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ABSTRACT. We have prepared 4-substituted analogues of 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR) to investigate the specificity and mechanism of AICAR transformylase (AICAR Tfase). Of the
nine analogues of AICAR studied, only one analogue, 5-aminoimidazole-4-thiocarboxamide ribonucleotide,
was a substrate, and it was converted to 6-mercaptopurine ribonucleotide. The other analogues either did
not bind or were competitive inhibitors, the most potent being 5-amino-4-nitroimidazole ribonucleotide
with aK; of 0.7 & 0.5uM. The results show that the 4-carboxamide of AICAR is essential for catalysis,
and it is proposed to assist in mediating proton transfer, catalyzing the reaction by trapping of the addition
compound. AICAR analogues where the nitrogen of the 4-carboxamide was derivatized with a methyl or
an allylic group did not bind AICAR Tfase, as determined by pre-steady-state burst kinetics; however,
these compounds were potent inhibitors of IMP cyclohydrolase (IMP CHase), a second activity of the
bifunctional mammalian enzymé&(= 0.05+ 0.02 uM for 4-N-allyl-AICAR). It is proposed that the
conformation of the carboxamide moiety required for binding to AICAR Tfase is different than the
conformation required for binding to IMP CHase, which is supported by inhibition studies of purine
ribonucleotides. It is shown that 5-formyl-AICAR (FAICAR) is a product inhibitor of AICAR Tfase with

Ki of 0.4 £ 0.1 uM. We have determined the equilibrium constant of the transformylase reaction to be
0.024+ 0.001, showing that the reaction strongly favors AICAR and the 10-formyl-folate cofactor. The
coupling of the AICAR Tfase and IMP CHase activities on a single polypeptide allows the overall
conversion of AICAR to IMP to be favorable by coupling the unfavorable formation of FAICAR with
the highly favorable cyclization reaction. The current kinetic studies have also indicated that the release
of FAICAR is the rate-limiting step, under steady-state conditions, in the bifunctional enzyme and
channeling is not observed between AICAR Tfase and IMP CHase.

The de novo purine biosynthetic pathway consists of 10 ribonucleotide transformylase (GAR Tfase). Initially, we
enzymatic reactions that convert 5-phosphoribosyl-1-pyro- thought that the catalytic mechanism of these two enzymes
phosphate to IMP. This pathway is used by virtually all would be similar since the kinetic sequences of both enzymes
organisms to produce purine nucleotides that are essentiabre sequential, and the catalytic triad of GAR Tfase is also
for many cellular processes. Consequently, this pathway hasconserved in all species of AICAR Tfase characterized to
attracted considerable attention for the development of date. However, Beardsley has shown that mutation of these
inhibitors, in particular for cancer chemotherapy since rapidly residues has no effect on the enzyriie This result, and a
dividing cells require large amounts of purines. The penul- difference of 6 |, units in the basicity of the amino group
timate and final reactions of this pathway are catalyzed of the two substrates2(3), led us to question whether the
by a bifunctional protein with two distinct active sites: mechanism of AICAR Tfase was different than GAR Tfase.
5-aminoimidazole-4-carboxamide ribonucleotide transformy- o, example, because the 5-amino group of AICAR is such
lase (AICAR Tfase) and inosine monophosphate cyclohy- 4 poor nucleophile, is the formyl group transferred indirectly
drolase (IMP CHase). AICAR Tfase catalyzes the transfer through a transient formylenzyme species, unlike with
of the formyl group from (Ro.S)-10-formyltetrahydrofolate AR Tfase where the transfer is direct?

(10-f-H4F) to AICAR producing 5-formyl-AICAR (FAIC-
AR), which is then subsequently cyclized by IMP CHase to
form IMP, Figure 1. ! Abbreviations: AICAR, 5-aminoimidazole-4-carboxamide ribo-
_AICAR Tfase is one of two enzymes in the de novo purine E%I'gﬁ;'ggl ggA'fonf_ﬁ?' é:%"*s)R_ fg??osrfrg;'%{%??l;g[';”eia(i];'gf;bl'i'\cﬂP
biosynthetic pathway that use 10-ffHas a cofactor for  acid; 10-f-HF, 10-formyl-7,8-dihydrofolic acid; FAICAR, 5-formyl-
formyl transfer to an amino group, the other being the more AICAR; GAR Tfase, glycinamide ribonucleotide transformylase; AIR,

extensively studied third enzyme in the pathway, glycinamide 5-amino-1g-o-ribofuranosylimidazole Sphosphate; CAIR, 5-amino-

1-p-p-ribofuranosylimidazole-4-carboxylatéghosphate; NAIR, 5-amino-
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Ficure 1: Reactions catalyzed by AICAR Tfase and IMP CHase.

AICAR is similar structurally to two intermediates present
earlier in the purine biosynthetic pathway, 5-aming-b-
ribofuranosylimidazole Sphosphate (AIR), which lacks a
4-carboxamide group, and 5-aming3ie-ribofuranosylimi-
dazole-4-carboxylate '"phosphate (CAIR), in which the
4-carboxamide is replaced with a 4-carboxylate. Both of these
compounds have a 5-amino group that could be formylated,

7.98 (s, 1 H, H-2), 5.76 (d, 1 H, H:1Jy » = 5.8 Hz), 4.63
(dd, 1 H, H-2, 31 = 5.8 Hz,J» 3 = 5.4 Hz), 4.42 (dd, 1
H, H-3, Js 2 = 5.4 Hz,Jy 4 = 5.1 Hz), 4.37 (m, 1 H, H-2,
4.12 (m, 2 H, H-5. 3P NMR (D;0): 6 0.64. MALDI MS
M-H* mvz 355.

