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GTP cyclohydrolase I (GTPCH1) catalyzes the conversion of GTP to dihydroneopterin
3′-triphosphate. We found that an 8-oxoguanine derivative of GTP (8-oxo-GTP)
strongly bound to GTPCH1 from Thermus thermophilus HB8 (tGTPCH1) as a compet-
itive inhibitor. The affinity of 8-oxo-GTP was three orders of magnitude greater than
that of GTP. These results suggest that 8-oxo-GTP is a transition state analogue of
GTPCH1. We have solved the X-ray crystal structures of tGTPCH1 complexed with 8-
oxo-GTP and 8-oxo-dGTP at 2.0 and 1.8 Å resolution, respectively, as well as the free
form of the enzyme at 2.2 Å resolution. In the structure of tGTPCH1 complexed with 8-
oxo-GTP or 8-oxo-dGTP, the oxygen atoms at O8 of the 8-oxoguanine groups, together
with residues Cys108, His111 and Cys179, are coordinated to the zinc ion. The water
molecule between Nδ1 of His177 and N7 of 8-oxoguanine is conserved in both struc-
tures. These structural data are in accordance with one of the proposed transition
states. Superimpositioning of the structures indicates the imidazole ring of His110 is
rotated, implying concomitant proton transfer to the ribose ring O4′. Based on these
structural data we propose a novel reaction mechanism for GTPCH1.

Key words: GTP cyclohydrolase I, 8-oxoguanine, Thermus thermophilus HB8, transi-
tion state analogue, zinc enzyme.

Abbreviations: AFRPT, 2-amino-5-formylamino-(6β)-ribosylamino-4(3H)-pyrimidinone 5′-triphosphate; BH4,
tetrahydrobiopterin; DRPT, 2,5-diamino-(6β)-ribosylamino-4(3H)-pyrimidinone 5′-triphosphate; FapyG, 2,6-
diamino-4-hydroxy-5-formamidopyrimidine; GTPCH1, GTP cyclohydrolase I; eGTPCH1, GTPCH1 from
Escherichia coli; hGTPCH1, GTPCH1 from man; rGTPCH1, GTPCH1 from rat; tGTPCH1, GTPCH1 from Ther-
mus thermophilus HB8; NH2TP, dihydroneopterin 3′-triphosphate; and 8-oxo-GTP (8-oxo-dGTP), (d)GTP contain-
ing an oxidatively damaged form of guanine (7,8-dihydro-8-oxoguanine).

GTP cyclohydrolase I (GTPCH1) [EC 3.5.4.16] is a key
enzyme in the biosynthesis of several cofactors [e.g., folic
acid in bacteria and tetrahydrobiopterin (BH4) in mam-
malian species]. The common reaction step in these
biosynthetic pathways is the formation of dihydroneop-
terin triphosphate (NH2TP, 6-D-threo-1′,2′,3′-hydroxypro-
pyl-7,8-dihydroneopterin 3′-triphosphate) from GTP (Fig.
1). This complex reaction comprises several steps: purine
base opening, formic acid release, ribose ring opening and
rearrangement of the carbohydrate side chain, followed
by formation of the pyrazine ring of the product. More-
over, conformational reorientation of the reactant
appears to be required in the ring closure step. Among
the reaction intermediates shown in Fig. 1, 2-amino-
5-formylamino-(6β)-ribosylamino-4(3H)-pyrimidinone 5′-
triphosphate (AFRPT) was identified experimentally (1,
2), whilst 2,5-diamino-(6β)-ribosylamino-4(3H)-pyrimidi-

GTPCH1 was partially purified and named by Burg
and Brown (3) over 30 years ago. The proposed reaction
mechanism of GTPCH1 involved non-enzymatic Amadori
rearrangement. Although evidence for the participation
of Amadori rearrangement was provided (4, 5), refine-
ment of the proposed reaction mechanism has had to
await structural analysis of the enzyme. The major bio-
chemical properties of GTPCH1s purified from various
species have been studied, including the pH dependence
of their activity. However, identification of functional
groups of GTPCH1 has been problematic, due in part to
the instability of the enzyme.

Nar et al. (6) first solved the structure of free GTPCH1
from Escherichia coli (eGTPCH1) in the absence of coor-
dinated zinc. Five years later, the zinc coordinated struc-
tures were solved for eGTPCH1 as well as human
GTPCH1 (hGTPCH1) (7). These GTPCH1s exhibit 5-fold
symmetry with a central β-barrel sandwiched by α-
helices. The active site is made up of three adjacent sub-
units. The zinc ion in the active site is coordinated to one
His and two Cys residues. Mutation of these residues
resulted in loss of activity (8). Rebelo et al. (9) solved the
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three mutant structures of eGTPCH1 complexed with
GTP and proposed a reaction mechanism. According to
their hypothesis, His112 (eGTPCH1) participates in the
two bond-cleavage steps and the zinc ion participates in
the release of formic acid through coordination to its two
oxygen atoms. Until now, however, the structure of wild-
type GTPCH1 complexed with zinc and a substrate or
analogue had not been solved.

The thermostable properties of proteins from T. ther-
mophilus HB8 (10) make them particularly suitable for
structural and functional analyses (11). In general, these
proteins can be easily crystallized and often give high-
resolution diffraction data. In this paper, we report that
tGTPCH1 exhibited high affinity for the 8-oxoguanine
derivative of GTP (8-oxo-GTP). The results of structural
analyses, as well as the affinity data, suggest that 8-oxo-
GTP is a transition state analogue of GTPCH1. The high-
resolution data also suggest the participation of a zinc
ion and water molecules in the transition state. From
these results a new reaction mechanism for tGTPCH1 is
proposed. The possible physiological meaning of the high
affinity of 8-oxo-GTP is also discussed.

MATERIALS AND METHODS

Materials—8-Oxo-GTP and 8-oxo-dGTP were pur-
chased from TriLink BioTechnologies. Neopterin, iso-

propyl β-D-thiogalactopyranoside and phenylmethyl-
sulfonyl fluoride were from Wako Pure Chemicals.
Restriction enzymes were from Takara-Bio Inc. and New
England Biolabs.

