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ABSTRACT: Guanosine triphosphate (GTP) cyclohydrolase II (RibA) is one of
three enzymes that hydrolytically cleave the C8−N9 bond of the GTP guanine.
RibA also catalyzes a subsequent hydrolytic attack at the base liberating formate
and in addition cleaves the α−β phosphodiester bond of the triphosphate to form
pyrophosphate (PPi). These hydrolytic reactions are promoted by tandem active-
site metal ions, zinc and magnesium, that respectively function at the GTP
guanine and triphosphate moieties. The RibA reaction is part of riboflavin
biosynthesis and forms 2,5-diamino-6-β-pyrimidinone 5′-phosphate, an exocyclic pyrimidine nucleotide that ultimately forms the
pyrimidine ring of the isoalloxazine of riboflavin. The stoichiometry of the RibA reaction was defined in the study that first identified
this activity in Escherichia coli (Foor, F., Brown, G. M. J. Biol. Chem., 1975, 250, 9, 3545−3551) and has not been quantitatively
evaluated in subsequent works. Using primarily transient state approaches we examined the interaction of RibA from E. coli with the
GTP, inosine triphosphate, and PPi. Our data indicate that PPi is a slow substrate for RibA that is cleaved to form two phosphate
ions (Pi). A combination of real-time enzymatically coupled Pi reporter assays and end-point 31P NMR revealed that Pi is formed at
a catalytically relevant rate in the native reaction of RibA with GTP, redefining the reaction stoichiometry. Furthermore, our data
indicate that both PPi and GTP stimulate conformational changes prior to hydrolytic chemistry, and we conclude that the cleavage
of PPi bound as a substrate or an intermediate state results in conformational relaxation.

■ INTRODUCTION

Guanosine triphosphate (GTP) cyclohydrolase II (RibA) is a
dimeric enzyme that catalyzes one of the two committed steps
in the convergent biosynthetic pathway that forms riboflavin.
The reaction is reported to convert the substrate GTP into
three products formate, pyrophosphate (PPi), and 2,5-
diamino-6-β-pyrimidinone 5′-phosphate (DARP)1−7 (Scheme
1). RibA requires two divalent metal ions, zinc and magnesium,
for activity and both metal ions are believed to participate by a
coordination of water molecules to promote hydrolytic
chemistry. The structure of RibA solved with the substrate
analogue GMPcPP, which has a carbon in place of the oxygen
between the α and β phospho groups, indicated that the GTP
substrate is oriented such that the Zn is localized near the C8
of the purine and the Mg is proximal to the α,β-phosphodiester
linkage of the triphosphate moiety.3

RibA belongs to a class of three cyclohydrolase proteins that
are named for the order in which they were discovered (I to
III).1,8,9 Each of these proteins catalyzes the hydrolytic
cleavage of the GTP purine C8−N9 bond but forms
structurally distinct products.7 GTP cyclohydrolase I catalyzes
a ring expansion to form dihydroneopterin triphosphate,
cleaving the purine C8 as formate.8 GTP cyclohydrolase III
catalyzes the hydrolytic cleavage of the C8−N9 bond to form
2-amino-5-formylamino-6-β-pyrimidinone 5′-phosphate
(FAPy) and the hydrolysis of both phosphodiester linkages