Synthesis of 5-amino{1-d-ribofuranosylimidazole-4-car-
boxamidine 5phosphate §). A solution of 20 mg of

and we were interested in determining the properties of theses.amino-14-b-ribofuranosylimidazole-4-carboxamidoxime

compounds and the specificity of the enzyme in general. In
this paper, we investigate the properties of a series of

5'-phosphate in 0.5 mL of water containing 20 mg of Raney
Nickel (50% aqueous slurry) and a balloon of hydrogen was

4-substituted AICAR analogues using steady-state and pre-stirred at 25°C for 4 h. Raney Nickel was removed by
steady-state kinetics. We have determined whether thessiltration, and the solution was lyophilized to give 15 mg

compounds act as inhibitors or substrates and whether they(go%) of5. 1H NMR (D20): 6 7.68 (s, 1 H, H-2), 5.68 (d,
are able to decouple the formyl transfer. On the basis of these1 H, H-1, Jvz = 6.7 Hz), 4.60 (dd, 1 H, H2J, 1 = 5.4

results, we propose a role for the carboxamide in binding
and catalysis.

MATERIALS AND METHODS

Materials. AICAR, IMP, AMP, XMP, and GMP were
purchased from Sigma. Ni-NTA agarose was purchased from
QIAGEN. The plasmid encoding cDNA of human bifunc-
tional enzyme [cDNA was kindly supplied by Dr. Sugita
(4)] was constructed with a His-tag on the N-terminus using
pET28a (NOVAGEN). All common buffers and reagents
were obtained from VWR, Fisher, Sigma, or Aldrich.

The following compounds were prepared according to
literature procedures: 5-aminogte-ribofuranosylimidazole
5'-phosphate (AIR)%), 5-amino-14-b-ribofuranosylimida-
zole-4-carboxylate 'sphosphate (CAIR)5), FAICAR (6),
5-amino-4-nitro-15-p-ribofuranosylimidazole 'sphosphate
(NAIR) (7), 5-amino-18-p-ribofuranosylimidazole-4-car-
bonitrile 5-phosphate (AICNR) §), 5-amino-18-bp-ribo-
furanosylimidazole-4-carboxamidoximé@hosphatef) (9),
(£+)-104-f-H4F (10), and 10-f-HF (11).

Synthesis of 5-amino{1-d-ribofuranosylimidazole-4-thio-
carboxamide 5phosphate (thio-AICAR)This compound,
previously prepared by Yamazakid) by phosphorylation
of 5-amino-1-(23-O-isopropylideng3-p-ribofuranosyl)imi-
dazole-4-thiocarboxamide with phosphorus oxychloride in
14% vyield, was prepared in the following manner. A solution
of 30 mg (0.11 mmol) of thio-AlCA-riboside in 0.3 mL of
triethyl phosphate was cooled to °@, and 220 mg (1.4
mmol) of phosphorus oxychloride was added. The solution
was stirred at 0C for 6 h, and then the pH was adjusted to
8 with 6 N NH,OH. The solution was washed with ether (2

Hz,J» 3 = 6.8 Hz), 4.38 (dd, 1 H, H*3J3 > = 5.4 Hz,J3 «

=2.5Hz),4.32 (dt, 1 H, H4Jy 3 = 2.5 HZ,dy 50 = Ju 51

= 5.4 Hz), 4.06 (m, 2 H, H5. 3P NMR (D:0); ¢ 0.56.

Electrospray HRMS 336.0694 (M-HCgH16NsO7P requires
336.0709).

Synthesis of 5-amino-2-d-ribofuranosylimidazole-4-N
methylcarboxamide'sphosphate (N-methyl AICAR). This
compound, previously synthesized by Sha®) (via reaction
of methylamine with the 2,4-dinitrophenyl ester of CAIR,
was prepared in the following manner. To a suspension of
150 mg (0.38 mmol) of inosine~phosphate disodium salt
in 1 mL of EtOH was added 1 mLfd N NaOH, and the
mixture was stirred until solution occurred. Methyl iodide
(160 mg, 1 mmol) was added, the reaction was stirred for
12 h at 25°C, and then 1 mL of 6 N NaOH was added and
the reaction was refluxed for 1 h. The solution was cooled
in an ice bath, and the pH was adjusted to 2hvdtN HCI
and then purified by reversed-phase HPLC on a Whatman
Partisil 10 ODS-3 (9.4 mnx 50 cm) column, equilibrated
in 0.1% TFA, with a linear gradient of 0 to 20% acetonitrile.
Appropriate fractions were lyophilized to giveM-methyl-
AICAR (40 mg, 30%) as a white solidH NMR (DMSO):

0 7.49 (s, 1 H, H-2), 7.43 (br, 1 H, N-H, exchangeable in
D;0), 5.51 (d, 1 H, H-1 Ji» = 5.9 Hz), 4.22 (dd, 1 H,
H-2, Jy1y = 5.9 Hz,Jy3 = 5.4 Hz), 4.04 (m, 2 H, H-3
H-4'), 3.98 (m, 2 H, H-5, 2.70 (d, 3 H, NH-CH, J = 4.0
Hz). 3P NMR (D;0); 6 0.62. MALDI MS M-H* m/z 353.