Cloning and Overexpression—The gene for GTPCH1
was amplified by the polymerase chain reaction using the
following primers: 5′-ATATCATATGAGCCCGGGGCCA-
CAGAGCGGGGGGC-3′ and 5′-ATATAGATCTTTATTA-
GGCCGTCCCGT-CCCTGAGGTGGCTC-3′. The amplified
product was cloned into plasmid pT7Blue (Novagen).
After confirmation of the nucleotide sequence, the
plasmid was digested with NdeI and BglII. The resulting
DNA fragment containing the gene was inserted between
the NdeI and BamHI sites in pET-11a (Novagen). The
expression plasmid was used to transform E. coli strain
BL21(DE3) (Novagen). Transformants were cultured by
the high-cell density method at 37°C in 3 liters of 2× YT
(tryptone-yeast extract-rich) medium containing ampi-
cillin (50 µg ml–1). Cultivation was performed under 0.1
MPa until the E. coli growth had reached the plateau of 5
× 109/ml. Cultivation was then continued under higher
pressure (0.12 MPa) for 36 h until the cell density reached
1–2 × 1011/ml. During cultivation approximately 1 liter of
2 N NaOH was added automatically to maintain the pH
value of the medium at a neutral level (pH 7.2). Nutrient
demand was met by adding glucose (300 g). Heterologous
gene expression was then induced by adding isopropyl β-
D-thiogalactopyranoside (50 µg ml–1). After continuing
the cultivation for 5 h, the cells (125 g) were harvested
and stored at –20°C.

Protein Purification—All operations were carried out
at 4°C unless stated otherwise. About 25 g of frozen cells
was thawed and suspended in 50 mM Tris-HCl (pH 7.5),
10 mM 2-mercaptoethanol and 1 mM phenylmethyl-
sulfonyl fluoride. After disruption of the cells by sonic-
ation, the lysate was centrifuged at 30,000 × g for 60 min.
The supernatant was heated at 70°C for 20 min, chilled
on ice and then centrifuged at 30,000 × g for 60 min. The
resulting supernatant was applied to a Toyopearl
SuperQ-650M column (Tosoh) equilibrated with 50 mM
Tris-HCl (pH 7.5) and 10 mM 2-mercaptoethanol at 4°C.
Protein was eluted with a linear KCl gradient (0–1 M).
Target fractions were collected, diluted with an equal vol-
ume of 50 mM Tris-HCl (pH 7.5), 10 mM 2-mercapto-
ethanol and 60% ammonium sulfate, and then applied to
a Toyopearl Butyl-650M column (Tosoh) equilibrated
with 50 mM Tris-HCl (pH 7.5), 10 mM 2-mercapto-
ethanol and 30% ammonium sulfate. Protein fractions
were eluted with a linear ammonium sulfate gradient
(30–0%) at 4°C. The collected fractions were dialyzed
overnight against 20 mM Tris-HCl (pH 7.5) and 10 mM
2-mercaptoethanol. Protein was concentrated with a
Vivaspin spin concentrator (molecular mass cut-off,
10,000 Da) (Viva Science) and then applied to a MonoQ
column (Amersham Biosciences) equilibrated with 20
mM Tris-HCl (pH 7.5). GTPCH1 was eluted with a linear
gradient of KCl (0–1 M). The tGTPCH1 peak fractions
were collected and concentrated.

Enzyme Assay—Enzyme assays were performed by the
method of Fukushima et al. (12) with slight modification.
The reaction mixture comprised 50 mM Tris-HCl (pH
8.5), 0.1 M KCl, the desired concentration of GTP and
about 0.2 µM enzyme. Reactions were performed at 25°C

Fig. 1. Current model of the mechanism of GTPCH1 activity.
J. Biochem.
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for 60–180 min and terminated by the addition of an
iodine solution comprising 1% iodine and 2% KI in 1 N
HCl. The product (NH2TP) was oxidized to neopterin tri-
phosphate by the iodine. Excess iodine was reduced by
the addition of 2% ascorbic acid. 1 N NaOH and 1 M Tris-
HCl (pH 8.0) were added to neutralize the reaction mix-
ture. The fluorescence of neopterin triphosphate was
measured with excitation at 355 nm and emission at 460
nm using a Hitachi spectrofluorimeter, model F-4500.
Since the triphosphate moiety of NH2TP was not fluores-
cent, the fluorescent intensity of neopterin was assumed
to be the same as that of NH2TP (13).

Kinetic Studies—Steady-state kinetic parameters were
analyzed with GTP or GDP as the substrate. Km and kcat
were calculated with the Michaelis-Menten equation
using the curve fitting software Igor Pro (WaveMetrics).
For pH profile experiments, the reaction mixture
comprised 0.5 mM GTP, 50 mM buffer component and 0.1
M KCl.

Competitive inhibition of ATP, dGTP, 8-oxo-dGTP or 8-
oxo-GTP was studied. In the case of the 8-oxoguanine
derivatives, the affinities were rather high, and the con-
centrations of the inhibitors and the enzyme were compa-
rable, and thus correction for enzyme concentration was
necessary to calculate the inhibition constants (14, 15).
In the presence of both GTP and 8-oxo-GTP, GTPCH1 is
inhibited in a competitive manner. Only ES can produce
NH2TP.

[E]0 = [E] + [ES] + [EI] (1)

[S]0 = [S] + [ES] (2)

[I]0 = [I] + [EI] (3)

Km = [E][S]/[ES] (4)

Ki = [E][I]/[EI] (5)

Based on Eqs. 1–5, [ES] at the desired GTP concentration
is obtained by solving Eq. 6.

f([ES]) = (Km – Ki)[ES]3 + {–(Km – Ki)([E]0 + [S]0 + Km) 
+ Ki[S]0 + Km[I]}[ES]2 + [S]0 {[E]0(Km – 2Ki) 
– [S]0Ki – [I]0Km – KmKi} [ES] + [E]0[S]0

2Ki = 0 (6)

v = kcat [ES]

From v-[S] plots, Ki is obtained.
To determine the concentration of the inhibitory com-

plex with 8-oxoguanine derivatives, we introduce α, i.e.,
the ratio of intact enzyme-substrate complex to total
enzyme complex.

