15074 Biochemistry2002,41, 15074-15084

A Member of a New Class of GTP Cyclohydrolases Produces
Formylaminopyrimidine Nucleotide Monophosphdtes

David E. Graham, Huimin Xu, and Robert H. White*
Department of Biochemistry, Virginia Polytechnic Institute and Stateséisity, Blacksburg, Virginia 24061-0308
Receied September 20, 2002; Rged Manuscript Receéd October 21, 2002

ABSTRACT. The hyperthermophilic euryarchaebtethanococcus jannaschias no recognizable homologues

of the canonical GTP cyclohydrolase enzymes that are required for riboflavin and pteridine biosyntheses.
Instead, it uses a new type of thermostable GTP cyclohydrolase enzyme that produces 2-amino-5-
formylamino-6-ribofuranosylamino-8H)-pyrimidinone ribonucleotide monophosphate and inorganic
phosphate. Whereas canonical GTP cyclohydrolases produce this formylamino-pyrimidine nucleotide as
a reaction intermediate, this compound is shown to be an end product of the purified reconvbinant
jannaschiienzyme. Unlike other enzymes that hydrolyze thef phosphate anhydride bond of GTP,

this new enzyme completely hydrolyzes pyrophosphate to inorganic phosphate. As a result, the enzyme
has a steady-state turnover of 21 mlinwhich is much faster than those of canonical GTP cyclohydrolase
enzymes. The effects of substrate analogues and inhibitors suggest that the GTP cyclohydrolase and
pyrophosphate phosphohydrolase activities occur at independent sites, although both activities depend on
Mg?*.

Archaea produce a diverse pool of compounds from ring- 4, Scheme 1B), a precursor to tetrahydrofolate and other
opened GTPR,including folates 1), pterins (methanopterin  pteridines 14). Studies of theE. coli FolE protein suggest
and molybdopterin)Z—5), flavins (riboflavin and deazafla-  that the enzyme uses a zinc-bound water to produce a
vin) (6, 7), and the modified tRNA nucleoside archaeosine hydroxyl ion that reversibly opens the imidazole ring of GTP
(8, 9). These compounds appear to be derived from GTP by by nucleophilic attack at C-86). The intermediate produced
a similar first step: a GTP cyclohydrolase enzyme opens by this partial reaction, 2-amino-5-formylamino-6-ribo-
the guanine imidazole ring at the 8,9-Gl bond. Although furanosylamino-4H)-pyrimidinone triphosphate (Fapy nu-
the two characterize&scherichia colienzymes, GTP cy-  cleotide triphosphate, compou2d Scheme 1B), is rapidly
clohydrolases | and Il, catalyze mechanistically similar partial hydrolyzed by FolE to release formate and produce 2,5-
reactions, they are not homologous and they use differentdiamino-6-ribofuranosylamino-8H)-pyrimidinone triphos-
strategies for catalysis1(—12). No homologue of any  phate (compoun8, Scheme 1B)16, 17). The FolE protein
characterized GTP cyclohydrolase enzyme has been identi-subsequently produces dihydroneopterin triphosphate through
fied in the complete genome sequence of the autolithotrophica slow, multistep series of intramolecular rearrangeméd@s (
marine archaeoMethanococcus jannaschil3). 19). Although the complete biosynthesis of dihydroneopterin

GTP cyclohydrolase | (FolE; EC 3.5.4.16) catalyzes the triphosphate catalyzed by FolE is a slow reaction (with a

formation of 7,8-dihydroneopterin triphosphate (compound turnover number of 0.0579), rates for the partial reactions
of ring opening and formate release are relatively fast (with
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ATP, adenosine 'Sriphosphate; BCA, bicinchoninic acid; DTBL- enzyme releases pyrophosphate from GTP and then hydro-

dithiothreitol; EDTA, ethylenediaminetetraacetate; Fapy, formylami- |ytically opens the imidazole ring to form a formylamino-
nopyrimidine; GTP, guanosin€-Fiphosphate,3-methylene-GTP, Tt ; ; A ALE A A AL
o f-methyleneguanosine -Eiphosphate: f.y-methylene-GTP B.y- pyrimidine |_ntermed|ate., .2.am|no 5-formylamino-6-ribo
methyleneguanosine-fiphosphate; GTB-S, guanosine 'gy-thio]- furanosylamlno—ZEH)-pynm|d|none monophosphate (Fapy

triphosphate; HEPE$-(2-hydroxyethyl)piperaziné¥-(2-ethanesulfon- nucleotide monophosphate; compoundcheme 1C)12).

ic acid); MALDI-TOF, matrix-assisted laser desorption/ionization time- A third RibA-cataIyzed hydrolysis reaction releases formate

of-flight; MjGC, M. jannaschiiGTP cyclohydrolase; NADH3-nicotin- - . ]
amide adenine dinucleotide (reduceu)PP,p-nitrophenyl phosphate: from Fapy nucleotide monophosphate. Although this reaction

PR, inorganic pyrophophate (diphosphate); SEFAGE, sodium appears simpler than that of GTP cyclohydrolase |, it also
dodecyl sulfate-polyacrylamide gel electrophoresis; TAPS, [(2-hy- proceeds slowly with an apparent rate constant of 0:06 s

droxy-1,1-bis[hydroxymethyl]ethyl)amino]-1-propanesulfonic acid; TES, ; ;

2-[(2-hydroxy-1,1-bis[hydroxymethyl]ethyl)amino]ethanesulfonic acid; (22). .Fo.r. this reas.on' GTP CyC.IOhydmlase Il is One. of the
Tris, tris(hydroxymethyl)aminomethane; TSP, [2,2,38}-trimethyl- rate-limiting steps in a fermentation process that isslius
silylpropionate; XTP, xanthosine ribonucleotidetphosphate. subtilisto commercially produce riboflavir2@, 23). Genetic
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Scheme 1: Reactions Catalyzed by (A) MjGC, (B) GTP Cyclohydrolase |, and (C) GTP Cyclohydrolase Il Enzymes
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manipulations that increased GTP cyclohydrolase Il and 3,4- 253 nm), inosine nucleotides (12 700 Mcm™1; 249 nm),
dihydroxy-2-butanone 4-phosphate synthase activiti&® in  adenosine nucleotides (15400 Mcm™t; 259 nm), N’-
subtilis significantly increased riboflavin titer28). methylguanosine'&riphosphate (8100 M cm™%; 258 nm),