Synthesis of 6-mercaptof®o-ribofuranosylpurine 5
phosphate (6-mercaptopurine ribonucleotide¥olution 20
mg (0.06 mmol) of 23'-O-isopropylidene-6-mercaptopurine
ribonucleoside in 0.4 mL of C¥Ll,, containing 10 mg (0.14

x 4 mL), and the aqueous phase concentrated and purifiedmmol) of tetrazole and 34 mg (0.12 mmol) of w@irt-buty!

by reversed-phase HPLC on a Whatman Partisil 10 ODS-3
(9.4 mm x 50 cm) column, equilibrated in 0.1% TFA, by
elution with a linear gradient of 0 to 15% acetonitrile.
Appropriate fractions were lyophilized to give thio-AICAR
(23 mg, 60%) as a pale yellow soliH NMR (D;O): o

diisopropylphosphoramidite was stirred foh at 25°C. The
solution was cooled to ®C, 20 mg (0.12 mmol) of
3-chloroperoxybenzoic acid was added, and the solution was
allowed to warm to room temperature. The solution was
diluted with 1 mL of CHCI, and washed with 10% sodium
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bicarbonate (3« 4 mL). The organic layer was evaporated
to dryness and then stirredrfd h at 25°C in 1 mL of 50%
TFA/H,O. The solution was evaporated to dryness and
purified by reversed-phase HPLC on a Whatman Partisil 10
ODS-3 (9.4 mmx 50 cm) column, equilibrated in 0.1%
TFA, by elution with a linear gradient of 0 to 20%
acetonitrile. Appropriate fractions were lyophilized to give
6-mercapto-93-p-ribofuranosylpurine 5phosphate (11 mg,
50%) as a white solidH NMR (D20): 6 8.40 (s, 1 H, H-2),
7.72 (s, 1 H, H-8), 6.20 (d, 1 H, H-1J;» = 4.5 Hz), 451
(dd, 1 H, H-3, 334 = 4.4,33» = 4.9), 4.40 (m, 1 H, H-3,
4.16 (m, 2 H, H-5. 3P NMR (D,0): ¢ 0.80. Electrospray
MS M-H™ m/z 363.

Synthesis of 5-amino43-p-ribofuranosylimidazole-4-N-
allyllcarboxamide 5phosphate (4-N-allyl AICARp-amino-
1-(2,3-O-isopropylidengs-p-ribofuranosyl)imidazole-4N-
allylcarboxamide was prepared in a manner similar to that
used by Aoyagi et al. 14) to prepare 5-amino-f-p-
ribofuranosylimidazole-MN-allylcarboxamide. To a solution
of 110 mg (0.33 mmol) of 5-amino-1-(3'-O-isopropy-
lideneg-p-ribofuranosyl)imidazole-AN-allylcarboxamide in
2 mL of dichloromethane at 25C containing 50 mg (0.75
mmol) of tetrazole was added 135 mg (0.50 mmol) of di-
tert-butyl diisopropylphosphoramidite. The solution was
stirred for 20 min at 23C and then cooled te-40 °C, and
83 mg of 3-chloroperoxybenzoic acid was added. After 10
min, the solution was allowed to warm to room temperature
and then diluted with 2 mL of dichloromethane and washed
with 10% aqueous sodium bicarbonateq{? mL) and brine
(1 x 5 mL). The solution was concentrated and purified by
elution from a silica gel column with 100% ethyl acetate to
give 5-amino-1-(23-0O-isopropylidene-53-di-tert-butyl phos-
phateg-p-ribofuranosyl)imidazole-N-allylcarboxamide (100
mg, 55%) as a colorless ofild NMR (CDClg): 6 7.17 (s, 1
H, H-1), 7.01 (b, 1 H, NH), 5.84 (ddt, 1 H,l6=CH,, J =
17.2Hz,J=10.2 Hz,J=5.4 Hz),5.55 (d, 1 H, H-1J =
3.2 Hz.), 5.30 (b, 2 H, Nb), 5.18 (dd, 1 H, CH-CHHp, J
= 17.2 Hz,J = 1.5 Hz), 5.08 (dd, 1 H, CHCHHy, J =
10.2 Hz,J = 1.5 Hz), 5.02 (dd, 1 H, H:3J = 6.6 Hz,J =
4.1 Hz), 4.88 (dd, 1 H, H'2J = 6.6 Hz,J = 3.2 Hz), 4.27
(m, 1 H, H-4), 4.18 (ddd, 1 H, H-%,J = 2.5 Hz,J = 11.7
Hz, J = 6.2 Hz), 4.08 (ddd, 1 H, H‘6,J = 2.7 Hz,J =
11.7 Hz,J = 5.3 Hz), 3.94 (m, 2 H, NHCH), 1.54 (s, 3 H,
CHs), 1.41 (d, 18 H¢tert-butyl, J = 4.6 Hz.), 1.30 (s, 3 H,
CH;). The above compound (50 mg, 0.09 mmol) was
deprotected in 1 mL of 50% trifluoroacetic acidrf@ h at
25°C. The solvent was removed by rotary evaporation, and
the residue was taken up in water and lyophilized to give
4-N-allyl-AICAR (28 mg, 95%) as white powdeimax =
268 (€ = 12 300) pH 7.51H NMR (D,0): 6 8.57 (s, 1 H,
H-2), 5.93 (ddt, 1 H, &1=CH, Jyans= 17.3 Hz,Jss = 10.5
Hz, J = 5.0 Hz), 5.87 (d, 1 H, H1Jy> = 5.1 Hz), 5.24
(ddt, 1 H, CH=CHHy, Jyrans= 17.3 HZ,Jgem= 1.4 Hz,J =
1.4 Hz), 5.19 (ddt, 1 H, CHCH:Hp, Jeis = 10.5 HZ,Jgem=
1.4 Hz,J=1.4Hz),4.62 (dd, 1 H, H2J, 1 =J»3=5.0
Hz), 4.43 (m, 2 H, H-3H-4'), 4.19 (ddd, 1 H, H-R&, Jsa4
= 1.8 Hz,Jsap= 11.9 Hz,Jsap = 4.2 Hz), 4.11 (ddd, 1 H,
H-5b, Jspbs = 1.8 HZ,Jsap = 11.9 Hz,Jspp = 5.0 HZz),
3.97 (dt, 2 H, NH®,, J = 5.4 Hz,J = 1.8 Hz).3'P NMR
(D,0): 6 0.58. Electrospray HRMS 377.0851 (M-H
C1oH18N4OgP requires 3770862)
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HPLC Purifications. The purity of all compounds was
verified by analytical HPLC on a BetaBasic C18 (150
4.6 mm) column by elution with 100% of 10 mM triethy-
lammonium acetate (TEAA) (pH 7) for 4 min followed by
a linear gradient of 0 to 40% GEN over 11 min.
Compounds were purified, if necessary, by semipreparative
reversed-phase HPLC on a Whatman Partisil 10 ODS-3 (9.4
mm x 50 cm) column with a linear gradient of 0 to 50%
acetonitrile in either 0.1% TFA/KD or 10 mM TEAA (pH
7). Appropriate fractions were collected and lyophilized.