α = [ES]/([ES] + [EI]) (7)

From Eqs. 1–7,

f([ES]) = [ES]3 + {([S]0 + [I]0) + 2[E]0 + Km + Ki }[ES]2 
+ {([S]0 + [I]0 + 1)(2[E]0 + Km + Ki) 
+ ([E]0 + Km)([E]0 + Ki) – (Km[S]0 + Ki[I]0)}[ES] 
+ Km[S]0([E]0 + Ki) + Ki[I]0 ([E]0 + Km) 
– ([S]0 + [I]0)([E]0 + Km)([E]0 + Ki) = 0 (8)

α = [S]0([E]0 – [ES])/[ES](Km + [E]0 – [ES]) (9)

Table 1. Data collection and refinement statistics.

aValues in parentheses are for the outermost shell of data. bRmerge = Σ|Iobs – <I>|/ΣIobs. cRcryst = Σ||Fobs| – |Fcalc||/
Σ|Fobs|. dRfree is monitored with 10% of the reflection data excluded from refinement.

Data set Free Complex with 8-oxo-GTP Complex with 8-oxo-dGTP
Data collection

Beamline BL45PX/SPring-8 BL45PX/SPring-8 BL45PX/SPring-8
Unit-cell parameters

a (Å) 160.22 160.20 160.53
b (Å) 110.48 110.96 110.59
c (Å) 70.65 70.46 70.65
β (°) 105.27 105.53 105.81
Space group C2 C2 C2
Resolution (Å)a 50–2.2 (2.28–2.20) 50–2.0 (2.07–2.00) 50–1.8 (1.89–1.82)
Wavelength (Å) 1.0 1.0 0.98
Observations (No.) 196,546 290,012 233,632
Unique reflections (No.) 58,232 79,691 103,478
Data completeness (%) 96.6 (94.1) 99.1 (99.6) 98.5 (98.7)
Rmerge

b 0.067 (0.292) 0.054 (0.251) 0.050 (0.297)
Average I/σ 22.4 (4.3) 27.3 (5.6) 25.0 (3.4)

Refinement statistics
Resolution limits (Å) 50–2.2 50–2.0 50–1.8
Rcryst

c 0.208 0.2066 0.2052
Rfree

d 0.261 0.2367 0.2358
Average B factor (Å2) 33.7 34.1 25.5

R.m.s. deviation from ideality
Bond length (Å) 0.006 0.006 0.006
Angles (°) 1.35 1.36 1.33
Dihedral angles (°) 23.52 22.85 22.86
Improper angles (°) 1.17 1.19 1.16
Vol. 138, No. 3, 2005
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Substituting [E]0 = 16 nM, [S]0 = 150 µM, Km = 4.2 µM
and Ki = 0.0054 µM in Eq. 8, solving of f([ES]) = 0, [ES]
was possible. From Eq. 9, α was calculated with various
8-oxoguanine/guanine ratios.

Crystallization—Initial screening for tGTPCH1 crys-
tallization conditions was performed using the hanging-
drop vapor-diffusion method at 20°C and a Crystal
Screen Cryo (Hampton Research). The initial protein
concentration was 13.7 mg/ml. Drops were prepared by
mixing 2 µl of protein solution with 2 µl reservoir solu-
tion, and equilibrated against 200 µl of reservoir solution.

The free form of tGTPCH1 was crystallized with the fol-
lowing reservoir solutions: 0.1 M HEPES (pH 6.8), 2.0 M
ammonium sulfate, 3.4% polyethyleneglycol (PEG) 400,
and 15% glycerol. Crystals of tGTPCH1 complexed with
an 8-oxoguanine derivative were obtained by co-crystalli-
zation with 1 mM 8-oxo-GTP or 10 mM 8-oxo-dGTP. The
crystallization conditions were the same as those used for
the free form except for the glycerol content (25% instead
of 15%).

X-Ray Diffraction Data Collection and Refinement—
X-ray diffraction data for crystals were collected with a

Fig. 2. Overall structure of free tGTPCH1. (a, b) Top and side
views of the decameric structure of free tGTPCH1. Each subunit in
ribbon form is differently colored. Black balls represent the zinc ions
at the active sites. (c) Enlarged stereo view of the active site of free
tGTPCH1. The zinc ion (green) and water molecules (cyan or gray)

are shown as balls. The difference Fourier map (1Fo – Fc map, σ =
3.0) is superimposed on the model. Residues coordinated to Zn are
drawn as ball-and-stick models, whereas other residues are drawn
as stick models.
J. Biochem.
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mosaic CCD detector (Jupiter 210, Rigaku) at –163°C,
using synchrotron radiation at SPring-8 beam line
BL45XU-PX. Crystals were prepared under cryo resist-
ant conditions, so no extra cryoprotectant was needed.
The data processing was completed using HKL2000 (16).
The space group of all crystals was C2 and each of the
unit cell parameters was about the same (Table 1). To
determine the structure of the free protein we employed
the molecular replacement method, using the pentamer
of hGTPCH1 (7) as a model molecule (PDB code; 1FB1).
The AMORE program (17) was used in the resolution
range of 15.0 to 4.0 Å with an integration vector of 20 Å.
The highest solution found exhibited 5-fold symmetry, a
correlation coefficient of 0.637 and an R factor of 44.7%.
Manual model building and subsequent iterative refine-
ment were performed using the O and CNS programs,
respectively. The same refinement procedure was applied
to the structures of the two complexes with 8-oxo-dGTP
and 8-oxo-GTP, except that the coordinates of free
tGTPCH1 and tGTPCH1 in complex with 8-oxo-dGTP
were used as the initial model, respectively. All protein
crystals have one region of high electron density in the
active site per subunit. This density was assigned to a
zinc ion on measurement of the X-ray absorption fine
structure. No other regions of high electron density were
observed. The structures of free tGTPCH1, and
tGTPCH1 in complexes with 8-oxo-dGTP and 8-oxo-GTP
were refined at 2.2, 1.8 and 2.0 Å resolution, respectively.
A summary of the refinement statistics for all structures
is presented in Table 1. A symmetrical operation and
superimpositioning of this pentamer resulted in the
decamer structure (Fig. 2, a and b). The decamer struc-
ture was also confirmed in an aqueous solution (data not
shown).

Graphics—Figures were prepared using Molscript (18)
and Raster3D (19). The homology picture was drawn
with ESPript (20). The hydrogen bonding network dia-
gram was drawn with LIGPLOT (21).

Protein Data Bank Accession Code—The atomic coor-
dinates of free tGTPCH1, and tGTPCH1 in complexes
with 8-oxo-GTP and 8-oxo-dGTP have been deposited in
the PDB under the accession codes 1WM9, 1WUQ and
1WUR, respectively.