to form two molecules of phosphate (Pi).9 It has reasonably
been inferred that the chemistry catalyzed by RibA is
comprised only of hydrolytic steps; however, the order and
mechanism with which these individual reactions occur has not
been established. The reason for this is that RibA has proven to
have a relatively slow initial step such that, observationally,
GTP is converted to β-DARP in a single phase without
accumulated intermediates.6 As such, hypothetical chemical
mechanisms for the chemistry have been proposed but are
largely unsupported by evidence. One recurrent proposal has
been that an active-site nucleophile is required to displace PPi
from GTP and that this reaction tethers to the enzyme the
GMP produced.2,3,5,6,10 This proposal arose from the
observation that GMP is not a substrate for RibA. Possibly
the most direct evidence of a mechanism has come from
Schramek and co-workers, who formed FAPy triphosphate
from a variant form of GTP cyclohydrolase I and then
demonstrated its conversion to DARP by RibA, indicating that
FAPy is a potential intermediate state for RibA.6,11
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In this study we expanded the observations of Schramek et
al. with Escherichia coli RibA (EcRibA) to identify the source of
reported absorption changes that occur prior to hydrolytic
steps when RibA is combined with GTP. Using PPi as a
nonchromophoric activator, we show that these changes arise
from perturbations of the underlying protein spectrum added
to changes in the guanine absorption signal. We propose that
the absorption shifts observed in the protein spectrum report a
conformational activation prior to the catalytic hydrolysis
chemistry. We also demonstrate that PPi is a slow substrate for
RibA that is cleaved to form two Pi ions. Contrary to prior
reports of the reaction stoichiometry,1 when PPi is derived
from turnover with GTP, it is hydrolyzed concomitant with the
rate of formation of DARP. The slow substrate inosine
triphosphate (ITP) was used to demonstrate that PPi is
formed with nucleotide product(s) and that a slow hydrolytic
chemistry at the hypoxanthine base allows for a complete PPi
dissociation and ultimate hydrolysis by the independent and
slow RibA pyrophosphatase (PPase) activity. We conclude that
PPi is an intermediate, substrate, and activator for RibA that
may serve to maintain the enzyme in the activated state but
associates weakly with this form of the enzyme to prevent
significant competition with GTP.

■ MATERIALS AND METHODS
Materials and Quantitation. Lysogeny broth (LB) agar

tablets were bought from Bio 101, Inc. Competent BL21-
(DE3) cells were obtained from New England BioLabs. The
Miller formulation of LB powder was obtained from Research
Products International. Glycerol, β-mercaptoethanol (βME),
isopropyl-β-D-1-thiogalactopyranoside (IPTG), guanosine, and
pyrophosphate (PPi) were purchased from Acros Organics.
Sodium chloride (NaCl), 2-(N-morpholino)ethanesulfonic
acid (MES), ethylenediaminetetraacetic acid (EDTA), and
tris(hydroxymethyl)aminomethane (Tris) were purchased
from Fisher Scientific. Kanamycin and magnesium sulfate

hydrate puratronic (MgSO4) were purchased from Alfa Aesar.
Guanosine triphosphate (GTP) and guanosine monophos-
phate (GMP) were purchased from MP Biomedical. 7-Methyl-
6-thioguanosine (MESG) was purchased from Biosynth
Carbosynth. Deuterium oxide (D2O), inosine triphosphate
(ITP), and inosine monophosphate (IMP) were purchased
from TCI America. Talon superflow resin was from Cytvia.
The ITP was found to be ∼40% contaminated with IDP and
IMP and was purified using anion exchange chromatography.
The mixture (10 mg) was dissolved in 5 mM Tris pH 8.5 and
loaded onto a 2.5 cm × 12 cm Q-sepharose (Cytvia) column
equilibrated in the same buffer. The nucleotides were separated
using a gradient of 0−500 mM NaCl in the Tris buffer. The
nucleotides eluted in sequence, and ITP was collected,
lyophilized, and stored at −80 °C.
Concentrations of the purified proteins, substrates, and

products were determined spectrophotometrically using the
following extinction coefficients: GTP; ε252 = 13 700 M−1

cm−1, GMP; ε252 = 14 000 M−1 cm−1, ITP & IMP; ε248 =
12 300 M−1 cm−1, DARP; ε292 = 9500 M−1 cm−1,6 MESG; ε330
= 32 000 M−1 cm−1 at pH = 7.6,12 EcRibA; ε280 = 13 200 M−1

cm−1, E. coli purine nucleoside phosphorylase (EcPNP); ε280 =
8940 M−1 cm−1, S. cerevisiae pyrophosphatase (ScPPase); ε280
= 49 390 M−1 cm−1.13