In this paper we describe the identification and charac- and 8-bromoguanosine-&iphosphate (18 500 M cm™;
terization of a new type of GTP cyclohydrolase frdvh 262 nm) 6—28).
jannaschiithat produces 2-amino-5-formylamino-6-ribofura- Cloning and Recombinant Expression of nnaschii
nosylamino-48H)-pyrimidinone monophosphate (compound GTP Cyclohydrolase in Ecoli. The M. jannaschiigene at
1, Scheme 1A) and inorganic phosphate. This formylamino- |ocus MJ0145 (encoding the protein identified by Swiss-
pyrimidine product appears to be the starting point for flavin  prot accession number Q57608p) was amplified by PCR
and pteridine biosyntheses in many archaea (White, R. H.from genomic DNA 29). Oligodeoxyribonucleotide primer
(2002) unpublished data). Compared to tBecoli GTP MJ0145-Fwd (5GGTGGTCATATGATTCAAATAACAG-
cyclohydrolase I, theM. jannaschiiGTP cyclohydrolase  3') introduced arNdéd restriction site at the 'Send of the
(MjGC) is a fast enzyme, with a steady-state turnover number gmplified DNA, whereas MJ0145-Rev' (6EATCGGATC-
of 0.35 s. The MjGC enzyme represents a new class of CTTAAAACTGTGGATGG-3) introduced 8BanHl site at
GTP cyclohydrolases that couples pyrophosphate hydrolysisthe 3-end. DNA fragments were ligated into compatible sites
to the guanine ring-opening reaction. Members of this class in plasmid pET17b (Novagen). A H136Q mutant of this gene
have no recognizable sequence similarity to RibA or FolE was prepared using the QuikChange site-directed mutagen-

proteins. esis kit (Stratagene) with template pMJ0145 (M|GC in
PET17b). The oligodeoxynucleotide primers used for mu-
MATERIALS AND METHODS tagenesis were H136QFWd{BGCTATGTTCAAATCGCT-

Nucleotide Reagentanthosine 5triphosphate (XTP) ~ CAGATAGATATAAACAACATTAC-3') and H136QRev
was purchased from Trilink BioTechnologies. 8-Azido- (5-GTAATGTTGTTTATATCTATCTGAGCGATTTGAA-
guanosine Striphosphate was purchased from ICN Bio- CATAGCC-3). Recombinant plasmids were transformed
medicals.o.8-Methyleneguanosine &riphosphate was pre-  into E. coli BL21-CodonPlus(DE3)-RIL (Stratagene). Se-
pared fromo,5-methyleneguanosiné-Biphosphate and ATP  quences of cloned DNA were confirmed by dye-terminator
using nucleoside 'Eiphosphate kinase (EC 2.7.4.64). cycle sequencing (University of lowa DNA Facility). Trans-
The triphosphate product was purified by anion exchange formedE. coli cells were grown in complex growth medium,
chromatography. Reaction product (140 was loaded onto  and recombinant protein expression was induced with 28 mM
a Mono Q HR column (5« 50 mm; Amersham Biosciences) @-lactose 29). Cells were harveste4 h after induction by
and eluted with a 30 mL linear gradient from 20 to 500 mM centrifugation (6000« g, 10 min at 4°C) and were frozen
ammonium bicarbonate. Fractions containigg-methylene-  at —30°C.

GTP were lyophilized to dryness and redissolved in water.  Purification of MjGC Protein M. jannaschiiGTP cyclo-
8-Bromoguanosine '8riphosphate was prepared by the hydrolase protein was purified froi coli cells expressing
bromination of GTP Z25). All other nucleotides were the recombinant MjGC protein. The cell pellet (4.5 g, wet
purchased from Sigma-Aldrich. Stock solutions of nucleotide weight) was suspended in 20 mL of 20 mM Tris/HCI (pH
salts were prepared in deionized water. Nucleotide concen-7.6). Cells were lysed by sonication and insoluble material
trations were determined in phosphate buffered saline solu-was removed by centrifugation (27 000 g, 15 min at 4
tion (pH 7.3) by UV spectroscopy assuming molar extinction °C). The resulting soluble cell-free extract was heated at 70
coefficients for guanosine nucleotides (13 700Mm™1; °C for 20 min to denature nativE. coli proteins. After
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centrifugation (27 000« g, 15 min at 4°C), streptomycin

Graham et al.

dryness and redissolved in,D. Proton resonances were

sulfate was mixed with the heat-soluble cell-free extract at measured relative to an internal [2,2,3t&]-trimethylsilyl-

a concentration of 2.5% (w/v). The mixture was stirred for
7 h at 4°C before centrifugation (27 008 g, 15 min at 4

propionate (TSP) standard (= 0). 3P resonances were
measured relative to an externaj?D, (85% wi/v) standard

°C). The streptomycin-soluble supernatant was placed in an(0 ppm).

M, 8000 cutoff membrane (Spectrum) and dialyzed for 12 h
at 4°C in 1 L of buffer containing 20 mM Tris/HCI and 1
mM EDTA (pH 8.0). Dialyzed extract was centrifuged
(27 000 x g, 15 min at 4°C), and the soluble portion was
applied to a MonoQ HR column (k% 8 cm; Amersham
Biosciences) equilibrated in buffer that contained 50 mM
Tris/HCI (pH 8.0). Protein was eluted from the anion
exchange column with a 45 mL linear gradient from O to 1
M KCI in 50 mM Tris/HCI (pH 8.0) at a flow rate of 1 mL/
min. Fractions (1 mL) containing GTP cyclohydrolase
activity, which eluted from 400 to 500 mM KCI, were pooled
and concentrated in an pressurized stirred cell with a
YM10 ultrafiltration membrane (Millipore).

A fluorescent pterin derivative of the reaction product was
prepared by the Gabriel-Isay reaction in which a 6-hydroxy-
2,4,5-triaminopyrimidine (formed by acid-hydrolysis) is
condensed with 2,3-butanediorg2(33). For hydrolysis, a
50uL volume of reaction product (in a 1.5 mL polypropylene
microcentrifuge tube with a locking lid (Fisher)) was mixed
with 50 4L of 1 M HCI and incubated at 9%C for 5 min.