RESULTS

Steady-State Kinetics of tGTPCH1—tGTPCH1 was over-
produced in E. coli cells and then the recombinant pro-
tein was purified to homogeneity by column chromato-
graphy in three steps (see “MATERIALS AND METHODS”).
tGTPCH1 activity was assayed under steady-state condi-
tions. The NH2TP production kinetics followed the
Michaelis-Menten equation, and Km and kcat were calcu-
lated. For GTP, kcat = 0.0035 s–1, Km = 4.2 µM at 25°C
(Table 2), kcat = 0.053 s–1, Km = 12.8 µM at 60°C, and kcat =
0.14 s–1, Km = 20.8 µM at 75°C. From these results, ∆G =
–9.7 kcal/mol, ∆H = –6.6 kcal/mol, T∆S = 3.1 kcal/mol,
∆G‡ = 21.5 kcal/mol, ∆H‡ = 15.8 kcal/mol, and T∆S‡ = –5.6
kcal/mol at 25°C were obtained (22). For the binding step
(∆H = –6.6 kcal/mol and T∆S = 3.1 kcal/mol), substrate-
binding and water-release processes might compensate
for each other. Bond cleavage may be the rate-limiting
step (∆H‡ = 15.8 kcal/mol and T∆S‡ = –5.6 kcal/mol).

These results are similar to those obtained for other
GTPCH1s isolated from various organisms (23–28) sug-
gesting they share an identical reaction mechanism.

In addition to GTP, tGTPCH1 also catalyzed the reac-
tion from GDP with Km = 142 µM and kcat = 0.0017 s–1.
dGTP and ATP acted as competitive inhibitors with Ki
values of 20 and 71 µM, respectively. GMP showed
neither reaction nor inhibition, even at 1 mM (Table 2).
When a substrate analogue, dGTP, 8-oxo-GTP or 8-oxo-
dGTP, was incubated with tGTPCH1, HPLC analysis
gave only a peak corresponding to each triphosphate,
indicating that these compounds do not act as substrates
for the enzyme. Surprisingly, 8-oxo-GTP and 8-oxo-dGTP
inhibited tGTPCH1 in a competitive manner with inhibi-
tion constants of 0.0054 and 0.22 µM, respectively, which
are much smaller than Ki for dGTP (20 µM) and Km for
GTP (4.2 µM) (Table 2). The unitary free energy (∆Gu) of a
substrate or analogue was calculated from Km or Ki using
the following equation: ∆Gu = –RT lnK – 2.39. The results
are listed in Table 2.

Sequence Homology—Figure 3 shows multiple amino
acid sequence alignment of GTPCH1s from prokaryotes
to man. Except for the N-terminal region, significant
homology was found throughout the length of the poly-
peptide. In mammals, rat GTPCH1 (rGTPCH1) and
hGTPCH1 exhibit a high level of homology over the
entire sequence. The residues forming the ligand-binding
pocket (Fig. 3, indicated by triangles) are highly con-
served. The zinc coordinating residues and the catalytic
residues are all conserved. tGTPCH1 exhibited 36%
homology to eGTPCH1, and 58% homology to hGTPCH1
and rGTPCH1.

The contents of charged residues (Asp, Glu, His, Arg
and Lys) were 29.1% in tGTPCH1, 24.9% in eGTPCH1
(7), 25.3% in hGTPCH1 (7), and 25.8% in rGTPCH1 (29).
This seems to be consistent with the tendency of proteins
from thermophiles to have high ion pair contents (30).

Overall Atructure—tGTPCH1 showed high stability at
elevated temperatures (up to 95°C at pH 7.5) and a wide
range of pH values (pH 5–11 at 25°C) (data not shown).
By using this thermostable GTPCH1, high-quality crys-
tals easily formed and high-resolution (2.2 Å) data were
obtained (Table 1). The decamer structure is shown in
Fig. 2, (a and b). Ten α-helices, one from each subunit, are
arranged in tandem at the central core surrounded by a
β-barrel. The active sites are situated between the β-
sheet and the linker region for the α-helix: Cys108 and
His111, from the β-turn, Cys179, from the β-sheet to the
α-helix boundary, and a zinc ion form an active site with
a distorted trigonal geometry (Fig. 2c). This zinc ion was
confirmed by the X-ray absorption fine structure (29)
(data not shown). The distances between the zinc ion and

Table 2. Kinetic parameters of tGTPCH1.

a∆Gu: unitary free energy, ionic strength 0.1, pH 8.5, 25°C.

Substrate or inhibitor kcat (s–1) Km or Ki (µM) ∆Gu
a (kcal mol–1)

GTP 0.0035 4.2 –9.7
GDP 0.0017 143 –7.6
dGTP 0 20 –8.8
ATP 0 71 –8.1
8-oxo-GTP 0 0.0054 –13.7
8-oxo-dGTP 0 0.22 –11.5
Vol. 138, No. 3, 2005
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the coordinating Sγ and Nδ atoms are 2.3–2.4 Å. These
values are entirely consistent with those for other zinc-
binding proteins (31). Several water molecules were
found in the ligand-binding pocket. Based on five sub-
units per an asymmetrical unit, four water molecules
were assigned to each active site. One water molecule
(W2 in the A subunit, Fig. 2c) is 3.2 Å from the zinc ion on
the opposite side of three coordinating residues. Another
water molecule (W1 in Fig. 2c) forms a hydrogen bond
with the Nε2 atom of His110, whereas another one (W3
in Fig. 2c) forms one wth the N atom of the Gln149 back-
bone. The fourth water molecule (W4 in Fig. 2c) forms a
hydrogen bond with the Nη1 atom of Arg137 from the B
subunit. These water molecules are likely to contribute to
the substrate binding and transition state.

Structures of Complexes with 8-Oxoguanine Deriva-
tives—The structures of tGTPCH1 complexed with 8-oxo-
GTP and 8-oxo-dGTP, respectively, were determined at a
resolution of 2.0 and 1.8 Å, respectively (Table 1). These
high-resolution structures reveal details of the active site
including the substrate analogue, zinc ion and water mol-
ecules (Fig. 4, a and b). As shown in Fig. 4a, the difference

Fourier map (1Fo – Fc map, σ = 4.0) fits 8-oxo-GTP well.
Both structures include one zinc ion and one 8-oxogua-
nine derivative per subunit. Two Sγ atoms from Cys108
and Cys179, the Nδ1 atom from His111, and the O8 atom
from the 8-oxoguanine base are coordinated to the zinc
ion in a tetrahedral geometry (Fig. 4, a and b). The aver-
age distances between the O8 atom of 8-oxoguanine and
the zinc ion are 2.05 Å and 2.00 Å for 8-oxo-GTP and 8-
oxo-dGTP, respectively.