Expression and Purification of EcRibA, EcPNP,
ScPPase. Expression and purification of EcRibA, EcPNP,
and ScPPase were achieved by small customizations of
standard protocols. As such the methods are described
generally, with specific details listed in Table 1. The genes
for E. coli RibA and E. coli PNP were synthesized and
subcloned into the pET28a+ expression plasmid by Genscript
using Nde I and Xho I restriction sites to give the plasmids
pEcRibA and pEcPNP, respectively. This placed both genes in
frame with the sequence coding for a N-terminal 6His-tag
linked by a thrombin cleavage site. The plasmid for S. cerevisiae
PPase was a gift from the laboratory of Miguel Ballicora at

Scheme 1. Reported Chemistry of RibA

Table 1. Expression and Purification Conditions

EcRibA EcPNP ScPPase

Temperature equilibration
time (hours)

1 0 l

Induction temperature
(°C)

20 37 16

Induction time (hours) 20 3.5 16
Buffer A (resuspension) 50 mM Tris, 2 mM βME pH 8.0 50 mM HEPES, 2 mM βME pH 7.5 50 mM HEPES pH 7.5
Buffer B (wash) 50 mM Tris, 50 mM NaCl, 2 mM βME, 10

mM Imidazole pH 8.0
50 mM HEPES, 50 mM NaCl, 2 mM βME, 10
mM Imidazole pH 7.5

50 mM HEPES pH 7.5

Buffer C (elution) 50 mM Tris, 50 mM NaCl, 2 mM βME, 300
mM Imidazole pH 8.0

50 mM HEPES, 50 mM NaCl, 2 mM βME, 300
mM Imidazole pH 7.5

50 mM HEPES, 300 mM
Imidazole pH 7.5

Buffer D (storage) 25 mM Tris, 50 mM NaCl, 2 mM βME, 100
μM EDTA pH 8.0

25 mM HEPES, 100 mM NaCl, pH 7.5 50 mM HEPES pH 7.5
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Loyola University Chicago. The gene for ScPPase was
amplified by polymerase chain reaction (PCR) using
oligonucleotides that included a sequence for a fused C-
terminal 6His-tag and was subcloned into the pRSET-A
plasmid using Nde I and Sac I restriction sites to give
pScPPase. Each of these plasmids were transformed
independently into competent BL21(DE3) E. coli cells. Cell
stocks were prepared by transferring one cell colony to an LB
growth culture with 25 μg/mL kanamycin (pEcRibA,
pEcPNP) or 100 μg/mL ampicillin (pScPPase) and grown
with shaking at 220 rpm at 37 °C until the culture showed
signs of turbidity. Cell stocks of 1 mL were prepared by mixing
600 μL aliquots of the culture with 400 μL of 0.22 μm filtered
50% glycerol and stored in −80 °C.
To express EcRibA, EcPNP, and ScPPase, 100 μL of the

BL21(DE3) cell stock was spread onto an LB agar plate with
antibiotic selection as indicated above and incubated at 37 °C
for 16 h. The resulting cell lawn was resuspended with sterile
LB broth and used to inoculate 1 L of LB broth with the
appropriate antibiotic as indicated above. Cells were grown at
37 °C with shaking (220 rpm) to an optical density at 600 nm
of 0.6 and equilibrated to a specific temperature and induced as
described in Table 1.
Protein purification was undertaken at 4 °C. Cells were

harvested by centrifugation at 3500g for 35 min, and the cell
pellet was resuspended in Buffer A. The cell slurry was lysed by
sonication for 6 min using a Branson 450 sonifier set to 40 W.
The cellular debris was separated by centrifugation at 10 000g
for 1 h. The supernatant was loaded onto a Talon affinity
column (10 × 1.25 cm) pre-equilibrated with Buffer B.
Proteins were eluted using a 400 mL gradient of Buffer C and
collected in 5 mL fractions. Fractions within the gradient
elution that showed a significant absorption at 280 nm were
pooled. Pure protein samples were concentrated and buffer-
exchanged into Buffer D using Amicon Ultra-15, 10 kDa
nominal molecular weight cutoff (NMWC) centrifugal filters.
The concentrated sample was quantified by absorption and
assayed prior to being stored at −80 °C.
Transient-State Single-Turnover Observations of