To the cooled sample was added /@0 of 1 N NaOH and

83 uL of derivatization reagent containing 0.9 M Tris/HCI
(pH 8.5) and 34 mM 2,3-butanedione. The reaction was
incubated at 95C for 45 min. The pterin derivative was
analyzed by HPLC and fluorescence spectroscopy. HPLC
analysis of the 2,3-butanedione derivative was performed

Concentrated protein was applied to a Sephacryl S-200HRusing a C-18 reversed phase column (AXXI Chrom ODS, 5

size exclusion column (1.6 60 cm; Amersham Biosciences)
equilibrated in buffer containing 50 mM TAPS/KOH (pH
8.0) and 150 mM KCI. Chromatography was performed in
this buffer at a flow rate of 0.5 mL/min, and GTP cyclo-
hydrolase activity eluted maximally at an elution volume of
49 mL. Fractions containing significant activity were pooled
and concentrated by centrifugal ultrafiltration using a Cen-
tricon YM-10 device (Millipore). Concentrated protein was
stored at 4°C. The MjGC H136Q mutant protein was
purified by the same procedure.
Protein purity was evaluated by SBEAGE with silver

micron, 23 cm) with a sodium acetate/methanol linear elution
gradient, as described previousl34]. The eluent was
monitored for fluorescence using excitation and emission
wavelengths of 365 and 445 nm. Fluorescent excitation and
emission wavelength maxima were measured in a methacry-
late cuvette using a PerkinElmer Life Sciences 650-40
fluorescence spectrophotometer. Using the reaction condi-
tions described above, samples containing—A5 nmol
6-hydroxy-2,4,5-triaminopyrimidine in 5 mM DTT reacted
guantitatively with 2,3-butanedione to produce 6,7-dimeth-
ylpterin, measured by fluorescence spectroscopic comparison

diamine staining. The size of the denatured protein was with a standard solution of 6,7-dimethylpterin (emission and
analyzed relative to low molecular weight protein standards excitation wavelengths of 358 and 448 nm). DTT (or

(Bio-Rad) separated on a SBfolyacrylamide gel (12%T,
2.7%C acrylamide) with a Tris/glycine buffer system. Protein

2-mercaptoethanol) was required to minimize the spontane-
ous oxidation of 6-hydroxy-2,4,5-triaminopyrimidinQ).

mass was determined using matrix-assisted laser desorption/ Analysis of Enzymatic GTP Cyclohydrolase Aityi. One

ionization time-of-flight (MALDI-TOF) mass spectrometry,
as described previousl®Q). Purified MjGC protein (0.5:L

of a 0.7 mg/mL solution) was mixed with 0/4 of a 3,5-
dimethoxy-4-hydroxycinnamic acid matrix solution on a

unit of GTP cyclohydrolase activity converts dmol/min

GTP into formylamino-diaminopyrimidine (Fapy) ribonucle-
otide monophosphate. Standard activity assays included 50
mM TAPS/KOH (pH 8.0), 50 mM NHCI, 10 mM MgCl,

stainless steel target. lons of sodium, matrix, bovine pancreass mM DTT, and enzyme in 5@L. Assay mixtures were

insulin chain B (oxidized), horse heart cytochromeand

preincubated at 7€C for 10 min before the addition of GTP

bovine serum albumin were used for mass calibration. The (100—150 nmol in 22 uL). After 10 min of incubation at

hydrodynamic radius of the MjGC protein in its native

70 °C, activity was terminated by the addition of pQ of

conformation was analyzed by analytical size exclusion 1 M HCI. Reaction product was hydrolyzed and derivatized

chromatography using a Superose 12HR column (B0 with 2,3-butanedione as described above. Fluorescence of
cm; Amersham Biosciences), operated and calibrated asthe 6,7-dimethylpterin derivative was measured as described
described previously 20). Protein concentrations were above and 6,7-dimethylpterin concentrations were calculated
measured using the BCA total protein assay (Pierce) with using the linear regression results from a standard curve of

bovine serum albumin as a standard.
Identification of the MjGC Nucleotide Reaction Product
The reaction product of MjGC enzyme incubated with GTP

0—12 nmol of 6,7-dimethylpterin prepared from 6-hydroxy-
2,4,5-triaminopyrimidine and 2,3-butanedione.
The same assay was used to measure specific activities

was purified by anion exchange chromatography with an of the MjGC enzyme acting on substrate analogues that form
ammonium bicarbonate elution gradient as described abovea Fapy nucleotide monophosphate product. The rafé’of

for nucleotide purification. The isolated product was diluted
to a concentration of 50 ngl in 50% (v/v) acetonitrile for

methyl-GTP hydrolysis was measured at 8D using UV
spectroscopy to detect the increase in absorbance at 270 nm

analysis by electrospray mass spectrometry using atmosphericlue to the formation of the ring-opened produ2s)(

pressure chemical ionization (APCI) to obtain a negative ion
spectrum 81). 'H NMR and %P NMR analyses were
performed at 25°C using a Varian Inova 400 MHz
spectrometer at the Analytical Services facility in the Virginia
Polytechnic Institute and State University Department of
Chemistry. Purified reaction product was lyophilized to

Analysis of Pyrophosphate Phosphohydrolase Atgti
One unit of pyrophosphate phosphohydrolase (inorganic
diphosphatase) activity convertsuinol/min inorganic py-
rophosphate (RPinto orthophosphate. Standard activity
assays included 50 mM TAPS/KOH (pH 8.0), 50 mM NH
Cl, 10 mM MgCk and enzyme in 5@L. Assay mixtures