The ribose conformation of bound nucleotides was
found to be best represented by C1′ exo (32) in both com-
plexes as a result of calculation by CNS (NMR and crys-
tallography system, ver.1.1) (33) on refinement. However,
in general, the ribose conformation of nucleosides or
nucleotides is C2′ endo, C3′ endo or C3′ exo (34). Energy-
minimization calculations indicated that the C2’ endo
conformation was possible for the ribose. Comparison of
the C1′ exo form with the C2′ endo form on the difference
Fourier map (1Fo – Fc map) showed that the differences
in the positions of individual atoms were too small to
establish the ribose conformation with certainty at this
resolution.

Fig. 3. Amino acid sequences of GTPCH1s from various spe-
cies. Completely conserved residues are presented as white letters
on a green background. Partially conserved residues are presented
as green letters. Under the sequences, three red stars (Cys108,
His111 and Cys179 of tGTPCH1) represent the residues coordinat-
ing directly to the zinc ion. The two blue stars represent the residues
(His110 and His177 of tGTPCH1) participating in enzymatic cataly-
sis. Cyan stars indicate the residues forming a hydrogen bond to the

bound 8-oxo-GTP. Triangles represent the residues that form the lig-
and-binding pocket: magenta triangles represent the residues in one
subunit forming the active site, orange triangles are the residues
from the neighboring subunit, and cyan triangles are the residues on
the opposite side of the subunit. The accession numbers for the
amino acid sequences are GenBank S44049 for hGTPCH1, GenBank
M58364 for rGTPCH1, and GenBank X63910 for eGTPCH1. This fig-
ure was created using ESPript (20).
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The substrate-binding pocket is formed from three
adjacent subunits. The hydrogen-bond network around
the active site is shown in Fig. 5. 8-Oxo-nucleotide binds
to the protein like a wedge. The purine moiety is inserted
into the protein, whereas the triphosphate moiety is
bound near the pocket entrance. In this entrance region,
there are three positively charged arginine residues
(Arg64, Arg137 and Arg183) and one lysine residue
(Lys134). The triphosphate moiety interacts with the
positive charges in the binding pocket entrance. Part of

the triphosphate moiety is also in contact with water
molecules near the protein surface. In contrast, the
ribose and purine moieties, which are inserted into the
protein, are surrounded by neutral and hydrophobic resi-
dues. In particular, the residues that form the binding
pocket from the neighboring subunit (Figs. 3 and 5) are
hydrophobic in nature.

The bound ligand and the enzyme form 22 and 19
hydrogen bonds, either directly or through a water mole-
cule, with the 8-oxo-GTP complex (Fig. 5) and 8-oxo-

Fig. 4. The binding mode of 8-oxo-GTP in the active site. (a)W1
forms a hydrogen bond to His 110, whereas W5 forms hydrogen
bonds to 8-oxo-GTP and His177. The difference Fourier map (1 Fo – Fc
map,   σ = 4.0) is superimposed on the model. (b) 8-oxo-dGTP (colored)

can be exactly superimposed on 8-oxo-GTP (transparent) at the
active site. Not only the bound ligands, but also the water molecules
are consistent in both structures.
Vol. 138, No. 3, 2005
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dGTP complex (data not shown), respectively. For the 8-
oxo-GTP complex the hydrogen bonding network can be
divided as follows: 12 hydrogen bonds for the tri-
phosphate moiety, 6 for the purine moiety, and 4 for the
ribose moiety. In the case of 8-oxo-dGTP, which lacks the
2’-hydrolxyl group of the ribose, 3 hydrogen bonds are
absent.

In the 8-oxo-GTP complex, at least 4 water molecules
(e.g., W1, W5, W6 and W7 in the A subunit, Fig. 4a) were
identified from five active sites. One water molecule (W5)
is positioned between the Nδ1 atom of His177 and the N-
7 atom of the purine, distance 2.6 and 2.9 Å, respectively,
which indicates the formation of hydrogen bonds to both
atoms. One water molecule (W1) forms a hydrogen bond
with the Nε2 atom of His110 on the opposite side of
His110 from the zinc ion. This water molecule occupies

the same location as in the free form (Figs. 2c and 4a).
W6 and W7 form hydrogen bonds with the O atom of
the Cys179 backbone. Compared with the structure of
mutated eGTPCH1 [His113 (His111 in tGTPCH1) to Ser]
complexed with GTP (9), the hydrogen bonding networks
around the catalytically important water molecule (W5)
and His177 were identified in tGTPCH1.

Superimpositioning of the free form on the complex
with 8-oxo-GTP or 8-oxo-dGTP revealed significant alter-
ation in the orientation of the imidazole ring plane of
His110 and the benzene ring plane of Phe89 from the
neighboring subunit (Fig. 6a). Compared with the free
form, the imidazole rings were rotated by 41.5 and 58
degrees in the 8-oxo-GTP and 8-oxo-dGTP complexes,
respectively. In the 8-oxo-GTP complex, the His110
imidazole ring plane faces the ribose O4′ atom in every
subunit, whereas it points in the direction of the N9 atom
of the purine moiety in the free enzyme. Rotation of the
imidazole ring of His110 about the axis of the Cβ and C4
atoms is likely to be accompanied by the nearly simulta-
neous movement of the benzene ring of Phe89, which is
probably caused by aromatic π–π interactions. Since the
water molecule near His110 (W1 in the free form or W1
in the 8-oxo-GTP complex) is on the extended line of the
Cβ-C4 axis (Figs. 2 and 4), this water molecule is unaf-
fected by rotation of the imidazole ring.

In the 8-oxo-dGTP complex, however, in three of the
five subunits (Fig. 6a), the imidazole ring of His110
points in the same direction as the free form (free-type),
but in the other subunits (Fig. 6b), it points in the same
direction as the 8-oxo-GTP complex (8-oxo-GTP-type). In
the 8-oxo-dGTP-bound complex, the distances between
the O4’ atom of the ribose and the Nδ1 atom of His110
are 2.7 Å and 3.4 Å in the free-type and 8-oxo-GTP-type
subunits, respectively (Fig. 6). A hydrogen bond can be
formed when His 110 is in free-type state. This may
imply the possible role of His110 in opening of the ribose
in the course of the reaction catalyzed by GTPCH1.