Protein Preparations Human bifunctional enzyme was
prepared by using a vector that codes a His-tagged human
purH cDNA and IPTG induction of the T7 promoter in
Escherichia colBL21(DE3). These cells were grown in LB
media with 25ug/mL kanamycin at 37C up to an Oluo
of 0.5. Protein production was induced by adding IPTG (0.5
mM final concentration), and cells were grown for an
additional 4.5 h at 37C. Cells were harvested by centrifuga-
tion.

Cells were resuspended in a buffer containing 33 mM Tris-
Cl and 25 mM KCI, pH 7.5 (buffer A), and lysed by
sonication. After centrifugation at 4009@r 1 h, supernatant
was loaded onto a 2-mL Ni-NTA agarose column. The
column was consecutively washed with 20 mL buffer A
containing 150 mM NaCl and 20 mL buffer A containing
150 mM NaCl and 20 mM imidazole. The desired protein
was finally eluted with buffer A containing 150 mM NacCl
and 250 mM imidazole. The eluted protein was either
dialyzed to remove imidazole or loaded onto a .85 cm
Sephadex G-100 column equilibrated in buffer A to further
purify the bifunctional enzyme. The purity of the protein
was determined on SDSPAGE. The molecular mass of the
purified protein was confirmed by MALDI mass spectrom-
etry to be 66 779 Da.

Kinetic MeasurementsAll kinetic measurements were
performed at 25C in buffer A. Enzyme assays were carried
out in a 1-mL cuvette thermostated on a Cary spectropho-
tometer. AICAR Tfase was assayed by following the
production of HF at 298 nm fAe = 19.7 mMt cm™2) or
HoF at 298 nm Ae = 18.0 mM* cm™1), and IMP CHase
was assayed by following IMP production at 248 v& &

5.7 mMt cm™1). When thio-AICAR was a substraté\e
(298 nm)= 25.3 mM cm ! was used, which takes into
account the contribution from 6-mercaptopurine ribonucle-
otide. Data from saturation kinetics were fit to the Michae-
lis—Menten equation to obtak, andKp, values Ki's were
determined from plots of 2/versus 1/[S] at several levels
of inhibitors. When theK; values for FAICAR, AMP, or
XMP to AICAR Tfase were measured, 12 of 4-N-allyl-
AICAR was added to inhibit the IMP CHase. The steady-
state kinetic parameters of IMP CHase were not accurately
measured using the spectrophotometric assay sincKhe
for FAICAR was <1 uM, consistent with the previous
reports {, 15). TheK; values for 4N-allyl-AICAR and 4-N-
methyl-AICAR were estimated using Dixon plots wikh,
value of 0.87uM (16).

Stopped-flow experiments for AICAR Tfase activity were
performed on an Applied Photophysics Kinetic Spectrometer
(Cambridge, England) equipped with a thermostated sample
cell. Absorbance measurements were conducted at 298 nm
with a 0.5-mm slit width. In the pre-steady-state burst
kinetics, the enzyme (2.,8M) was preincubated with 10-f-
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NH, N N H Table 2: K; Values for AICAR Analogs to AICAR Tfase
N
</Nfs </ f ¢ I entry Ki (uM)
N" NH, N7 >NH, N™ “NH, 1 0.9+ 0.4
Rp Rp Rp 2 26+ 8
1 2 3 N 3 6+2
o) NH, 2 4 10+ 4
N X, -OH 5 nd
Sy L It : -0
N~ NH, N~ NH N~ NH, ; gd& 0.5
Rp Re Rp 9 nd
4 5 o 6 O .
N aKny value; nd, no inhibition detected.
N NO2 N NH ] NH
¢ I ¢ CHy N k AICAR was a substrate for AICAR Tfase, the rest were
N7 >NH, NTNH, }l?p NH2 ' inhibitors, and the results are shown in Table 2. All of these
Rp Rp 9 compounds were competitive with AICAR.
7 8 Characterization of the Reaction Between Thio-AICAR and

Ficure 2: Structures of AICAR analogues: 1, thio-AICAR; 2,  10-f-H,F Catalyzed by AICAR Tfase-IMP CHasi.the
AICNR; 3, AIR; 4, CAIR; 5, 5-amino-13-p-ribofuranosylimida- transfer of a formyl group from 10-f-4f to thio-AICAR,

zole-4-carboxamidine'f§phosphate; 6, 5-amino{1-p-ribofurano- . : :
sylimidazole-4-carboxamidoxime-Bhosphate: 7, NAIR; 8, & catalyzed by the bifunctional enzyme, is analogous to the

methyl-AICAR; 9, 4N-allyl-AICAR. Rp representg-p-ribofuranosyl ~ formylation of AICAR, we expect the initial product to be
5'-phosphate. 5-formyl-thio-AICAR, which will be subsequently cyclized

to 6-mercaptopurine ribonucleotide. The only product of the
Table 1: Comparison of Steady-State Kinetic Parameters of AICAR reaction that we were able to isolate and characterize was

and Thio-AICAR Reaction 6-mercaptopurine ribonucleotide. This was identified by
Keat Km Km (folate) comparison of the HPLC retention time and BVis spectra
(s (uM) (uM) with a sample prepared independently by phosphorylation
AICAR 41+0.3 1.5+0.2 11+1 of the commercially available 6-mercaptopurine ribonucleo-
(10-f-HzF) side. The enzymatically prepared material was also isolated,
A'CfRf r 3.7+0.2 19+04 39+6 and mass spectral analysis gave a molecular ion of 363 Da
thi(()-gi(;AAR) 0.924 010 0.9+ 0.4 3245 (IM-H "] electrospray MS), which is consistent with the
(10-f-HoF) product being 6-mercaptopurine ribonucleotide.