M. jannaschiiGTP Cyclohydrolase Biochemistry, Vol. 41, No. 50, 20025077

were preincubated at 7@ for 10 min before the addition  7.1-7.6), TES/KOH (pH 7.%8.0), Tris/HCI (pH 8.0),
of PR (250 nmol in 2.5u4L). After 10 min of incubation at  triethanolamine (pH 8.0), and TAPS/KOH (pH 8:9.0). The
70°C, activity was terminated by the addition of 66D of reductants dithiothreitol (6100 mM), 2-mercaptoethanol
chilled stop solution containing 2 mM EDTA (pH 8.0). (10—100 mM), and dithionite (100 mM) were also tested in
Inorganic phosphate was quantified by the malachite greenMjGC reactions. Effects of reaction temperature were studied
dye-enhanced phosphomolybdate assay, §6). In this in standard assays initiated by the addition of 2.6 mM GTP
assay, inorganic phosphate in a volume of ZQ0ds mixed or 5 mM PR. Reactions were incubated from 4 to 94 for
with 300 4L of a freshly prepared solution containing 1.2 10—30 min and then terminated and analyzed according to
M H,SO,, 16 mM (NH,)sM07034, 0.3 mM malachite green,  the standard assay methods.
and 0.15% (v/v) Tergitol NP-10. After 10 min incubation at Steady-State Kinetic Analyses of MjGC aitiés. For both
room temperature, the reactions’ absorbances are measure@ TP and PPsubstrates initial reaction rates were measured
at 610 nm. Inorganic phosphate concentrations were calcu-in standard assays containing 1% ug/mL MjGC and
lated using linear regression results from a standard curvevarious substrate concentrations. Reactions were incubated
consisting of 8-6 nmol KzHPO, in 700 uL H,0. Measure- at 70 °C for 5 min and then terminated and analyzed
ments of phosphate from reactions incubated without enzymeaccording to standard assay methods. A curve from the
were subtracted from measurements of enzymatic reactionsHenri-Michaelis-Menten equation was fit through the GTP
to produce the reported values. cyclohydrolase initial rate data using parameters calculated
Analysis of GTP Pyrophosphatase@TP Phosphohydro- by the LevenbergMarquardt method of nonlinear least
lase, and Alkaline Phosphatase Adties. Pyrophosphate  squares regression (Sigma Plot 2000, SPSS Science). Initial
released from GTP during incubation with MjGC was rates of pyrophosphate phosphohydrolase activity were fitted
measured using a coupled-enzyme assay in a pyrophosphatt® a simple model for substrate inhibitiom:= V-A/((Ky +
reagent kit (Sigma) according to the manufacturer’s instruc- A + A?)/K;) (39).
tions. The putative pyrophosphatase reaction (in ZRP GTP Cyclohydrolase and PPi Phosphohydrolase Inhibitors
contained 50 mM TAPS/KOH (pH 8.0), 25 mM NAlI, 10 and AnaloguesPotential inhibitors of M{GC GTP cyclohy-
mM MgCl,, 5 mM DTT, 3 mM GTP, and 2(g MJ0145. drolase activity were tested in reactions (g0 containing
After 30 min incubation at 70°C, this reaction was 60uM GTP, 5 mM DTT, 10 mM MgC4, 50 mM TAPS/
terminated by the addition of EDTA (10 mM final concen- KOH (pH 8.0), 50 mM NHCI, and 0.75g MjGC. Reactions
tration) and cooled on ice. Aliquots of the reaction or were incubated at 70C and terminated after 4 min as
Na,P,0; standard solutions (650 nmol PP were added to  described for standard cyclohydrolase assays. Potential
pyrophosphate assay mixtures preincubated atG30and inhibitors of MjGC PPi phosphohydrolase activity were
the oxidation of NADH was by monitored measuring tested in reactions (5@L) containing 60uM sodium
decreases in absorbance at 340 nm. Pyrophosphate standargyrophosphate, 10 mM MggI150 mM TAPS/KOH (pH 8.0),
were subsequently added to reactions with no net decrease50 mM NH,Cl, and 0.9«g MjGC. Reactions were incubated
in absorbance to test for inhibitory factors. Inorganic at70°C and terminated after 5 min as described for standard
phosphate produced by GTP phosphohydrolase activity wasphosphohydrolase assays. Analogues were tested as alterna-
measured using the malachite green phosphomolybdate assayive substrates in reactions without GTP or,Rid products
Alkaline phosphatase activity was measured in reactionswere analyzed by anion exchange chromatography (nucleo-
containing 50 mM glycine/NaOH (pH 9.5), 5 mM Mgg£l tides) or malachite green phosphate assay (phosphate anhy-
0.5 mM Zn(OAc}, and 5 mM p-nitrophenyl phosphate  dride compounds).
(PNPP) incubated at 37C (37). Purified MjGC was added
to the solution, and hydrolysis @NPP was monitored by RESULTS
measuring changes in absorbance at 405 nm. Bacterial Identification of MjGC Although the complete genome
alkaline phosphatase was used as a positive control. sequences of several methanogens encode no recognizable
Cation pH, Reductant, and Temperature Effects on M{GC homologues of previously characterized GTP cyclohydrolase
Activities. Reaction conditions for MjGC GTP cyclohydro- genes 13, 40, 41), these archaea synthesize riboflavin,
lase activity were optimized by varying components of the coenzyme I and methanopterin de novo from GTR 8,
standard assay mixture. All reactions were carried out under6, 7). Therefore, we hypothesized that they have novel GTP
enzymatic activity-limited conditions. Salts of monovalent cyclohydrolase enzymes and that the respective genes could
cations that were tested as activators of MjGC included LiCl be clustered with other genes required for the biosyntheses
(100 mM), NaCl (100 mM), KCI (56200 mM), KOAc of these coenzymedl?, 43). The Methanobacterium ther-
(50—100 mM), NH,CI (25—250 mM), or NHOAc (50 mM). moautotrophicunAH genome contains two contiguous genes
Spermidine3HCI was also tested as an activator at a 10 mM (cofD and cofE) that are both involved in coenzymek
concentration. Divalent metal cation requirements were testedbiosynthesis40, 44, 45). An adjacent member of this gene
using reagents and enzyme purified by passage through aluster, the gene at locus MTH1017, is an ortholog of the
Chelex 100-K column (1x 9 cm; Bio-Rad) 88). Concen- M. jannaschiigene at locus MJ0145. We cloned this gene
trations of GTP and MjGC reagents were measured by their from M. jannaschiiand expressed the MJ0145 genekin
absorbances at 253 and 280 nm, respectively. Divalent metalkoli for purification and in vitro analysis of GTP cyclo-
replacement reactions included Mg®H,O (1-6 mM), hydrolase activity.
MnCl,-4H,O (5 mM), CaC}-6H,O (5 mM), NiCk-6H,0O Purification of MjGC Protein Recombinantly expressed
(5 mM), ZznSQ (5 mM), BaC}-2H,0 (5 mM), CuC} (5 MjGC comprised 25% of theée. coli cell’s total soluble
mM), CoCL-6H,O (5 mM), or EDTA. Buffers tested at a  protein. Treating the cell extract by heating, streptomycin
final concentration of 50 mM included HEPES/KOH (pH precipitation of nucleic acids, strong anion exchange chro-



15078 Biochemistry, Vol. 41, No. 50, 2002 Graham et al.

Table 1: Purification oM. jannaschiiGTP Cyclohydrolase from peak at 273 nm with a molar extinction coefficieri) of