DISCUSSION

8-Oxo-GTP as a Transition-State Inhibitor—During
the course of our studies on nucleotide-related enzymes,
we found that tGTPCH1 can tightly bind to 8-oxo-dGTP
(Table 2). Furthermore, we determined the X-ray crystal
structure of tGTPCH1 in a compelx with either 8-oxo-
GTP or 8-oxo-dGTP together with a zinc ion, which ena-

Fig. 5. Schematic diagram of the hydrogen-bond network in
the structure complexed with 8-oxo-GTP. Dotted cyan lines
indicate the hydrogen bonds. This figure was made with the LIG-
PLOT program  (21)

Fig. 6. Rotation of the imidazole
ring of His110. The active sites of the
free-type subunit (a) and 8-oxo-GTP-
type (b) subunit are shown. Phe89,
His110, Cys108, His177 and Cys179 of
the free form are colored red. These
residues and 8-oxo-GTP of the 8-oxo-
GTP complex are colored blue. These
residues and 8-oxo-dGTP of the 8-oxo-
dGTP complex are represented in CPK
colors.
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bled us to analyze the reaction mechanism in detail,
especially the reaction converting GTP to AFRPT. No
structure of GTPCH1 complexed with zinc and GTP has
been determined. Instead, a model structure was con-
structed by superimpositioning of two experimentally
determined structures, one of the wild-type enzyme in
the free form and the other of a mutant enzyme compris-
ing zinc-chelating histidine complexed with GTP (9).
Thus, this is the first report of a the ternary complex of
GTPCH1, zinc and a GTP derivative.

A zinc ion is known to be important for purine ring
opening (7). In the free form of tGTPCH1 (Fig. 2c), the
zinc ion is coordinated by two S atoms from Cys108 and
Cys109, and an N atom from His111. This coordination
has also been observed for eGTPCH1 and hGTPCH1 (7).
In the previously proposed mechanism (7), the zinc ion
activates a water molecule near the C8 position of the
purine ring to generate a hydroxyl nucleophile in close
proximity to the imidazole ring of the bound substrate.
One water molecule has been observed at a suitable posi-
tion in the active site of eGTPCH1 (7). In this study, we
identified the fixed water molecule (W2) situated near
the zinc ion in the substrate-binding site. W2 is located
too far (3.2 Å) from the zinc ion to be the fourth coordina-
tion position, and is not located on the line connecting the
zinc and the guanine ring. There is a possibility, however,
that when a substrate binds to the active site W2 changes
its position and becomes the essential water molecule
activated by the zinc ion. tGTPCH1 in complex with 8-
oxo-GTP showed that the O8 atom is coordinated to the
zinc ion, at a distance of 2.0 Å, at the fourth coordination
position. In the proposed scheme (7), the zinc-bound
hydroxyl ligand can then attack the C8 atom of the
imidazole (see Fig. 7, I). Therefore, it is possible to
envisage the O8 atom occupying the position where the
oxygen of the hypothetical water molecule is located in
the active site.

It should be remembered that 8-oxoguanine can exist
in both keto and enol configurations of the C8 substitu-
tion (35). Unfortunately, X-ray crystallography cannot
reveal the presence of hydrogen atoms methodologically.
Theoretical calculation predicts that, as for the C8 posi-
tion, the predominant species at neutral pH is the C8-
keto form, along with protonated N7: the pKa of the C8-
enol has been determined to be ~12 (36). These data
strongly suggest that the bound 8-oxo-GTP exists in the
C8-keto configuration.

The interaction of GTPCH1 with many nucleotide
derivatives (23, 25, 37), pteridine derivatives (13, 25, 38–
41), and divalent metal ions (23, 42) has been reported.
However, the 8-oxoguanine derivatives of GTP have not
been studied. It was only reported that the 8-oxoguanine
base inhibited GTPCH1 activity, and that the affinity is
much lower than that of 8-oxo-GTP (43). In this study, 8-
oxo-GTP exhibited approximately 1,000-fold higher affin-
ity for the enzyme over the substrate GTP. Furthermore,
8-oxo-(d)GTP was a very strong competitive inhibitor of
the enzyme activity. Assuming the binding free energy is
additive, the energetic contribution of each moiety to the
affinity can be roughly estimated from the data in Table
2. The contribution of the 8-oxo group in the guanine base
is –4 to –3 kcal/mol (i.e., the energy difference (∆∆G) was
–4.0 kcal/mol between GTP and 8-oxo-dGTP, and –2.7

kcal/mol between dGTP and 8-oxo-dGTP). The low affin-
ity for the adenine base (∆∆G was +1.6 kcal/mol between
GTP and ATP) supports previous observations that
GTPCH1 is specific for the guanine base. The contribu-
tion of the γ-phosphate group is 2.1 kcal/mol, and that of
the 2′-OH group is 1 to 2 kcal/mol (∆∆G was +0.9 kcal/mol
between GTP and dGTP, and +2.2 kcal/mol between 8-
oxo-GTP and 8-oxo-dGTP). These results indicate that
the 8-oxo moiety of the guanine ring makes the greatest
contribution to the observed affinity in comparison with
other groups. Generally, transition state analogues show
higher affinity for the enzyme than their respective sub-
strates by 2–6 kcal/mol (44–46). Therefore, our kinetic
results raise the possibility that an 8-oxoguanine deriva-
tive is one of the transition state analogues. The high
affinity of the 8-oxo group for the active site supports at
least the notion that the water molecule activated by the
zinc ion attacks C8 of the substrate.

