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ABSTRACT: GTP cyclohydrolase I catalyzes a mechanistically complex ring expansion affording dihydro-
neopterin triphosphate from GTP. The inherently slow enzyme reaction was studied under single turnover
conditions monitored by multiwavelength ultraviolet spectroscopy. The spectroscopic data array was
subjected to singular value decomposition and thereby shown to comprise six significant linearly
independent optical processes. The data were fitted to a model of six consecutive unimolecular reaction
steps where the first was considered to be reversible. The rate-limiting step was shown to occur rather
late in the reaction sequence.

GTP cyclohydrolases catalyze the first committed step in
the biosynthetic pathways of tetrahydrofolate, tetrahydrometh-
anopterin, tetrahydrobiopterin, flavocoenzymes, and various
nucleoside analogues. Specifically, GTP cyclohydrolase I
converts GTP (compound1, Figure 1) to dihydroneopterin
triphosphate (compound10) (1, 2) that serves as a biosyn-
thetic precursor of tetrahydrofolate in plants and many
microorganisms (3) and of tetrahydrobiopterin in animals (4,
5).

The enzyme-catalyzed reaction involves the opening of
the imidazole ring of GTP by hydrolysis of the C-8/N-9 bond,
the release of formate by hydrolysis of the formamide bond
of the intermediate, compound4, and an Amadori rearrange-
ment of the carbohydrate side chain followed by ring closure
under formation of the dihydropteridine chromophore (1, 2,
6-10).

The complex reaction sequence has been studied in some
detail by biochemical and crystallographic analysis (6-11).
An essential zinc ion complexed to two cysteine residues
and one histidine residue was found to act as a Lewis acid
involved in the nucleophilic attack of C-8 of GTP by water
or a hydroxyl ion (12). The structure of the resulting
formamide type intermediate, compound4, has been estab-
lished by NMR1 spectroscopy using multiply13C-labeled
GTP as substrate (13). Enzymatic conversion of GTP to
compound4 has been shown to be reversible with an
approximate equilibrium constant of 0.1 at pH 7.0 and 30
°C (13).

The downstream part of the enzyme-catalyzed reaction
sequence is incompletely understood. The rearrangement of

the carbohydrate side chain has been shown to involve a
stereospecific protonation step (8).

Single turnover quenched-flow experiments with GTP
cyclohydrolase I tentatively located the rate-limiting step to
the terminal part of the reaction trajectory (9). A more
detailed analysis of the complex reaction sequence is reported
in this paper.

MATERIALS AND METHODS

Materials. 6,7-Dimethylpterin was purchased from Schircks
Laboratories, Jona, Switzerland. 2-Amino-5-formylamino-
6-ribosylamino-4(3H)-pyrimidinone 5′-triphosphate (com-
pound4) was prepared as described earlier (13).

Enzyme Purification. Recombinant GTP cyclohydrolase I
of Escherichia coliwas prepared as described earlier (8).

Enzyme Assay. GTP cyclohydrolase I activity was mea-
sured by published procedures (8).

Single TurnoVer Experiments. Stopped-flow and quenched-
flow experiments were performed with an SFM4/QS ap-
paratus from Bio-Logic (Claix, France) equipped with a
linear array of three mixers and four independent syringes.
For stopped-flow measurements, the content of a 1.5 mm
light path quartz cuvette behind the last mixer was monitored
with a Tidas diode array spectrophotometer (200-610 nm)
equipped with a 15 W deuterium lamp as light source (J&M
Analytische Mess- und Regeltechnik, Aalen, Germany). The
reaction buffer contained 10 mM Tris-HCl, pH 8.5, 100 mM
KCl, and 2.5 mM EDTA. GTP cyclohydrolase I was used
at a concentration of 6.6 mg mL-1 (equivalent to 267µM
subunits), and GTP was used at a concentration of 167µM.
At a total flow rate of 4 mL s-1, the enzyme solution was
mixed at 30°C at a ratio of 1:1 with substrate solution. At
that flow rate, the calculated dead time is 7.6 ms. During
the reaction, spectra integrated over 48 ms were recorded at
intervals of 100 ms.