It is important to note that the bifunctional enzyme
converts thio-AICAR to 6-mercaptopurine ribonucleotide, an
inhibitor of purine biosynthesis used in the treatment of
human leukemias [6-mercaptopurine ribonucleotide is an
active metabolite of the drug mercaptopurirlB){. It is
unknown whether thio-AICAR would be clinically useful
due to the negative charge of theghosphate; however, it
may be possible to form thio-AICAR intracellularly with an
appropriate enzyme, such as a kinase or a phosphoribosyl-
transferase.

The steady-state kinetic parameters of the thio-AICAR

H.F (120uM) and reacted with AICAR or thio-AICAR (90
uM). When inhibition by 4N-methyl-AICAR, 4N-allyl-
AICAR, or purine monophosphates was examined, these
compounds (156250 uM) were preincubated with the
enzyme (2.5M) and 10-f-HF (120uM) and reacted with

90 uM of AICAR. In the single turnover experiments,
enzyme (1421 uM) was preincubated with saturating
amounts of 10-f-bF (160 uM) and reacted with limiting
amount of AICAR or AICAR analogues (3/M). In most
experiments, 58 traces were recorded and averaged for data reaction are given in Table 1. The, value of formylation
analysis on an Acorn computer. All data were analyzed by of thio-AICAR was about 4 timets lower than that for
nonlinear least-squares analysis using software provided byformylation of AICAR. TheK... value for thio-AICAR was
Applied Photophysics or transferred to a PC and anaIyzedVery similar to that of. AICAIg, and th,, value for 10-f-

using KaleidaGraph. H.F was 3-fold higher.
RESULTS Pre-Steady-State Bursis shown in Figure 3, the AICAR
Tfase reaction using AICAR showed a pre-steady-state burst
Characterization of AICAR Analogueshe compounds  followed by a steady-state formation of products. The rate
shown in Figure 2 were tested as substrates for AICAR Tfase constant of the burskg,s), 30 s, was about 10 times higher
by determining their ability to deformylate 10-f.H under than the steady-state ratey, and the amplitude is very close
single turnover conditions. Baggott and co-workdrg have to the total concentration of the enzyme used. This indicates
shown that 10-f-bF is an alternative cofactor for human that the steady-state, value is predominantly determined
AICAR Tfase, and since it is more stable than 10z~tnd by a rate-limiting step after chemistry. However, the thio-
has a loweK, we have used it in our kinetic experiments AICAR reaction did not show a pre-steady-state burst but a
(Table 1). Itis known that AICAR Tfase follows a sequential steady-state increase of product formation with a rate constant
ordered mechanism with folate binding first to the enzyme of 0.5 s'*. This rate may represent the rate-limiting chemistry
(15, 17). In testing AICAR analogues under single turnover step. Therefore, substitution of oxygen in the carboxamide
conditions, the enzyme was preincubated with 104~Itb to sulfur slowed the rate of chemistry by at least a factor of
ensure that folate is in the active site when the AICAR 60. This analysis indicates that the carboxamide moiety may
analogue binds. Of all the compounds screened, only thio- play an important role in the chemistry of formyl transfer.
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Ficure 3: Comparison of the pre-steady-state burst of the AICAR
reaction with the steady-state product formation of the thio-AICAR
reaction. The enzyme (2/M) was preincubated with 10-f-4f
(250 uM) and reacted with AICAR (9@&:M) or thio-AICAR (90
uM) on a stopped-flow instrument. Reactions were monitored at
298 nm. The amplitude of the burst was 28, kpystwas 30 s?,
andksswas 2.9 si. Theks for thio-AICAR reaction was 0.573.
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Ficure 4: Inhibition of AICAR Tfase by 4N-allyl-AICAR. The
enzyme (20 nM) was preincubated with 104FH45uM) and 4N-
allyl-AICAR [(a) 0.0, (b) 3.2, (c) 6.5, (d) 65.0, and (e) 13Q:B1]
and reacted with AICAR (3LM). The same curves were obtained
when 4N-allyl-AICAR was not preincubated with the enzyme.

N-Substitution in the Amide of AICAR-N-allyl-AICAR
was not a substrate for AICAR Tfase but showed the
characteristics of slow tight binding inhibition in initial

Biochemistry, Vol. 39, No. 37, 200@1307
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FicurRe 5: AICAR Tfase reaction in the presence of FAICAR. (a)
Control reaction AAzgg using 20 nM enzyme, 48M 10-f-H,F,
and 64uM AICAR. (b) Control reaction plus FAICAR (12M)
(AAzg9). () IMP CHase reactionAAz4g using 12uM FAICAR.
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FIGURE 6: Reactions of the formylation of AICAR by 10-fH in
AICAR Tfase reach equilibria when IMP CHase is blocked by-4-
allyl AICAR. AICAR Tfase reaction using 20 nM enzyme in the
presence of N-allyl-AICAR (246 uM) and (a) 48uM 10-f-H,F
and 92uM AICAR, (b) 72 uM 10-f-H,F and 46uM AICAR, and
(c) 48 uM 10-f-H,F and 46uM AICAR.

a function of time (Figure 5). Initially, the reaction is about
4 times slower than the control, showing that FAICAR is
inhibiting AICAR Tfase. After about 1 min, the rate recovers
very close to that of the control reaction. A separate
experiment showed that the same amount of FAICAR was

velocity measurements (Figure 4). However, the reaction completely turned over by IMP CHase within 1 min (Figure

yielded identical curves whether the enzyme was preincu-

bated with 4N-allyl-AICAR or not, indicating that 4N-allyl-
AICAR may not act as a slow tight binding inhibitor by itself.