EcRibA with Nucleotide Triphosphates and PPi. All
transient-state observations of EcRibA were performed at 20
°C using a Hi-Tech stopped-flow spectrophotometer (TgK
Scientific) that was configured for a 1:1 mixing ratio and a 1
cm path length. Throughout, all indicated concentrations are
post mixing. Unless otherwise stated all reactions were
performed in reaction buffer, 25 mM Tris, 50 mM NaCl, 5
mM MgSO4, pH 8.0. The additives βME (2 mM) or EDTA
(100 or 150 μM) were included in specific experiments as
indicated and were inconsequential to the observations. EDTA
was used as a pretreatment to remove contaminant metals and
was found to have no effect on the activity of EcRibA when
Mg(II) was the only added metal ion (Figure S1). The Km for
Mg was measured to be ∼20 μM (data not shown), and so
concentrations of this metal ion equal to or above 1 mM were
regarded as saturating. βME was added in early preparations to
maintain activity, though it was eliminated in latter
preparations of EcRibA. The transient-state observation of
the EcRibA reaction chemistry in the ultraviolet region is a
composite due to overlapping absorption contributions from
the nucleotide substrates and products and protein chromo-
phores. To deconvolute these contributions we studied the
behavior of EcRibA with GTP, ITP, and PPi.

The consumption of GTP by EcRibA was monitored at 252
or 250 nm using photomultiplier (PMT) detection. EcRibA
(96 μM) in 25 mM Tris, 50 mM NaCl, 2 mM MgSO4, 2 mM
βME, pH 8.0 was mixed with a range of concentrations of GTP
(2.5−80 μM) in the same buffer. These data were fit to a linear
combination of two exponentials according to the generalized
expression eq 1. In this instance, AXnm is the absorbance at any
point in time at 252 or 250 nm, ΔAn is the amplitude change
associated with an observed rate constant kobsn defined for a
specific phase and concentration of GTP. C is the absorbance
at infinite time, and the term x in the summation refers to the
number of phases fit.

A A e C( )
n

x

n
k t

Xnm
1

obsn
i

k
jjjjjj

y

{
zzzzzz∑= Δ +

=

−

(1)

The reaction of EcRibA with GTP was also monitored using
a charged couple device (CCD) that records all wavelengths
between 240 and 850 nm. In initial attempts to observe only
changes associated with the guanine chromophore, 40 μM
EcRibA was used to baseline the instrumnet prior to the
addition of GTP. EcRibA (40 μM) and GTP (48 μM) were
mixed, and spectra were collected for 100 s. These data were
analyzed using the singular value decomposition (SVD)
routine available in KinTek Explorer software (KinTek
Corp.)14,15 to deconvolute the composite spectral data sets.
The model of a linear two-step irreversible system was used
and did not account for substrate binding that was assumed to
be rapid. The time zero spectrum was subtracted from the
intermediate spectrum to obtain a difference spectrum that
reports the absorption changes associated with the first phase.
For most instances the reaction of GTP or ITP with EcRibA

was observed by mixing 100 μM enzyme with 40 μM substrate
in reaction buffer and monitoring at 250−252 and ∼290−310
nm for 100 s. This ratio of enzyme and substrate yields a net
single turnover but is not based on a measured dissociation
constant for the EcRibA·XTP complex and so does not report
intrinsic rate constants. The wavelengths used, respectively,
report changes in the purine/enzyme spectra and pyrimidine
mononucleotide product. The data obtained were fit to linear
combinations of exponentials (eq 1).
PPi is also a substrate for RibA and has no spectrophoto-