Global Analysis of Data from Stopped-Flow Experiments.
Prior to data analysis, the absorbance background caused by
buffer and enzyme was removed by subtraction of a blank
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data set obtained without addition of substrate. Data reduction
and stronger weighting of early spectra were achieved by
extracting 300 spectra on a pseudo-logarithmic time base
from the difference data sets. These data sets were then
analyzed using the program SPECFIT/32 3.0.12 (R. Binstead
and A. Zuberbu¨hler, Spectrum Software Associates, Marl-
bourough, MA).

Quenched-Flow Experiments. For quenched-flow experi-
ments, the mixing apparatus was equipped with a computer-
controlled valve instead of a cuvette. A delay loop of 230
µL nominal volume located between mixers 2 and 3 was
filled with reactants at a total flow rate of 4 mL s-1. At the
times indicated, the reaction mixture in the delay loop was
mixed at a 1:1 ratio at 30°C with 1 M hydrochloric acid
from syringe 4 at a flow rate of 4 mL s-1. The effluent was
stored at-70 °C for further analysis.

Analysis of Reaction Mixtures. Acidic reaction mixtures
from quenched-flow experiments were incubated at 90°C
for 5 min. After adjustment to pH 8.5 by addition of 1 M
NaOH, butanedione was added to a final concentration of
0.5%. The mixtures were incubated at 90°C for 1 h. 6,7-
Dimethylpterin was determined by HPLC as described
previously (14).

RESULTS

GTP cyclohydrolase I generates stoichiometric amounts
of formate and dihydroneopterin triphosphate from GTP.
Earlier quenched-flow studies had indicated that the rate of
formation of formate exceeds that of dihydroneopterin
triphosphate by approximately 1 order of magnitude (9).

The hypothetical reaction intermediates shown in Figure
1 are all characterized by heterocyclic chromophores suitable
for optical detection. Specifically, the substrate, GTP, is
characterized by an absorption maximum at 252 nm with a
shoulder at 273 nm (Figure 2). The early reaction intermedi-
ate, 2-amino-5-formylamino-6-ribosylamino-4(3H)-pyrimi-
dinone 5′-triphosphate (compound4), which has been
identified earlier by NMR spectroscopy (13), has an absorp-
tion maximum at 273 nm. The enzyme product, dihydrone-
opterin triphosphate, is characterized by a broad absorption
band at 330 nm and a more intense band centered at 280
nm. Figure 2 also shows the spectrum of 2,5-diamino-6-
ribosylamino-4(3H)-pyrimidinone 5′-phosphate, the product
of GTP cyclohydrolase II (15), which is likely to resemble
closely the spectra of the hypothetical intermediates, com-
pounds5, 7, 8, and 9, which are all expected to have
absorbency bands centered around 280 nm and should
therefore be distinguishable from compounds4 and 10,
respectively, on the basis of ultraviolet measurements.

In light of the negative cooperativity of GTP cyclohydro-
lase I (16), single turnover stopped-flow experiments were
performed with an excess of enzyme subunits over proffered

FIGURE 1: Hypothetical reaction mechanism of GTP cyclohydrolase
I (9).

FIGURE 2: Ultraviolet spectra of compounds supposed to occur in
the reaction trajectory of GTP cyclohydrolase I: (s) GTP
(compound 1); (- - -) 2-amino-5-formylamino-6-ribosylamino-
4(3H)-pyrimidinone 5′-triphosphate (compound4); (‚‚‚) 2,5-di-
amino-6-ribitylamino-4(3H)-pyrimidinone 5′-monophosphate ob-
tained by treatment of GTP with GTP cyclohydrolase II (the
corresponding triphosphate, compound5); (-‚-) dihydroneopterin
(the corresponding triphosphate, compound10).
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GTP. The reaction was monitored with an array photometer.
A sequence of spectra is shown in Figure 3. In light of the
complexity of the reaction sequence catalyzed by the enzyme,
it is not surprising to observe a complex landscape with major
absorbency changes occurring on a time scale extending from
fractions of a second to several minutes.

