into the active
site cleft (Figure 6b). To ensure that this significant change
in the substrate binding loop residues B4 at different pH
values is not caused by crystal packing, we analyzed the
crystal lattice contacts for both the pH 8.5 and pH 4.2 models.
The substrate binding loop is not involved in crystal packing
in either case; therefore, the conformational change of this
loop is not likely to be a crystallographic artifact, but is
indicative of substrate or lack of substrate binding. Surpris-
ingly, the phosphate position at pH 8.5 is now occupied by
the side chain of Serl2 at pH 4.2 (Figure 6¢). Residues 10
12 have now moved into the phosphate-binding pocket, with
Gly11 and Ser12 showing rms deviations of 2.5 and 4.0 A,
respectively, compared to the human GAR Tfase structure
at pH 8.5 (hgar). Concurrent with this conformational change,
the phosphate ion is expelled from the pocket but, surpris-
ingly, is still bound to the enzyme. The bound phosphate
has very clear electron density and is now located in close
proximity on the other face of the loop (Figure 6b). At pH
4.2, the major species of phosphate group iP® -, and
the helix dipole effect is reduced in the more acidic
conditions. The phosphate group has an rms deviation of
5.4 A from its original position at pH 8.5. The negatively
| y al charged oxygen of the phosphate group favors the formation
phosphate ion bound to the substrate-binding loef8at pH 8.5 of 9 glectrostatic interaction (2.7 A) with Lys45. His174 is

(hgar). The density shown is from a 2FBc map contoured a2 L )
The phosphorus atom is colored magenta, oxygen red, nitrogen blue,fUIlﬁhpartoF?sn?\ltgi ar:cE)H flh?j%ngdefr:lptfolglszlc(jg_;h%mtgytrllgi'de
i w hy . ide-

and bonds/carbon atoms yellow. (b) Electron density and coordi- SO

loop 8-14
atpH 8.5

Ser 8

\ .

2.9 A 273
Alale Y
f’iﬁ)ﬂ\-‘

Ginls
Glyll

Ficure 6: Open and occluded conformations of the substrate-
binding loop 8-14. (a) Electron density and coordinates of the

nates of the phosphate ion bound to the substrate-binding letp 8
at pH 4.2. The density shown is from a 2F6c map contoured at

20. Coloring of atoms is as described above. (c) Superposition of

the substrate-binding loop-8L4 in unliganded enzyme at pH 4.2

onto the equivalent substrate-bound structure and enzyme at pH

chain oxygen of Asn13. T4 A shift of Ser12 now results

in a strong hydrogen bond (2.6 A) with the side-chain amide
group of Lys170. The phosphate oxygen atoms still hydrogen
bond with backbone amide nitrogens, but now with Asn13,

8.5. Blue represents the complex structure at pH 8.5 with the GIn15, and Alal6 (Figure 6e).
substratgs-GAR in ball-and-stick. The orange loop represents the  To explore substrate binding at low pH, we attempted to
conformation at pH 4.2. (d) Interaction of phosphate ion and enzyme form the substrate complex at pH 4.2. When cocrystallization
at pH 8.5. (e) Interaction of phosphate ion and enzyme at pH 4.2. o5 | nsuccessful in revealing any substrate density, we added
phosphate-oxygens and ordered solvent waters (S1, S9, S1&he substrate at a final concentration of 4 mM to preformed
S117, S160, S165). crystals, well above its expectég, value (0.94+ 0.21uM,
Substratg3-GAR, which incorporates a phosphate group ref 56). However, no density for the substrate was observed
and a ribonucleotide, was dissolved in the mother liquor at in either the cocrystallization or soaking experiments at pH
a concentration of 2 mM and the human GAR Tfase crystal 4.2, even though high-resolution structures were obtained
was soaked in this substrate solution overnight 4C4at (1.78 A for the soaked crystal and 1.76 A for the cocrys-
pH 8.5 (Table 1). The structural changes in the enzyme upontallized crystal). No significant differences among the three
substrate binding are minimal. The inorganic phosphate in low-pH models were observed (rms deviations of 0.1 and
molecule B is replaced by the phosphoryl group from the 0.12 A, respectively, compared to unliganded human GAR
substrate (Figure 5). The oxygen atoms OE1 and OE2 of Tfase model at pH 4.2), illustrating thBtGAR does not
the ribose ring of the substrate form three hydrogen bondsbind at low pH.
with Glu173 (2.5, 2.6, and 2.8 A). The side chain of Glu173  In the human GAR Tfase at pH 8.5, the substrate binds to
swings toward the hydroxyls of the ribose ring to optimize the enzyme by replacing the inorganic phosphate ion with
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its own phosphate group. In the enzyme model at pH 4.2, REFERENCES

an inorganic phosphate ion still binds, but now on the other
face of the loop. If the substrate were to bind to the enzyme
by replacing phosphate in this alternative location, the ribose
ring of the substrate would sterically clash with the main
chain and proximal side chains of the protein (residues 14,
15, 16, 45), or extend out of the enzyme and fail to engage
in any productive hydrogen bonds between its ribose moiety
and the protein.

1.

CONCLUSIONS

Here, we present the crystal structure of human GAR
Tfase, both at pH 8.5 (hgar) and at pH 4.2 (Igar). Previous
studies have described inhibitors designed and targeted to
the human GAR Tfase, but no structural analysis of the
human enzyme has been described or coordinates deposited1
(29). Our kinetic studies revealed that the enzyme has a pH- 11.
dependent activity similar to that d. coli GAR Tfase,
where the protein loses activity at low pH (below 6). In our
structural analysis, we showed that the substrate-binding loop
(residues 8-14) has alternative conformations under different
pH conditions.

Our studies with human GAR Tfase have shown that the
substrate binding loop has multiple conformations with two
extreme situations: open and occluded. The open conforma- 16.
tion at pH 8.5 (hgar) binds a phosphate ion group in the
active site cleft between the N and C subdomains. When
the substrate is added, the phosphate moiety of the substrate
displaces inorganic phosphate and forms additional favorable 18.
hydrogen bonds between the ribose ring of the substrate and
the enzyme. The substrate is then positioned in the reaction 19.
cleft for nucleophilic attack on the formyl carbon of the folate 5.
cofactor.

The occluded conformation of the loop in the human GAR ~ 21-
Tfase structure at pH 4.2 (Igar), however, shows the other 5,
extreme state, where the loop folds into the cleft and blocks
phosphate binding in the substrate binding pocket. Interest-
ingly, an alternative phosphate binding site was found
adjacent to this active site loop. In this case, the substrate
cannot replace the phosphate ion without clashing into the
protein or sacrificing hydrogen bonds to the protein from
the ribose ring. Hence, the enzyme appears to lose its activity
at low pH because the substrate binding loop prohibits
B-GAR substrate binding at the active site. The control of
human GAR Tfase activity using occluded and open
conformations of substrate binding site provides an intriguing
feature for the mechanistic evaluation of the enzyme and
for drug design efforts. Finally, the human GAR Tfase studies
indicate that the loop-helix disorder need not be considered
in mechanistic or inhibitor studies, that conformational
isomerism of the active site 14145 loop is still an issue,
and that the substrate binding loop occludes the substrate
binding site at low pH.
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