The reaction catalyzed by GTPCH1 comprises many
elementary steps and is thus expected to involve many
transition states. As shown in Fig. 1, AFRPT, the product
generated on opening of the guanine ring, contains an
oxygen atom at the C8 position. The apparent similarity
of AFRPT to 8-oxo-GTP raises the possibility that 8-oxo-
(d)GTP acts as an inhibitor analogous to AFRPT itself,
not to a transition state. However, this possibility is
unlikely because the NHCHO group cannot be located in
the same plane as the base due to unfavorable steric
clashing. This may be supported by the observation that
the NHCHO group of cyclic 2,6-diamino-4-hydroxy-5-for-
mamidopyrimidine (FapyG), which is structurally the
same as the base moiety of AFRPT, is not in the plane of
the base in the complex of MutM and a cyclic FapyG-con-
taining DNA (47). The possibility is also unlikely that 8-
oxo-GTP is an analogue of an intermediate between GTP
and AFRPT (Fig. 7, III) because the steric configuration
of the hydroxyl group at the C8 position differs from that
of the 8-oxo group. Therefore, the most plausible explana-
tion for the strong inhibition by 8-oxo-GTP is that the C8-
keto form resembles a transition state intermediate in
the course of AFRPT formation. Although a feasible con-
figuration of the transition state is difficult to predict, a
candidate for such an intermediate is that generated
upon nucleophilic attack by the hydroxyl ion on GTP (Fig.
7, II).

Involvement of His177 in AFRPT Formation—In addi-
tion to the strong inhibitory effect of 8-oxoguanine, the
structures determined in this study provide new insights
into important aspects of enzymatic catalysis. Nucle-
ophilic attack by a hydroxyl ion occurs at the N7-C8 bond
of guanine, inevitably accompanied by protonation of the
N7 atom (Fig. 7, II and III). In the 8-oxo-GTP bound
forms, one water molecule (W5) lies in close proximity to
N7 and the imidazole ring of His177. The bound 8-oxo-
GTP exists in the C8-keto configuration with the N7
atom protonated, whereas the N7 atom is not protonated
in GTP. If GTP and W5 bind to the active site in the same
manner as in the 8-oxo-GTP bound form, the N7 atom
can form a hydrogen bond with this water molecule in the
ground state. Therefore, it is possible that W5 plays an
important role in facilitating reduction of the double-
bond between C8 and N7 by providing a proton to N7. No
water molecule corresponding to W5 has been assigned
Vol. 138, No. 3, 2005
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previously, probably due to low resolution, and the previ-
ous models (9, 48) assumed that the ring opening of the
guanine base proceeds without such a water molecule.
However, the presence of a fixed water molecule near N7
should increase the pKa, thus promoting the protonation
of N7 in the transition state, since the pKa of N7 of the
guanine is below 2 (49).

The W5 molecule may play a functional role also in
cleavage of the formamide bond of AFRPT (Fig. 7, IV).
The precise structure has not been determined for the
AFRPT-bound form. However, it is probable that a water
molecule corresponding to W5 is located at a similar posi-
tion because W5 can also make a hydrogen bond with the
Nδ1 atom of His177 (Fig. 5). His177 is completely con-
served among GTPCH1s (Fig. 2), suggesting its impor-
tant role in the reaction. eGTPCH1 mutants of His179,
corresponding to His177 of tGTPCH1, accumulate
AFRPT (Fig. 1), implying that this residue assists the
cleavage of the formamide bond of AFRPT (9). Based on
our structure, His177 seems to be required for activation
of the water molecule for nucleophilic attack on AFRPT.
Involvement of His177 in hydration of the formyl group
via the water molecule can explain well the results of
mutation studies (9). Alternatively, His177 may assist

the precise location of the water molecule activated by
the zinc ion (9), although no water molecule was detected
at such a position in this study.

The Nε2 atom of the imidazole group of His177 can
make a hydrogen bond with the oxygen atom of the side-
chain amido group of Gln149 at a distance of 2.8 Å. The
glutamine residue at this position is completely con-
served (Fig. 2), and the interaction with the histidine is
also conserved in the eGTPCH1 structure (the distance is
2.7 Å) (9). Therefore, the likely role of Gln149 is to fix the
imidazole group in an appropriate position and orienta-
tion for catalysis. Gln149 may also affect the protonation
state of Nε2 of His177 by keeping Nδ1 protonated.

Rotation of the Imidazole Ring of His110—The struc-
ture of the 8-oxo-dGTP complex is almost the same as
that of the 8-oxo-GTP complex, except for one side chain,
His110. The direction of the imizadole ring can be classi-
fied into the free-type and 8-oxo-GTP-type (Fig. 6). The
two configurations of the pentamer structure suggest
that the His110 imidazole ring can rotate between the
free-type and the 8-oxo-GTP-type. In the free-type config-
uration, a hydrogen bond can form between His110 and
the O4′ atom. The side-chain direction of His112 in the
Cys181Ser mutant of eGTPCH1 (PDB code; 1N3T) is

Fig. 7. Proposed mechanism for the reaction catalyzed by
GTPCH1. Two water molecules (WA and W5) play important roles
in holding the substrate and initiating the nucleophilic attack.

His110 imidazole acts as a general acid on ribose ring opening. The
details are given in the text.
J. Biochem.
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similar to that of the 8-oxo-GTP-type of His110 in
tGTPCH1, whereas that in free eGTPCH1 is similar to
the free-type in tGTPCH1. The hydrogen-bond network
is also similar between tGTPCH1 and eGTPCH1 (9).
According to the proposed model (9), His112 in eGTPCH1
acts as a proton acceptor, rotates its imidazole group and
then acts as a proton donor to transfer a proton to the
ribose ring of GTP. In the case of tGTPCH1, however,
there is no interaction between His110 and a ligand to
the zinc ion. This seems inconsistent with the notion that
His112 acts as a proton acceptor upon nucleophilic attack
of the zinc-activated water. Instead, in our structures, the
Nε2 atom of His110 can form a hydrogen bond with the
W1 molecule (Fig. 4a). The W1 molecule is conserved in
the three structures (Figs. 2c and 4b). The W1 molecule
forms a hydrogen bond with the Oε2 atom of the carboxyl
group of Glu109 at a distance of 2.7 Å. The side-chain
carboxyl group of the conserved Glu109 residue (Fig. 3)
may play a similar role to the amide group of Gln149 by
fixing the position of His110 and maintaining its Nε2
atom in a protonated state via the W1 molecule.