5). Thus, only after FAICAR is consumed by IMP CHase
does AICAR Tfase recover its full activity. TH§ value of
FAICAR to AICAR Tfase was estimated to be 0#40.1

Another possibility was that a multiadduct inhibitor was «M, determined in the presence oNfallyl-AICAR to block

generated in situ, although theNtallyl group would be

the IMP CHase active site. However, tHf$ value could

expected to be unreactive under these conditions. Aspqt explain the activity curves in Figure 4 that appeared to
expected, the HPLC chromatogram of the products from the |oye| off at high concentrations of M-allyl AICAR. For

reaction in the presence ofd-allyl-AICAR revealed no new
species formed (data not shown).

Another possibility is that MN-allyl-AICAR is only
inhibiting IMP CHase and FAICAR cannot transfer to IMP

example, the ratio of [E-FAICAR] to [E-AICAR] after 5 min
(slope~ 0) in the curve of 12«M 4-N-allyl AICAR was

calculated to be about 3.6:6.4 (using [FAICAR] at 5 msin
4 uM and assuming that thiéy for AICAR = K, and that

CHase but remains in the active site of AICAR Tfase as a the binding affinities of both folate species are equal and

strong product inhibitor. For proof of this model, three
questions should be addressed: (1) Does-dllyl-AICAR
inhibit IMP CHase? (2) Does FAICAR give strong product
inhibition of AICAR Tfase? (3) Does #M-allyl-AICAR
inhibit only IMP CHase and not AICAR Tfase?

To answer the first question, IMP CHase activity was
measured using FAICAR in the presence oN-&llyl-
AICAR. IMP CHase was strongly inhibited by M-allyl-
AICAR, and theK; value was estimated to be 0.850.02
uM. For the second question, a small amount of FAICAR

independent of the binding of AICAR or FAICAR). This
strongly suggests that the AICAR Tfase reaction reaches an
equilibrium favoring starting materials when IMP CHase
activity is completely inhibited. This was confirmed by
running reactions using different concentrations of AICAR
or 10-f-HF while inhibiting IMP CHase with 4N-allyl
AICAR (Figure 6). Reactions reached equilibria at different
levels depending on the amount of starting material providing
a value forKeq of 0.024+ 0.001.

However, these results still do not give any indication of

(12 uM) was added to a reaction that contained excess whether 4N-allyl-AICAR actually inhibits AICAR Tfase or

AICAR (64 uM), and the reaction profile was examined as

not. To resolve this matter, we examined the pre-steady-
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NH, NH;
«Nfo < °
NT>NH NN
Rp : Rp H
AICAR FAICAR
+ +
10-f-HoF H2F

FIGURE 7: Model to explain the N-allyl-AICAR and 4-N-methyl-

IMP CHase

N -
INHIBITED by %:ﬁ;g
Rp =2

(@)

N

AICAR inhibition of AICAR Tfase. In this model, N-allyl-AICAR

or 4-N-methyl-AICAR inhibits only IMP CHase, and FAICAR
produced in AICAR Tfase cannot transfer to IMP CHase but is in

equilibrium with the starting materials.

Table 3: Burst Kinetic Parameters for Substrate Analogues and

Purine Monophosphates

amplitude (M) Kourst(S™9) kss(s™)
control 2.27+0.01 30.0+0.3 2.88+0.01
4-N-allyl-AICAR 2.354+0.01 31.1+-04 2.68+0.01
4-N-methyl-AICAR 2.59+ 0.02 29.2£ 0.3 2.91+0.01
IMP 2.29+0.02 28.4+ 0.3 3.22+0.01
AMP 1.75+0.01 28.9£ 0.3 2.09+0.01
XMP 1.07+0.01 26.9£ 0.5 1.32+-0.01
GMP 2.62+0.02 28.7£0.3 3.03+£0.01

aThese parameters were determined using 20Dof inhibitors

except 15QuM for XMP.

state burst kinetics of AICAR Tfase in the presence &-4-
allyl-AICAR. It is expected that inhibition of AICAR Tfase
by 4-N-allyl-AICAR would lower the amplitude andkss
values but not th&,,s;value. In this experiment, the enzyme

was preincubated with 10-f4# and 4N-allyl-AICAR to
ensure that an inhibitory complex has sufficient time to form. suggesting that the formyl transfer is direct, consistent with
However, the reaction showed virtually no change in the pre- earlier work (5). The properties of these analogues lead us
steady-state burst parameters from those of the control,to propose a role for the 4-carboxamide of AICAR in formyl

indicating that 4N-allyl-AICAR has no apparent binding to
the active site of AICAR Tfase. Our rationale for the effect
of 4-N-allyl-AICAR on AICAR Tfase and IMP CHase

activities is shown in Figure 7.

Interestingly, 4N-methyl-AICAR showed the same kinetic
behavior as N-allyl-AICAR, although the degree of inhibi-

tion is less than that of M-allyl-AICAR. Like 4-N-allyl-

AICAR, it only inhibits IMP CHase and does not cause any
change in the burst kinetics of AICAR Tfase. TKevalue
for N-methyl-AICAR to IMP CHase was estimated to be

1.36 £ 0.35uM.

Inhibition by Purine RibonucleotidesSeveral purine
ribonucleotides were tested for inhibition of AICAR Tfase.
As they are known inhibitors of IMP CHasdq), their
inhibition of AICAR Tfase was examined by their effect on
the pre-steady-state burst kinetics of AICAR Tfase, using
the same procedure as forNallyl-AICAR (Table 3). Of
the four purine ribonucleotides tested, only AMP and XMP
decreased the amplitude akd values from those of the
control. TheK; values for AMP and XMP to AICAR Tfase
were estimated to be 2# 3 and 1.2+ 0.4uM, respectively.