Selected ultraviolet spectra from Figure 3 are shown in
Figure 4. The initial phase of the reaction is characterized
by a rapid, almost exponential decrease of the absorbency
at 254 nm signaling the rapid consumption of GTP (Figure
5). Simultaneously, a broad band centered around 320 nm

reaches its maximum absorbency within approximately 4 s
(Figures 4 and 5).

The spectra shown in Figure 4A almost intersect at 275
nm, thus suggesting a uniform reaction during the initial
reaction time. However, on closer inspection, the absorbency
at 275 nm is characterized by two maxima at 0.7 and 14.5
s and a minimum at 4 s, thus indicating the involvement of
several different reaction steps occurring at different veloci-
ties in the early reaction phase (Figure 5).

The spectrum recorded after 20 s (Figure 4B) is similar
to the spectrum of authentic 2,5-diamino-6-ribosylamino-
4(3H)-pyrimidinone 5′-phosphate (i.e., the monophosphate
analogue of the hypothetical intermediate, compound5)
shown in Figure 2. It should be noted that the absorbency at
320 nm has decreased substantially by comparison with the
spectrum obtained at 3 s. Obviously, the transient compound
with a maximum at 320 nm has been consumed in the
reaction progress.

The terminal part of the reaction sequence (extending from
about 40 s to 4 min) is dominated by a slow but progressive
increase of long-wavelength absorbency (Figure 5). However,
there was concern that the spectroscopic data in this time
period may be corrupted by photodecomposition of the
enzyme product, dihydroneopterin triphosphate, occurring in
the stopped-flow cuvette.

FIGURE 3: Optical spectra from a single turnover stopped-flow
experiment.

FIGURE 4: Ultraviolet spectra from the early phase (A) ant the later
phase (B) of the single turnover experiment shown in Figure 3.

FIGURE 5: Absorbance changes observed during a single turnover
stopped-flow experiment. Symbols represent experimental data from
Figure 3. Solid lines represent the numerical simulation using the
kinetic constants in Table 1.
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The suspected photochemical artifacts were directly con-
firmed by a reconstruction experiment performed as follows.
The conversion of GTP to dihydroneopterin triphosphate was
allowed to proceed to completion in the stopped-flow cell
without light exposure. Spectroscopic observation of the
reaction mixture was then initiated and showed the spectrum
of dihydroneopterin triphosphate (Figure 6). Subsequently,
ultraviolet illumination inherent in the continuous photo-
metric observation was conductive to a red shift of the long-
wavelength absorbency band (Figure 6) which may have
involved a photodismutation of the enzyme product with
formation of fully oxidized dihydroneopterin triphosphate
as one of the reaction pathways.

For a more detailed analysis, the data set in Figure 3 was
subjected to singular value decomposition using the program
SPECFIT/32 3.0.12 (Spectrum Software Associates, Marl-
borough, MA), which indicated six linearly independent
optical processes significantly above the noise floor. These
data were numerically fitted to a kinetic model implicating
five consecutive enzyme-catalyzed reaction steps followed
by a sixth reaction step accounting for the artificial photo-
decomposition process.

Since earlier studies had documented the reversibility of
the ring opening reaction affording the formamide type
compound4 from GTP (13), we introduced a reversible first
reaction step. To overcome the resulting overparametrization,
we included the known spectra of GTP (A) and 2-amino-
5-formylamino-6-ribosylamino-4(3H)-pyrimidinone 5′-triph-
osphate (B) into our model. The other reaction steps were
modeled as unimolecular forward reactions.

Only about 85% of proffered GTP have been shown to
be converted to the enzyme product, compound10, in pre-
steady-state quenched-flow experiments, even when signifi-
cantly less than 1 equiv of GTP per enzyme subunit was
used. The failure to convert all GTP to product in a single
reaction cycle was attributed to partial zinc depletion of the
enzyme during purification. An accurate value for the actual

zinc content of the GTP cyclohydrolase I preparation used
for stopped-flow experiments was not available. Several sets
of calculations was performed with corrections for different
fractions of residual GTP. In line with theoretical consider-
ations, the corrections were conductive to minor changes of
the rate constants but did not modify the general model.
Figure 7 shows a kinetic model without correction for
residual GTP.