metric absorption in the middle-UV range. Therefore, when
titrating PPi to a constant concentration of enzyme, the
absorption changes observed report only changes to the
enzyme spectrum. EcRibA (100 μM) with 150 μM EDTA was
mixed with a range of concentrations of PPi (0−499 μM) and
monitored at 252 nm for 600 s. These conditions provide
neither ideal single-turnover or pseudo-first-order conditions
and were not fit with the purpose of determining intrinsic rate
constants. Instead, the resulting traces were fit to a single
exponential (eq 1) to obtain estimates of the amplitudes
associated with the first phase observed. The resulting ΔA
values were plotted against the PPi concentration. These data
were fit to eq 2 to provide an estimate of the PPi dissociation
constant. In eq 2, [PPi] is the concentration of PPi, [EcRibA]
is the concentration of EcRibA, and KPPi is the dissociation
constant for the EcRibA·PPi complex. The data were also fit to
the Hill equation (eq 3) to discern evidence of a cooperative
subunit activation.
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Using CCD detection, the spectrophotometric changes that
occur as the enzyme interacts with PPi were monitored.
However, we observed a light-induced artifact centered around
300 nm when the sample was excited simultaneously with all
wavelengths between 240 and 850 nm. This artifact under-
mined our capacity to isolate the spectra of each individual
species. For this reason, scanning photomultiplier detection
was used to capture individual spectra at specific times. For
each spectrum, 100 μM EcRibA with 150 μM EDTA was
mixed with 100 μM PPi and observed at 252 nm. Initially, a
spectrum of the RibA and PPi mixture was collected in
reaction buffer without added MgSO4 (preventing catalysis) to
obtain a representation of the zero-time spectrum. To capture
the midpoint spectrum, EcRibA and PPi were combined in
reaction buffer, and a spectrum was acquired after 10 s. To
capture the end-point spectrum the reaction was monitored for
4000 s, at which time a spectrum was taken. The magnesium-
free spectrum was then subtracted from the midpoint reaction
spectrum to obtain a difference spectrum that reports the
changes associated with the first phase.
PPase was used to demonstrate the effect of exogenous PPi

hydrolysis on the observed kinetics of EcRibA reacting with
GTP and PPi. ScPPase has a turnover number that is ∼2600-
fold more rapid than EcRibA, and even at low concentrations it
will rapidly hydrolyze PPi that dissociates from EcRibA.16

Using the stopped-flow spectrophotometer, 100 μM EcRibA
with 150 μM EDTA in reaction buffer was mixed with 40 μM
GTP with and without 2 μM PPase. The reaction was
monitored at 252 nm to observe the activation and
consumption of GTP and at 292 nm to observe the production
of DARP. The data obtained with and without added PPase
were fit analytically to linear combinations of exponentials to
provide a comparison of observed rates and amplitudes (eq 1).
The spectrophotometric changes associated with EcRibA’s

interaction with PPi were also observed with and without
ScPPase using double-mixing stopped-flow methods. While
monitoring at 252 nm, 100 μM EcRibA with 150 μM EDTA
was mixed with 25 μM PPi and allowed to age for 0.1 s, then
mixed with reaction buffer and monitored for 2000 s. This was
used as a reference reaction prior to the addition of PPase. The
reaction was repeated but mixed with a concentration of
ScPPase that was defined empirically by a titration to be
sufficiently low that the PPase activity of both enzymes was
similar. With a 0.1 s age time this reaction was monitored for
2000 s. To measure the rate of EcRibA relaxation in the
absence of PPi, 100 EcRibA was mixed with PPi as described
above and aged for 25 s before being combined with 1 μM
ScPPase. The data obtained were fit to a single exponential to
determine the rate constant for an enzyme conformational
relaxation that occurs in the absence of PPi.
Evidence of Binding Competition of PPi for the GTP