Recombinan€. coli Cell Paste (4.5 g) 15780 M* cm?, based on a comparison of fluorescence
total  total _ specific from the acid-hydrolyzed, 2,3-butanedione derivative to a
volume proteirt activity® activity Yield standard curve of 6,7-dimethylpterin prepared from 6-hy-
purificationstep  (mL)  (mg) (units) (units/mg) (%) droxy-2,4,5-triaminopyrimidine. APCI-MS operated in nega-
soluble extract 19 334 32 0.09 100 tive ion mode detected a deprotonated molecular ian/at
heat treatment 19 191 33 0.17 104 = 380 (M—H)~ from the sample, consistent with the
streptomycin treatment 16 148 36 024 113 predicted neutral mass for Fapy nucleotide monophosphate
gggﬁgg‘l’ggol oo 82 03 79 0of 381.21 Da'H NMR (D;O, 400 MHz, TSP) identified

signature resonances corresponding to four isomers of the
hydrolase activity was quantified by measuring the fluorescence of the 5-f(_)rmy|am|no compound, Slm”a.r to those pre_\/lously de-
2,3-butanedione derivative, as described in the Materials and MethodsSCTiPed fora andf anomers of theis andtransamide bond
section. One unit of GTP cyclohydrolase activity convertaiol/min isomers of Fapy nucleotide triphosphate and model com-
GTP into formylamino-diaminopyrimidine ribonucleotide monophosphate. pounds 46—48): 6 8.293 (1H, sa-cisCHO, 41% total),
8.265 (1H, sp-cis-CHO, 47% total), 7.911 (1H, g-trans
matography and gel filtration chromatography purified MiGC CHO, 5.5% total), 7.880 (1H, sy-transCHO, 6% total),
from any detectable protein or nucleic acid contaminants. 5.932 (1H, do-cisH-1', J = 3.2 Hz,~48% total) and 5.715
Table 1 shows the purification of 46 mg of MjGC protein (1H, d, 8-cis H-1', J = 6.0 Hz, ~52% total). Thes-cis-5-
from 4.5 g of recombinantE. coli (wet mass). After  formylamino isomer is the most likely product of MjG&t
concentration by ultrafiltration, the protein was stored at a is the predominant form of the purified Fapy nucleotide
concentration of 19 mg/mL and had a specific GTP cyclo- monophosphate, and its resonance is the first to appear in a
hydrolase activity of 0.43 U/mg. The enzyme retained more *H NMR analysis of GTP incubated with MjGC (data not
than 80% activity after storage for 9 weeks at@ in 50 shown). A%P NMR spectrum showed two peaks: a broad
mM TAPS/KOH (pH 8) and 150 mM KCI. peak corresponded to the isomers of a nucleotide mono-

Purified MjGC preparations showed a single band on a phosphate ester and a narrow peak corresponded to inorganic
silver-stained SDSpolyacrylamide gel with an apparent orthophosphate that co-purified with the Fapy nucleotide
molecular mass of 37,000 Da. Analysis of the MjGC protein monophosphaté!P (*H decoupled) NMR (B3O, 162 MHz,
using MALDI-TOF mass spectrometry identified an imvz 85% HPQ, reference) peaks were3.807 (x-mono-P, bs)
= 30 3594 114 (MH") that is consistent with the protein’s and 2.389 (P s). No resonances that could be assigned to
predicted molecular mass of 30 275 Da. When loaded on anpyrophosphate were observed upfield of these peaks.
analytical size-exclusion column, MjGC eluted with a Stokes  MjGC also hydrolyzes dGTP to form Fapy deoxyribo-
radius of 38.6 A, corresponding to an apparent molecular nucleotide monophosphate (0.025 U/mg) and it hydrolyzes
mass of 98 300 Da. This protein’s elution profile suggests j,y-methylene-GTP (0.13 U/mg) or GTRS (0.11 U/mg)
that MjGC forms a trimer in its native conformation. to form Fapy nucleotide monophosphate, demonstrated by
Measured in phosphate-buffered saline (pH 7.4), MjGC has anion exchange chromatography and fluorogenic derivati-
a single UV absorbance maximum at 277 nm and an zation of the reaction products. MjGC incubated WA
extinction coefficient €g0) of 0.7 mL/mg/cm. methyl-GTP has a low activity (0.035 U/mg) in forming a

MjGC Catalytic Actiities and Nucleotide Reaction Prod- ring-opened nucleotide monophosphate and inorganic phos-
ucts To detect the expected hydroxytriaminopyrimidine phate. Enzymatic reactions with inosinet&phosphate (ITP)
nucleotide product of GTP cyclohydrolase Il, MjGC protein form a nucleotide monophosphate that has a UV absorbance
was incubated with GTP and then the reaction was heatedmaximum at 259 nm. Derivatization of the ITP hydrolysis
with 2,3-butanedione to form fluorescent 6,7-dimethylpterin product formed a fluorescent compound with an excitation
by the Gabriel-Isay reactior82, 33). Although only trace maximum at 395 nm and an emission maximum at 464 nm.
amounts of fluorescent product were detected from these8-Br-GTP, 8-azido-GTPga,3-methylene-GTP, ATP, and
reactions, a substantial amount of fluorescent material wasXTP were not substrates for MjGC: no ring-opened com-
observed when an acid hydrolysis step preceded the derivapound or nucleotide monophosphate was produced during
tization reaction. The fluorescent product has an excitation incubation with any of these compounds with enzyme.
maximum at 360 nm and an emission maximum at 448 nm. Analyses of GTP Pyrophosphatase and GTP Phospho-
Analysis by HPLC with fluorescent detection showed that hydrolase Actiities. A coupled enzyme assay was used to
the derivative coeluted with a 6,7-dimethylpterin standard. quantify pyrophosphate produced in reactions in which
This result suggested that the reaction catalyzed by MjGC MjGC had completely hydrolyzed its GTP substrad®)(
produces a formylaminopyrimidine nucleotide similar to that No pyrophosphate<{75 uM) was detected in reactions that
produced by the Hig°Ala mutant of E. coli GTP cyclo- produced 1.3 mM Fapy nucleotide monophosphate. However,
hydrolase | 46). inorganic phosphate analyses identified 2.0.2 mol R per

The product of the MjGC-catalyzed reaction was purified mole Fapy nucleotide monophosphate formed. The reaction
by anion exchange chromatography; analyses using-UV progress curve in Figure 1 shows the rate of phosphate
vis, APCI-MS, '*H NMR, and 3P NMR spectroscopies production (0.99+ 0.08 umol min'! mg?l) was ap-
supported the identification of the reaction product as proximately twice that of Fapy nucleotide monophosphate
2-amino-5-formylamino-6-ribofuranosylamino3)-pyrimi- production (0.46+ 0.02 umol min~! mg?).
dinone monophosphate (Fapy nucleotide monophosphate). Although orthophosphate is the product of MjGC phos-
UV —vis spectroscopic analysis of the reaction product (in phohydrolase activity, pyrophosphate is a likely intermediate
100 mM sodium phosphate, pH 6.8) identified an absorbancein the reaction mechanism, by analogy to the proposed GTP