The deconvoluted spectra of the molecular species A to
G are shown in Figure 7A. The concentration curves for these
molecular species are shown in Figure 7B. The quality of
the fit can be estimated from the comparison between the
experimental absorbency data with the sum of the fractional
absorption contributions of components A to G according
to the model using the kinetic constants shown in Table 1
(Figure 5).

The decay of the optical transient A is qualitatively similar
to the consumption of GTP in earlier quenched-flow studies
(9) although the latter suggested a somewhat more rapid
decrease of GTP which may, however, be related to chemical
instability under the conditions of acid quench. Our earlier
quenched-flow study had also shown that the maximum
concentration of the formamide intermediate does not exceed
10% of the starting concentration of GTP. This is well in
line with the low intensity of the spectral component B
(around 10% of starting GTP) at the time of its maximum
concentration at 1.2 s.

The conversion of GTP to compound4 had been shown
earlier to be a reversible reaction by steady-state experiments
with the H179A mutant as well as by quenched-flow
experiments. The steady-state experiments had suggested a
value of 0.1 for the equilibrium constant, but this value
should be interpreted with caution, since the evaluation of
the data was complicated by the isomerization of compound
4 affording four different stereoisomers (13). The quenched-
flow experiments afforded values in the range of 0.07-0.45
for the equilibrium constant (9). The numerical analysis of
the stopped-flow data reported in this paper suggests a value
of 0.41. In light of the inherent methodical difficulties, the
values from all three methods appear compatible.

The most conspicuous feature in the optical spectra from
the stopped-flow experiments is the rapid formation of a
species with an absorption maximum around 320 nm
reaching a concentration maximum at 4 s (Figures 4 and
7B). Among the hypothetical reaction intermediates shown
in Figure 1, the Schiff base, compound6, is the most
plausible candidate for long wavelength around 320 nm due
to the conjugation of the imine double bond with the
quasiaromatic ring system.

The transient species characterized by the reconstructed
spectrum D is characterized by an absorption maximum of
280 nm and by distinctly sigmoidal kinetics. The recon-
structed spectrum is similar to the spectral envelope shown
in Figure 4B (optical spectrum recorded at 20 s) and is the
quantitatively dominant intermediary species observed in the
course of the reaction. An absorption band with these
characteristics appears plausible for the hypothetical inter-
mediates7 and8. Both compounds are substituted triamino-
4(3H)-pyrimidinone type molecules devoid of side chain
double bonds in resonance with the heterocyclic ring system.

Optical transient E represents a low-amplitude spectral
process, which results in a maximum around 310 nm after

FIGURE 6: Photodecomposition of dihydroneopterin triphosphate
under the experimental conditions of optically detected stopped-
flow experiments: (s) spectrum of a reaction mixture incubated
in the dark for 3 min; (- - -) same sample after irradiation in the
stopped-flow cuvette for 3 min.
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B 98
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C 98
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G
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about 55 s. Since in numerical analysis the errors are
distributed evenly among the parameters, low-amplitude
spectral processes are expected to carry a higher error and
corresponding spectra have to be interpreted with caution
(Figure 7A). An association of transient E with the hydrated

pteridine structure, compound9, is conceivable but can only
be tentative. The reconstructed spectral components F and
G show close similarity with the spectrum of dihydroneop-
terin triphosphate, respectively, the spectrum obtained after
photodecomposition of dihydroneopterin triphosphate (Figure
6).

Whereas the correlation of optical transients with putative
intermediates can only be tentative, it can be cross-checked
by comparison with data from quenched flow (9). The
consumption of GTP is qualitatively similar in the stopped-
flow and quenched-flow experiments although GTP disap-
pears more rapidly in the quenched-flow experiments by
comparison with the stopped-flow experiment.