DISCUSSION

Wall et al.

properties of several 4-substituted AICAR derivatives.
Initially, we had expected that some of these analogues would
be substrates for the enzyme; however, it became apparent
that a carboxamide or thiocarboxamide was essential for
formyl transfer to occur. Of the nine 4-substituted AICAR
analogues we prepared, only thio-AICAR was a substrate,
being converted to 6-mercaptopurine ribonucleotide, and the
remaining compounds were inhibitors or did not bind to the
enzyme. However, it is possible that the analogues were
formylated but the products were short-lived and reversed
back to starting materials, resulting in no appreciable AICAR
Tfase activity. In fact, the formylation of AICAR by 10-f-
H.F is reversible with an equilibrium constant of 0.024
0.001, favoring starting materials. Despite this |Bw, we
were able to observe significant accumulation of FAICAR
spectrophotometrically (Figure 4). Therefore, it is necessary
that the equilibrium constant for formylation of the analogues
not be significantly lower than that for formylation of AICAR

to observe formylation of these analogues. Because the
equilibrium constants for formamide formation are antici-
pated to be dependent on th¢,walue of the 5-amino group,
the analogues in this study, with the possible exception of
NAIR, have K,'s that are similar to or greater than thi€p

of the 5-amino group of AICAR. In addition, the formylated
analogues are stable since these compounds or their aglycon,
with the exception of CAIR, have been report&d{27).
Consequently, we should have observed formylation of these
analogue if they functioned as substrates.

If the formyl group is not transferred directly to the
5-amino group but via an enzyme intermediate, we expected
that these inhibitors might initiate deformylation of the folate
cofactor. However, we did not observe any deformylation
of 10-f-H,F as examined under single turnover conditions,

transfer.

Conformation of the 4-Carboxamide Moiety in the AICAR
Tfase SiteThe two AICAR analogues substituted on the
nitrogen of the 4-carboxamide group with a meth§) ¢r
allyl (9) group gave interesting AICAR Tfase inhibition
curves (Figure 4), which, initially we thought were charac-
teristic of slow tight binding inhibition. However, it became
apparent that these analogues were inhibitors of IMP CHase,
causing FAICAR to accumulate and that we were observing
the transformylase reaction proceeding to equilibrium.
Further analysis with burst kinetics showed that neithisk 4-
substituted analogue bound to AICAR Tfase, only to IMP
CHase. We propose that the reason these inhibitors bind only
to IMP CHase is that the carboxamide group of the substrates
is in a different conformation in each active site. In IMP
CHase, the carboxamide of FAICAR must be oriented as
shown in Figure 8B for cyclization to occur, and analogues
8 and 9 are likely to be good inhibitors because théN4-
substituents can occupy the formyl binding pocket of
FAICAR (Figure 8C). However, we propose that substrates
in the AICAR Tfase site bind with the carboxamide rotated
18 (Figure 8A) so that th&l-substituents o8 and9 cannot
occupy the formyl binding pocket without steric interactions
that prevent binding. This conformation, with the carboxa-

As part of a research program designed to investigate themide nitrogen cis to the imidazole N-3, is the one that is
mechanism of AICAR Tfase, we have determined the observed in the crystal structure of AICARS), although
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Ficure 9: Proposed mechanism of AICAR Tfase. Direct attack of

the amino group gives an addition compound that is trapped via

proton transfer to the carboxamide, followed by breakdown to give

products. It is not known whether the protonated amide species
' exists as an intermediate or if it is only present transiently.

Ficure 8: Conformation of (A) FAICAR in AICAR Tfase active
site; (B) FAICAR in IMP CHase active site; (C) 4-Mllyl-AICAR

in IMP CHase active site; and (D) Structure of purine ribonucle-
otides. & and B represent hydrogen bonding acceptor and donor
respectively.

hydrogen bond between the amide carbonyl and the 5-amino

group, and based on the inhibition of AICAR analog@es

. and9 and of AMP and IMP, this conformation is most likely
For further data to support the conformation of the o one in the AICAR Tfase active site. This hydrogen bond

carboxamide in each active site, we investigated the proper-q e s the amide such that it is positioned to act as a shuttle

t'estf se\{eral pfurlhne rlbgnucle(_)(;ude? tEat carfl mimic bOt? to assist in proton transfer from the attacking amino group,
conformations of the carboxamide. If the conformation of s e 9. In an aqueous, nonenzymic reaction, catalysis of

the carboxamide in the AICAR Tfase active site is as shown proton transfer involving a carboxamide group is uniikely

in Figure 8A, then AMP should inhibit AICAR Tfase, and  , pe ghserved because thé.gor protonation of an amide

if the opposite conformation is required for binding we would ;o comparable to water. However, in an enzyme active site
predict that IMP is a better inhibitor. Our kinetic results | hare the concentration of Wate1r may be low, it may be
clearly show that AMP inhibits AICAR Tfase as indicated ,qgjpje to observe catalysis by weak bases. It is not known
by a decrease in both amplitude dngin the burstkinetics, — \ hether the protonated amide species exists as a discrete
while IMP or GMP up to 25QtM showed no such decreases.  jermediate or if it is only present transiently as the proton
However, XMP also inhibited AICAR Tifase even though g yansferred to another group such as the leaving group
its amide confor_ma_non IS opposite to that of the predpted nitrogen, water, or an active site residue. We are presently
structure. The binding affinity of XMP to AICAR Tfase IS e rtorming calculations to explore these possibilities.

most likely due to the carbonyl group at C-2 that resembles The hypothesis of the amide functioning as a locus for a

the fo_rmyl ﬁ.roﬁp Of. FAICAEI _WhiCh & a 2 ?rder ﬁf proton shuttle is also consistent with the 60-fold reduction
magnitude higher binding a inity o AICAR Tfase than i, e rate of chemistry when the carboxamide is replaced
AICAR. Therefore, the conformation of the amide moiety it 5 thiocarboxamide. A thiocarboxamide is a weaker

and the presence of the formyl group must be the key pyqrogen bonding base than a carboxamide and therefore
determinants in binding of the substrates to AICAR Tfase. would be less efficient as a proton shuttle. One would also