2 Total protein was measured using the BCA as$8&TP cyclo-
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Ficure 1: Reaction progress curve for MjGC (0.16 mg/mL) FGure2: Activity versus temperature profile for MjGC. Inorganic
incubated with 3 mM GTP in a standard assay. Inorganic phosphatepyrophosphate phosphohydrola®§ and GTP cyclohydrolasej

(@) and Fapy nucleotide monophosphat§ foncentrations were  activities shown on this Arrhenius-type plot have comparable
measured in reaction aliquots terminated with 45 mM EDTA. The inflection points indicating maximum specific activity near 0.

average molar ratio of phosphate to Fapy nucleotide monophosphatenctivities were measured in standard reactions at various temper-
prOdUCt was 2.1:1. atures.

cyclohydrolase Il enzyme reaction mechanism. Therefore,
MjGC was tested for pyrophosphate phosphohydrolase of Fapy nucleotide monophosphate. Reactions containing
activity and was shown to hydrolyze 0.3mol PR/min/mg both 5 mM MgC}h and 5 mM MnC} or 5 mM CaC}
when incubated with 6«M NaPR. The MjGC enzyme produced less than 5% of the levels of Fapy nucleotide
cleaves tripolyphosphate much more slowly, with a specific monophosphate in reactions containing Mg@lone. In
activity of 0.063umol R/min/mg. No hydrolysis of trimeta-  pyrophosphate phosphohydrolase reactions using the Chelex
phosphate was detected. Assaypaifitrophenyl phosphate  treated MjGC, no activity was observed without added
hydrolysis in glycine/NaOH buffer (pH 9.5) detected no divalent cations. In reactions containing 2001 PR at pH
alkaline phosphatase activity<(0.04 U/mg) in a MjGC 8.0, MjGC had maximal PRRphosphohydrolase activity in
enzyme preparation. the presence of 5 mM Mgglhigher concentrations of Mgg&l
MjGC demonstrated maximum GTP cyclohydrolase and did not affect activity. Relative to activity with 5 mM Mggl
PR phosphohydrolase activities from pH 8.0.0, buffered ~ lower activities were measured with CoQ#5% relative
by 50 mM TAPS/KOH or 50 mM TES/KOH. Monovalent  activity), Zn(OAc} (21%), and MnG (8%). No activity was
cations significantly affected GTP cyclohydrolase activity: observed in reactions containing Ca@F NiCl,. Discrep-
large, chaotropic cations such as Kr NH," stimulated ancies between metal activation of GTP cyclohydrolase and
activity whereas small, kosmotropic cations(land Na) pyrophosphate phosphohydrolase activities suggest that
either had little effect on activity (N@ or significantly MjGC may have two separate metal-binding sites. Because
inhibited the enzyme (LY. In reactions with insufficient  the effective substrate for the metal-activated MjGC enzyme
concentrations of inorganic monocations, activity was stimu- iS probably a Mg-GTP or Mg-PR complex, MgC} was
lated by the organic cations Tris, triethanolamine, tricine, included in all reactions at a fixed concentration of 10 mM
bicine, or spermidine. Acetate, chloride, or sulfate anions (@ Stoichiometry of at least 3 Mg ions per substrate
did not affect activity. In reactions with 50 mM TAPS/KOH molecule).
(pH 8) 50 mM NH,CI promoted maximum activity. Thiol Both GTP cyclohydrolase and PPRhosphohydrolase
reductants (DTT or 2-mercaptoethanol) were required to activities of MjGC are highest near 7€ (Figure 2). Above
prevent oxidation of the hydroxytriaminopyrimidine pro- 70°C, enzyme activity decreases due to enzyme inactivation
duced by the acid hydrolysis step of the derivatization or denaturation. Similar inflection points in both curves are
reaction R0). However, the reductants did not stimulate consistent with a single enzyme catalyzing both reactions.
MjGC GTP cyclohydrolase activity and could be added after In contrast,E. coli GTP cyclohydrolase Il rapidly loses
the enzymatic reaction. To simplify the assay, 10 mM DTT activity above 60°C (20). The E. coli inorganic pyrophos-
was included in all GTP cyclohydrolase assays. phatase is unusually thermostable although its thermoactivity
Divalent cation requirements were tested using MjGC has been less well-studied().
enzyme, GTP, TAPS/KOH, and NBI solutions passed Sequence Analysis of MjGC and Site-Directed Mutation
through a Chelex 100 column. No activity was detected in Genomes of several euryarchaea and crenarchaea encode
reactions without added metals, and maximum GTP cyclo- homologues of the MjGC gene. These genes are unique to
hydrolase activity was measured in reactions containing atthe Archaea and are part of the previously described archaeal
least 4 mM MgC} with 1 mM GTP. Compared to reactions genomic signature 50). An alignment of amino acid
containing 1 mM GTP and 5 mM Mgg(0.59 U/mg specific sequences in Figure 3 shows that homologous sequences
activity), no other metal supported full activity a 5 mM have diverged significantly (2860% pairwise identity), yet
concentration: MnGlI(7% relative activity), CoGl(0.6%), regions of the protein are highly conserved. Comparisons
NiCl; (0.5%), CuC}, and ZnSQ (0.3%). Reactions contain-  of primary and predicted secondary structure suggest that
ing either CaGl or BaCl produced no detectable amount the proteins have two highly diverged copies of a single
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Ficure 3: Alignment of MjGC with several archaeal homologues. Positions of identically conserved residues are shown in white on black,
and regions of similarly conserved residues are boxed. Secondary structure elements were predicted for MjGC using the PHD§rogram (
and are drawn above the alignmeifi:strands (arrows) and-helices (curves). A vertical arrow indicates the conserved histidine residue

that was changed in the MjGC H136Q protein. Amino acid sequences are shown for homologues from these organisms (with their respective
database GenBank/EBI accession numbers): jannaschii JAL-1 (AAB98128.1), Methanobacterium thermoautotrophicuriH
(AAB85513.1), Halobacterium sp. NRC-1 (AAG19434.1),Aeropyrum pernixK1l (BAA80359.1) and Sulfolobus solfataricusP2
(AAK40728.1). Sequences were aligned using the ClustalW progv&@mn (

domain: MjGC residues 48108 (3-2 througha-5) cor-
respond to residues 17249 (3-6 througha-9). Of particular

note are conserved amino acid positions corresponding to
M. jannaschiiGlu?*, Asp®, GIu®, GIut'®, Asp!®, and Asp®s,
which could be Mg*-coordinating ligands. Three conserved
basic residues could act as hydrogen bond donors or general
bases: Aréf, His'®¢ or Arg?®6. Most of these residues are
located in clusters of conserved residues that may help shape
the active site.