The stopped-flow and quenched-flow data for the forma-
tion and depletion of the formamide intermediate, compound
4, are closely similar (Figure 7C). Both types of analysis
indicate that the transient concentration of this intermediate
does not exceed 10% of the total reactant concentration at
any time during the reaction.

The concentration of formate must be equivalent to the
sum of the concentrations of all heterocyclic products that
are formed after the hydrolysis of compound4 (i.e., to the
sum of compounds5-10 plus all heterocyclic compounds
obtained by photooxidation) since all of the compounds must
have been formed via compound4 by the release of the
formate moiety. Indeed, Figure 7C shows that the sum term
of transients C to G corresponds closely to the concentration
of formate determined by quenched-flow analysis (9).

To obtain additional data for the assignment of the optical
transients, pre-steady-state reaction mixtures were quenched
with hydrochloric acid, and the acidic mixtures were heated
at 90°C in order to cleave glycosidic bonds in all susceptible
compounds. The resulting 2,5,6-triamino-4(3H)-pyrimidinone
(compound11) was converted to 6,7-dimethylpterin (com-
pound 13), which was then detected by fluorescence-
monitored HPLC. This analysis should detect the sum of all
intermediates which are susceptible to hydrolytic release of
the carbohydrate side chain under acidic conditions. Hence,
it should represent the sum of compounds3-6 and possibly
compound7 (Figure 8).

The sum of the concentrations of optical transients B to
D as calculated from the stopped-flow data in Figure 7B is
shown in Figure 9 (solid line) and is at least qualitatively
similar to the result of the quenched-flow experiments shown
in Figure 9 (symbols).

Compounds8 and 9 are both expected to undergo ring
closure and/or dehydration in the acidic mixture obtained
by hydrochloric acid quench. In fact, the spontaneous reaction
of 1-(2,5-diamino-1,6-dihydro-6-oxopyrimidine-4-ylamino)-
1,5-dideoxy-L-erythro-pentulose has been used for prepara-
tive synthesis of dihydrobiopterin (17, 18). Thus, the sum
of the concentrations of optical transients E and F plus the
concentrations of the artifactual photoproducts corresponding
to the optical transient G should be equivalent to the amount

FIGURE 7: Numerical simulation of stopped-flow data: (A)
reconstructed absorbance spectra of transient chromophores; (B)
concentration of transient species; (C) comparison of single turnover
stopped-flow (lines) and quenched-flow experiments (symbols).
Symbols: (9) GTP (compound1); (O) 2-amino-5-formylamino-
6-ribosylamino-4(3H)-pyrimidinone 5′-triphosphate (compound4);
(3) formate; (2) dihydroneopterin triphosphate (compound10).
Lines: (s) optical transient A; (- - -) optical transient B; (‚‚‚) sum
of optical transients C to G; (-‚-) sum of optical transients E to G.

Table 1: Kinetic Constants Obtained from Single Turnover
Experiments

rate constant (s-1) rate constant (s-1)

k1 0.229( 0.004 k4 0.0161( 0.006
k-1 0.559( 0.024 k5 0.0245( 0.001
k2 1.50( 0.03 k6 0.0073( 0.0003
k3 0.480( 0.006
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of dihydroneopterin triphosphate observed in quenched-flow
experiments. It is obvious that the detection of the enzyme
product, compound10, as diagnosed in the quenched-flow
experiments precedes the curve derived from the stopped-
flow data. As discussed in more detail below, this deviation
could be easily explained if the closure of the pteridine ring
occurs in the bulk solvent and is not enzyme catalyzed.

DISCUSSION

The following facts about the mechanism of GTP cyclo-
hydrolase I have been established earlier. (i) The imidazole
ring of GTP is hydrolytically opened between C-8 and N-9
(10). (ii) The rate for the liberation of formate exceeds that
for the formation of the heterocyclic product, dihydroneop-
terin triphosphate, by approximately 1 order of magnitude
(9). (iii) Utilization of the carbohydrate side chain of GTP
involves the stereospecific introduction of a proton into the
pro-7R position of the enzyme product (8).