Role of Carboxamide in Formyl Transfel.is possible  predict that NAIR would not be a substrate since a nitro
that the sole function of the carboxamide is to organize the group cannot function as a general base. Ti& for
active site, through binding interactions, in such a way that protonation of nitrobenzene is11, 10 orders of magnitude
is essential for formyl transfer to occur. The only analogue |ower than the K, for protonation of benzamide().
that was accepted as a Substrgte for th_e enzyme was thio- In support of this theory, we wanted to prepare analogues
AICAR and the rate of formylation of this compound was with groups that could transfer the proton in a similar manner.
60-fold lower. This could be a steric effect since sulfur is e prepared CAIR and the amidine derivatyeompounds
larger than oxygen and will cause slight perturbations in the with basic moieties in the 4-position of AICAR. However,
active site that could reduce the rate. HOWGVQr, AlR, which both of these Compounds failed to act as substrates. For
lacks the 4-carboxamide, binds with an affinity similar to CAIR, this may be due to the negative charge of the
AICAR, but is not formylated, suggesting that the essential carboxylate that leads to reduction of the binding affinity
nature of the carboxamide is not solely a binding determinant. and nonproductive binding of this analogue. Kh@f CAIR

Most reactions involving the addition of an amine to a is 5 times thek,, of AICAR. The amidine of5, however, is
carbonyl are subject to general atidase catalysis, and the too basic (K, 12), and it exists in the protonated form and
formylation of AICAR, in particular, is expected to require does not bind to the enzyme.
such catalysis. This is because AICAR, being a very weak On the basis of these investigations, we propose a catalytic
base [|K, of 5-amino group of AICA-riboside is 2.42j], mechanism for AICAR Tfase as shown in Figure 9. Earlier
will be rapidly expelled from the addition intermediate, and work indicated that the amino group of AICAR directly
trapping of this species by proton-transfer becomes necessanrattacks the formyl group of folate. The carboxamide functions
(29). The crystal structure of AICAR shows a strong as a general base catalyst to trap the addition intermediate

as of yet there is no structural evidence to support this
conformation in the active site of AICAR Tfase.
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by removal of the proton of the N-5 amino group. Itis likely complex in the purine biosynthetic pathway has been
that the carboxamide mediates proton transfer to the nitrogenpreviously postulated based on kinetic and structural evidence
of the leaving group in a proton shuttle mechanism. In GAR (32—34).

Tfase, an active site residue (Asp144) performs this ta$k (

This activation alone does not explain the observed catalytic ACKNOWLEDGMENT

) . We gratefully acknowledge Joe Ramcharan for providing
substrate analogues, so far we have no evidence of catalysig,g \yith the plasmid containing His-tagged bifunctional

rate of AICAR Tfase. As our work has been focused on

involving activation of the formyl group of folate. An X-ray
crystal structure of AICAR Tfase complexed with substrates
would be useful to investigate detailed catalytic events
involving amino acid residues in the active site.

Transport of FAICAR in the Bifunctional Enzyride pre-
steady-state burst indicated that the rate-limiting step of the
AICAR Tfase reaction should occur after the catalytic step.
Our kinetic analysis showed that formyl transfer is reversible,
highly favoring 10-formyl-folate and AICAR with &y of
0.024+ 0.001. Since the V of IMP CHase is known to be
about 36 times greater than V of AICAR Tfas#6], it
appears that FAICAR release is the rate-limiting step in the
bifunctional enzyme under steady-state conditions. This may
illustrate the importance of locating the two enzymes in a
single polypeptide for an efficient metabolic flux. In fact,
the covalent link of two sequential functions has raised a
question of channeling of FAICAR between the two enzymes
(1, 15). However, Figure 5 shows that exogenous FAICAR
preferentially acts as an inhibitor of AICAR Tfase or a
substrate of IMP CHase, indicating that substrate channeling

that showed that an inclusion of unlabeled FAICAR in the
bifunctional enzyme reaction that usédJFAICAR resulted

in a reduction of the amount ofHl]-IMP formed (16). The
fact that inhibitors for IMP CHase such as\allyl AICAR

did not cause any change in AICAR Tfase kinetics indicates 13-

there may be no communication between two enzyme

to separate two domains with fully active IMP CHase on
the N-terminal end (amino acid residues1198) and fully
active AICAR Tfase on the C-terminal end (amino acid
residues 199591) (1). Collectively, the bifunctional enzyme
is most likely arranged as two structurally and functionally
independent domains. With théK of IMP CHase also being
36 times that of AICAR Tfase, the proximity of the two
enzymes should be sufficient for capture of FAICAR by IMP
CHase without channeling or domaidomain communica-
tion. However, the proximity of IMP CHase to AICAR Tfase
is absolutely necessary for efficient metabolic flux since it
makes the overall reaction favorable by coupling the
unfavorable formation of FAICAR with highly favorable
cyclization reaction. This may be why evolution has kept
AICAR Tfase and IMP CHase as a single polypeptide in de
novo purine biosynthesis in all species characterized to date
from E. colito humans.

It is interesting that AIR and CAIR, substrates for the de

5-aminoimidazole-4N-succinylocarboxamide) ribonucle-

otide synthetase, respectively, are good inhibitors of AICAR  26.

Tfase. It seems unlikely that these compounds will be present
free in solution, and their levels are likely to be regulated.
One possible mechanism for regulation is the formation of

a multiprotein complex where the substrates are sequesteredog.
and channeled between enzymes. The existence of such a

2.
3.
4.
5.
6.

7

8.
9.

cDNA. We thank Steve Baker for phophorylation of NAI-
riboside.
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