Steady-State Kinetic Analyses of MjGC Aities. To
measure kinetic properties of the MjGC and MjGB136Q
enzymes, initial reaction rates for substrate hydrolysis were
measured at various substrate concentrations (Figure 4). The 00 02 04 06 08 10 12 14 16
relevant substrates for both GTP cyclohydrolase and PP GTP concentration (mM)
phosphohydrolase reactions is probably a?Mgubstrate
complex; in these experiments, MgQlas provided in
excess of substrate and reactions were considered pseudo-
first-order with respect to substrate. Apparent kinetic pa-
rameters for the hydrolase activities are shown in Table 2.
MjGC PR phosphohydrolase activity is inhibited at high
pyrophosphate concentrations, but no substrate or product
inhibition was observed in initial rate assays of GTP
cyclohydrolase activity.

To test whether the basic side chain of the one conserved
histidine residue, His® is required for catalysis, we used
site-directed mutagenesis to replace this amino acid with
glutamine. Purified MjGE-H136Q enzyme has a much
lower rate of GTP cyclohydrolase activiti4/Kn = 0.011
min~YuM) relative to the wild-type enzymekfa/Kn = 0.39
min~YuM) (Table 2). Likewise, its pyrophosphate phospho-
hydrolase activityKea/Km = 0.011 mirr*/uM) is low relative FiGURE 4: Initial rates of (A) GTP cyclohydrolase and (B)
to wild-type enzymekof/Km = 0.16 minm*uM). Similar to pyrophosphate phosphohydrolase activity at various substrate

the wild-type enzyme, MjGEH136Q produces 2.3 0.4 concentrations. Activities of wild-type MjGC®) and mutant

; _ MjGC—H136Q ©) enzymes were measured in standard assays that
molecules of Pper molecule of Fapy nucleotide monophos included 10 mM MgCJ. GTP cyclohydrolase activity data were

phate. The apparent molecular mass of the mutant enzymsigeq 1o the Henri-Michaelis-Menten equation and PBhospho-
is equivalent to that of the wild-type enzyme, as determined hydrolase activity data were fitted to a simple model for substrate

by SDS-polyacrylamide gel electrophoresis. MjGi@136Q inhibition.

©
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Specific activity (U/mg)
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Table 2: Comparison of Apparent Kinetic Constants for GTP Cyclohydrolase andh®Bphohydrolase Reactions

GTP cyclohydrolase RPBhosphohydrolase
enzymeé Km (uM) KeaP (Min=1) Km (uM) Ki (uM) KeaP (Min=1)
GTP cyclohydrolase | 0.8% 0.2 1.8 n.&. n.a. n.a.
GTP cyclohydrolase Il 2% 3 0.9 n.a. n.a. n.a.
MjGC 54+7 21+ 0.5 63+ 15 187+ 43 30+ 4
MjGC—H136Q 124+ 61 1.4+ 0.1 5.4+ 2.3 476+ 165 5.1+ 0.5
soluble inorganic PRse n.a. n.a. 0.13 0.06 n.a. 23 34&- 4680

aEnzymes and sources of their kinetic parameters \ie@li GTP cyclohydrolase 146), E. coli GTP cyclohydrolase 1112, 76), MiGC and
MjGC—H136Q (this work), and solublE. coli inorganic pyrophosphatas&7). > Turnover numbers assume one active site per protein subunit.
¢ Not applicable.

035 was measured in the reactions containing«60concentra-
tions of GTP and either nucleotide. Other potent inhibitors
included 6QuM a,5-methylene-GTP (20%), 1QaVi 8-BrGTP
(50%), and 600uM 8-azido-GTP (9%). Some moderate
inhibitors were 60QuM GTP--S (20% relative activity),
600 uM XTP (48%), 600uM tripolyphosphate (50%), 600
uM IMP (75%), 600 uM orthophosphate (75%)g,y-
methylene-GTP (66%), and 6QfM methylene pyrophos-
0.10} phate (60%). Reactions containing 600 concentrations
of ATP, CTP, guanosine, dGMP, xanthosirien®nophos-

0.30f

0.25}¢

0.20}

0.15¢

Specific activity (umol P/min/mg)

0.05¢ phate, or trimetaphosphate retained at least 85% relative
0.00—= 2 i s m s activity. Regctions cor_1taining 600M conceljtrations of
' ' : ‘ ' ’ methoxyamine 00-(4-nitrobenzyl)hydroxylamine had 84%

p and 77% relative activities respectively, whereas the same

Ficure 5. Competition plot for GTP phosphohydrolase and PP concentrations of hydroxylaminéy-methylhydroxylamine

phosphohydrolase reactions catalyzed by MjGC. Combined initial 53nq N,O-dimethylhydroxylamine had no effect on activity.
rates of inorganic phosphate production from GTP and PPi were

measured in competitive phosphohydrolase reacti®as5@). The Potential inhibitors of Phosphohydrolase activity were
proportion of PRin the reaction|f) was varied from 50@M GTP screened in standard reactions (90) containing 60uM

and OuM PR (p = 0) to OuM GTP and 10uM PR (p = 1) in PR and 0.9«g MjGC. Potent inhibitors included oM NaF

standard reactions containing 10 mM Mg@hd 11ug/mL MjGC. (45%), 100uM 8-Br-GTP (46% relative activity), 30@M

The data were fitted to a general model for reactions occurring at 8-azido-GTP (47%), and 5aM tripolyph hate (48%

separate catalytic sites with cross-inhibitid), LRI, g polyphosphate (48%).

Moderate inhibitors included 6Q@M methylene pyrophos-

enzyme also has the same Stokes radius (38.1 A) as wild-phate (44%) and 60@M a.3-methylene-GTP (67%). No

type enzyme. significant inhibition was observed in reactions containing
Competition Assay of GTP Phosphohydrolase and PP 600 uM concentrations of XTP,N’-methyl-GTP, S,y-

Phosphohydrolase Actties. To test the relationship between  methylene-GTP, GTRP-S, GDP, phosphoglycolate, meth-

GTP and PP phosphohydrolase activities, MjGC was oxyamine,N-methylhydroxylamine, trimetaphosphate, or 6

incubated with various proportions of the two substrates in mM methyl phosphate.

a competition assaypp, 53). Substrate concentrations were

chosen to give similar specific activities with 100% GTP DISCUSSION

(500uM) or 100% PR(10u«M). A competition plot, shown

in Figure 5, indicates that GTP and;®ind at separate sites. ~ TWo properties of MjGC distinguish it from canonical GTP

A model for initial rates as a function of GTP (a) and; PP cyclohydrolases. First, this enzyme hydrolyzes lotff and