Stopped-flow and quenched-flow analyses of the enzyme
reaction are both faced with the problem that unequivocal

assignment of observational parameters to specific intermedi-
ates in the complex reaction sequence is not possible. In
quenched-flow experiments, different hypothetical intermedi-
ates can yield the same compound as a consequence of acid
treatment. Specifically, the hypothetical intermediates8 and
9 could be converted to compound10 under the conditions
of the acid quench. On the other hand, optical transients
cannot be assigned unequivocally to specific reaction inter-
mediates. Moreover, spectroscopic data as obtained in
stopped-flow experiments suffer from the even more fun-
damental problem that optical transients are model dependent
and every conceivable model accounting for the same number
of linearly independent steps should yield comparable
deviations from experimental data. Despite these caveats,
both experimental approaches show that opening of the
imidazole ring of GTP is rapid by comparison with the
formation of dihydroneopterin triphosphate.

An Amadori rearrangement followed by ring closure is
involved in the biosynthesis of tryptophan (Figure 10). The
enzymatic conversion ofN-(5′-phosphoribosyl)anthranilate
(compound14) to 1-[(2-carboxyphenyl)amino]-1-deoxyribu-
lose 5-phosphate (compound16) catalyzed by phosphoribosyl
anthranilate isomerase has been studied by Hommel et al.
(19), who showed that the formation of an enolamine
intermediate (compound15) is rapid by comparison with the
subsequent keto/enol tautomerization occurring as part of the
Amadori rearrangement.

It is unknown whether the entire reaction sequence from
GTP to dihydroneopterin triphosphate is actually enzyme
catalyzed. Conceivably, the enzyme could release the Ama-

FIGURE 8: Comparison of single turnover stopped-flow and diacetyl
quenched-flow experiments. Concentrations of 6,7-dimethylpterin
(compound13) from quenched-flow experiments are indicated as
symbols; the sum of intermediate B to D from stopped-flow
experiments is represented as a solid line.

FIGURE 10: Reaction catalyzed by phosphoribosyl anthranilate isomerase (19).

FIGURE 9: Expected reactions of putative reaction intermediates
during acid hydrolysis followed by treatment with diacetyl (com-
pound12). For details see Results.
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dori product, compound8, which could subsequently undergo
ring closure and dehydration in the bulk solvent. Both partial
reactions could easily occur without catalysis under physi-
ological conditions (17, 18).

The formation of the dihydropteridine ring system requires
a major conformational rearrangement of the reactant. The
active sites of GTP cyclohydrolase I appear as relatively rigid
cavities located at the respective interfaces of three adjacent
subunits in the decameric protein. The triphosphate motif
of the reactants is held in place by several basic amino acid
residues inside the reaction cavity (20), and the position 2
amino group of GTP appears to be fixed by hydrogen bonds
to glutamate 152. Formation of the pteridine ring system in
situ would probably require a major conformational motion
of the heterocyclic moiety in order to bring the position 5
amino group into a position adjacent to the carbonyl group
of the carbohydrate side chain. Obviously, this would not
arise if ring closure occurred in the bulk solvent rather than
at the active site of the protein. The kinetic data obtained to
date are unable to distinguish between these alternatives.

Even if the terminal reaction steps were to occur spontane-
ously in the bulk solvent rather than at the active site of the
enzyme, the reaction sequence catalyzed by GTP cyclohy-
drolase I remains highly complex and involves the hydrolytic
cleavage of two different CN bonds and the rearrangement
of the carbohydrate moiety. Intuitively, the rearrangement
of the carbohydrate moiety appears mechanistically straight-
forward by comparison with the hydrolytic opening of the
chemically inert guanine ring system. The overall rate
constant for the formation of 1-[(2-carboxyphenyl)amino]-
1-deoxyribulose 5-phosphate (compound16, Figure 10) from
N-(5′-phosphoribosyl)anthranilate (compound14) is ap-
proximately 3 orders of magnitude higher than the Amadori
rearrangement catalyzed by GTP cyclohydrolase (9).
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