Novel Reaction Mechanism—Based on these results,
we propose a novel reaction mechanism for the early
phase of the GTPCH1 reaction, as shown in Fig. 7. Upon
conversion of GTP to AFRPT, the water molecule (WA) is
activated by the zinc ion and makes a nucleophilic attack
on the C8 atom of GTP to yield the tetrahedral transition
state, which may resemble the 8-oxo-GTP complex struc-
ture (Figs. 6 and 7, II). N7 accepts the proton from the
water molecule (W5) (III) and the C8-N9 bond is cleaved
to produce AFRPT (IV). The reaction step from GTP to
AFRPT is reversible and fast (50). The hydroxyl ion,
formed as a result of the deprotonation of W5, nucleophil-
ically attacks C8 to form another tetrahedral intermedi-
ate (V). The C8-N7 bond is cleaved to produce DRPT and
the C8 atom is released as formic acid (VI). The released
formic acid might coordinate to the zinc ion. During or
after this release, the imidazole ring of His110 rotates,
and a hydrogen bond between Nδ1 of His110 and O4′ of
the ribose is formed to protonate Nδ1 (VI). 2,4-Diamino-
5-formamidopyrimidine nucleotide, which is structurally
similar to DRPT, can easily epimerize and the C1′-O4′

bond is cleaved spontaneously (51). However, the
GTPCH1 reaction proceeds by two orders of magnitude
faster than the epimerization rate of 2,4-diamino-5-
formamidopyrimidine. In the case of GTPCH1, Nε2 of
His110 could act as a general acid, yielding a Schiff base
(VII). The hydrogen bond between Nδ1 and O4′ is main-
tained until product release. The Schiff base intermedi-
ate is converted to the enol form, which is spontaneously
isomerized to the keto form (VIII and IX). The N7 atom
could then nucleophilically attack C2′ to close the pterid-
ine ring. The resulting dehydration generates NH2TP
(XI).

The pH profile of tGTPCH1 activity suggested that a
functional group with a pKa of about 6 participates in this
reaction (data not shown). A histidine imidazole has a
pKa value of 6–7 and is thus a likely candidate. However,
according to our model of the GTHCH1 reaction, His177
is active in the acid form, which contradicts the observed
pH profile. For the same reason, His110 imidazole cannot
be a candidate. The phosphate moiety of GTP also has a
pKa of around 6 (52). In addition, the pKa value of the

water molecule activated by the zinc ion is 6.2–6.9, as
shown for carbonic anhydrase (53). Among these candi-
dates, the ionizing state of the activated water molecule
is most likely consistent with the observed pH profile.

There is considerable speculation concerning the later
phase of the GTPCH1 reaction, including Amadori rear-
rangement, although the structures determined here
provide no direct information about this part of the reac-
tion. Compared with other enzymes catalyzing similar
reactions, the keto-enol tautomerization might be rate-
limiting and proceed nonenzymatically among the reac-
tion steps of GTPCH1 including Amadori rearrangement
and cyclization (48, 54). However, the isomerization rates
of the enzymes (~1 s–1, pH 7.5, 25°C) (55) are much faster
than the kcat values of GTPCH1 (0.003–0.06 s–1, pH 7.4–
8.5, 37°C) (12, 25–28, 54, 56). Therefore, the cyclization
step might be rate-limiting in the GTPCH1 reaction. In
addition, a large conformational change of the intermedi-
ate would be required for efficient attack on the carbohy-
drate chain by the N7 atom of the pyrimidone moiety
(57). Molecular dynamic studies have suggested that the
ring closure reaction requires distortion of the Michaelis-
complex to optimize the geometry of the substrate (58).
Direct involvement of several amino acid residues in such
a drastic change is thought to be required for the pterid-
ine ring closure. This may make the cyclization step rate-
limiting.

Possible Physiological Meaning of High Affinity for 8-
Oxo-GTP—8-Oxoguanine is a well-known oxidative prod-
uct, and its incorporation into DNA causes mismatch
base pairing. This type of mutation in DNA can result in
degenerative diseases and cancer (59). For example, the
level of 8-oxoguanine in DNA is elevated in the substan-
tia nigra of Parkinson’s disease brain (60). Although 8-
oxoguanine can occur in free GTP and dGTP, apart from
on DNA replication, the influence of this oxidation on
cellular function has not been fully examined. In this
study, 8-oxo-GTP and 8-oxo-dGTP strongly inhibited
tGTPCH1 activity. This strong affinity of 8-oxoguanine
derivatives is thought to be common to all GTPCH1s.
GTPCH1 is the rate-limiting step in the de novo bio-
synthesis of BH4. BH4 serves as a cofactor of nitric oxide
synthase (61) and enzymes involved in the biosynthetic
pathways of several neurotransmitters, such as catecho-
lamine and serotonin (62). If the concentration of 8-oxo-
GTP were elevated, inhibition of GTPCH1 might lead to
a decrease in the intracellular concentration of BH4.
Therefore, increased levels of 8-oxo-GTP may lead to
arteriosclerosis or various neurotransmitter-related dis-
eases (e.g., Parkinson’s disease, Alzheimer’s disease,
depression and autism) (43). Here, we examine the influ-
ence of 8-oxo-GTP on GTPCH1 function in vivo.

The GTP concentration is 150 µM in rat liver (63). The
8-oxoguanine/guanine ratios in normal cell DNA are
10.5/106 in pig liver and 0.8–5.2/106 in HeLa cells (64).
When the ratio of 5.0:106 is applied to free GTP/8-oxo-
GTP, the 8-oxo-GTP concentration is assumed to be 0.75
nM. The GTPCH1 concentration in rat liver is 16 nM
(65). In the presence of both GTP (S) and 8-oxo-GTP (I),
GTPCH1 (E) can form an inhibitory complex (EI) as well
as a Michaelis complex (ES). The ES complex to total
enzyme complex ratio (α)  was calculated with various
levels of 8-oxoguanine/guanine (Table 3). With the 8-oxo-
Vol. 138, No. 3, 2005
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guanine/guanine ratio of 0.000001, which has been
reported for normal cells, GTPCH1 is almost unaffected
by 8-oxo-GTP (α = 100). With the ratio of 0.001, which is
near the ratio observed for Parkinson’s disease or Alzhe-
imer’s disease brain (60, 66), the α value reaches approx-
imately 60%. Therefore, a 100 or 1,000-fold increase in
the 8-oxo-GTP concentration could result in significant
inhibition of GTPCH1 activity and subsequently cause
severe aberrations in the biosynthesis of neurotransmit-
ters. If this is the case, defense systems against guanine
oxidation may act to protect cells not only from the muta-
genic effects on genetic information but also from the
physiological effect on metabolism via GTPCH1.
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