(b) substrate concentrations allowing for alternate-site inhibi- 5~ phosphate anhydride bonds in GTP. Because MjGC

tion was used to fit the dataz = (Va x a)/(Kma x (1 + has an independent pyrophosphate phosphohydrolase activity,

biKig) + a) + (Ve x b)/(Kmg x (1 + a/Kia) + b) (52). we propose that the enzyme removes pyrophosphate from

Parameters calculated using nonlinear regression for the datdhe nucleotide substrate and subsequently hydrolyzes PP
in Figure 5 wereV, = 0.2 umol min' mg™%, Kna = 16 releasing two molecules of inorganic phosphate. Inhibitor

uM, Kia = 100uM, Vg = 0.5 umol mint mg?, Kg = 50 studies, a competition assay, and metal activation profiles
#M, andKig = 100uM. Differences in the limiting rates of ~ suggest that the GTP cyclohydrolase and ptosphohy-
GTP and PPhydrolysis could produce the observed asym- drolase activities occur at independent sites or even different
metry in the competition plot. enzymes. However, comparable effects on both reactions
Inhibitors of M{GC Actiity. To characterize the specificity ~Were shown by temperature profiles, mutagenesis of the
and mechanism of this enzyme, substrate and productMjGC His™® residue, and C-8 substituted GTP analogue
anak)gues were screened as inhibitors of M]GC GTP inhibitors. Along with the lack of free Rﬁh reaCtionS, these
cyclohydrolase and PPhosphohydrolase activities. Potential results suggests that pyrophosphate hydrolysis occurs at an
inhibitors of GTP cyclohydrolase activity were screened in alternate site of the MjGC enzyme and is not due to low
standard reactions (5€L) containing 6uM GTP and 0.75  levels of a contaminating enzyme.
ug MjGC. Neither GDP nor GMP was a substrate for GTP ~ Pyrophosphate Hydrolysis Agiiies. Many other enzymes
cyclohydrolase activity; yet less than 60% relative activity release pyrophosphate from a nucleotideriphosphate
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including GTP cyclohydrolase II, DNA and RNA poly- N’-methyl-GTP slows binding to form a productive enzyme
merasesi4), aminoacyl tRNA-synthetases, nucleotidyltrans- substrate complex.
ferases %5, 56), and nucleotide scavenging enzymes such  Substituents of the ribose moiety of GTP are also crucial
as dUTP pyrophosphatase and members of the Nudixfor productive substrate binding. Thé-t&ydroxyl of GTP
hydrolase family 7). Yet we are not aware of any other may be a hydrogen bond donor: dGTP is hydrolyzed to Fapy
enzyme that both releases pyrophosphate from a nucleotidedeoxyribonucleotide monophosphate more slowly than GTP.
and hydrolyzes it to form inorganic phosphate. Pyrophos- Finally, a B-triphosphate group is required for activity: GMP
phate hydrolysis is highly exergonic due to the high solvation is not a substrate, even in the presence of exogenous
energy of inorganic phosphat®gg), but most PRPproducing pyrophosphate. As ligands to Mg these phosphate groups
enzymes leave that reaction to a separate inorganic pyro-could be required to correctly position a Mg(OHjomplex
phosphate phosphohydrolase enzyme. All organisms, includ-for nucleophilic attack at the C-8 position of GTP, bound to
ing M. jannaschij have this essential, ubiquitous enzyme the enzyme in the anti conformation.
(59, 60). These soluble RPhosphohydrolases are Ktg Toward an Enzymatic Reaction Mechanisthe reaction
dependent enzymes that use evolutionarily conserved aspareatalyzed by MjGC most likely involves Mg-dependent
tate and glutamate residues as ligands for metal i6@s (  deprotonation of water, producing hydroxide nucleophiles
62). Although MjGC and its homologues have a similar set at several sites70Q, 71). The order of these hydrolysis
of conserved acidic residues, they have no sequence similarreactions remains to be determined. It is not yet clear whether
ity to either family of characterized Pphosphohydrolases.  the pyrophosphatase activity (release of pyrophosphate)
MjGC has a much lower turnover number for;Rpdrolysis precedes the hydrolytic opening of the imidazole ring.
than does thé. coli inorganic pyrophosphatase (Table 2). Neither do we know how MjGC couples pyrophosphate
Still, this partial reaction is unlikely to be a rate-limiting step phosphohydrolysis to the ring-opening reaction, significantly
in the complete GTP cyclohydrolase reaction. improving the turnover of MjGC relative to GTP cyclo-

Implications of the Formylaminopyrimidine Produ@the hydrolase | and Il enzymes (Table 2).
second distinguishing feature of MjGC is its release of a  The nonenzymatic alkaline hydrolysis of purine derivatives
formylaminopyrimidine product, Fapy nucleotide monophos- suggests a model for the GTP cyclohydrolase reaction
phate. Reaction mechanisms of both GTP cyclohydrolases Imechanism {2, 73). A nucleophilic hydroxide ion attacks
and Il necessarily include a formylaminopyrimidine inter- C-8 of the imidazole ring to generate a tetrahedral intermedi-
mediate that is reversibly formed by opening the imidazole ate, which rearranges to the formamide. Alternatively, the
ring of guanine 19, 21). In both canonical enzymes, the hydroxide ion attack could be facilitated by the initial
guanine ring opens rapidly compared to the rates of substrateprotonation of N-7. Hydrolysis of the resulting imidazolinium
binding, intermediate rearrangement and release. Althoughcation has been documented for imidazoline model com-
these formylaminopyrimidine compounds are quite stable, pounds 74), N>“methenyltetrahydrofolate76) and N’-
wild-type enzymes do not release thegl,(46). Archaea methyl-GTP 28, 69). We expect that future studies of the
that have homologues of MjGC presumably have another enzyme’s structure will help to elucidate this enzyme’s
enzyme that hydrolyzes Fapy nucleotide monophosphate tocomplex mechanism and evolution. Because MjGC has a
produce the triaminopyrimidine substrate for flavin and faster turnover and greater protein thermostability than GTP
neopterin biosynthese83, 64). Because formylaminopyri-  cyclohydrolase Il, genetically engineered strains containing
midine is a common product of oxidative damage to guanine a member of this novel family, and a formylaminopyrimidine
bases in both free nucleotides and nucleic acid polymers, hydrolase enzyme could produce higher riboflavin yields in
the cells must have a scavenging system to prevent ac-arge-scale fermentation processes.
cumulation and incorporation of this mutagenic nucleotide
into new RNA and DNA 65, 66). ACKNOWLEDGMENT
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