Binding Site. To demonstrate that PPi and GTP bind in the
same cavity within the EcRibA active site, steady-state analyses
were undertaken with GTP as a substrate at various
concentrations of PPi. Using the stopped-flow spectropho-

tometer, 1 μM EcRibA was combined with a range of GTP
concentrations (10−640 μM), and the rate of turnover was
measured at 292 nm based on the accumulation of DARP. The
observed rate was evaluated during the steady state between
100 and 400 s. The rates obtained were plotted versus the
GTP concentration and fit to eq 4 in which v is the observed
rate of reaction in units of concentration per unit time,
[EcRibA] is the concentration of enzyme, [GTP] is the
concentration of GTP, kcat is the turnover number for EcRibA,
and Km is the Michealis constant.

v k
KEcRibA

GTP
GTP

cat

m[ ]
=

[ ]
+ [ ] (4)

This analysis was repeated in the presence of a range of PPi
concentrations (20−640 μM). The nested set of curves was fit
globally to a competitive binding model using the inbuilt
routine within Prism software (Graphpad) to obtain the Km
for PPi.

Acid Quench and HPLC Product Analysis of the
EcRibA Reaction with ITP. The slow rate of turnover
observed with ITP facilitated an acid quench and subsequent
product analysis to evaluate the time-dependent accumulation
of specific species during a single turnover. In this experiment
2825 μL of reaction buffer was combined with 128 μL of
EcRibA (100 μM final) and mixed. To this solution 247 μL of
ITP (40 μM final) was added and mixed. At specific times
(10−14 000 s) 200 μL of the reaction was withdrawn and
combined with 20 μL of 2 M trichloroacetic acid (TCA) and
vortexed. The quenched samples were centrifuged at 12 000
rpm for 5 min, and 100 μL of the supernatant was withdrawn
and neutralized by the addition of 6.2 μL of 3 M NaOH and
vortexed. A control containing ITP in the reaction buffer was
quenched in an equivalent manner to evaluate the extent of
hydrolysis of ITP in the presence of TCA. The neutralized
samples were analyzed using reverse-phase high-performance
liquid chromatography (HPLC). For each, 10 μL of the sample
was injected onto a Waters Xterra C18 column (4.6 × 250
mm, 5 μm particle size) coupled to a Shimadzu Prominence
HPLC system and separated using a mobile phase of 0.3% (v/
v) phosphoric acid, 1% triethylamine, 0.8% isopropyl alcohol
pH 7.0. Chromatograms of the reaction mixture were acquired
at 248 and 300 nm. The ITP and IMP components were
identified and quantified from standard curves for both
molecules. The 5-amino-6-β-pyrimidinone 5′-phosphate
(ARP) product was quantified only by the peak area, and
the concentration was determined by the difference. This
procedure does not account for an epimerization of this
product that both broadens the peak observed and is expected
to minimally alter the absorption spectrum.
Chromatograms were normalized to the area of the peak

observed for the buffer. The resulting peak areas obtained were
used to deduce reaction component concentrations computed
for each time point based on the ITP and IMP standard curves.
The data were plotted versus time, and the decay of ITP and
the accumulation of both IMP and the ARP product were fit to
a single exponential according to eq 1.

Indirect and Direct Demonstrations of EcRibA
Pyrophosphatase Activity. A demonstration of the
production of Pi as a product of the EcRibA reaction was
accomplished using MESG with purine nucleoside phosphor-
ylase (EcPNP) and by a direct observation of the 31P
resonances of PPi and Pi in the presence of EcRibA.
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Excess EcPNP activity was used to consume free inorganic
phosphate originating from the from RibA hydrolysis
reaction(s). With either GTP or PPi as the substrate, the
PPase activity of EcRibA was observed using a coupled assay in
which the MESG nucleoside served as the purine substrate for
EcPNP, thereby generating the chromophore 2-amino-6-
mercapto-7-methylpurine, which absorbs at 360 nm, and
ribose 1-phosphate.12 To establish a standardized response for
this assay under the conditions used, the change in absorbance
at 360 nm was measured for a range of Pi concentrations in the
presence of 5 μM EcPNP and 200 μM MESG in reaction
buffer. The amplitudes observed were plotted against the Pi
concentration, and the data were fit to a straight line from
which the extinction coefficient change was obtained from the
slope. The EcPNP was titrated to identify at what
concentration it would not be a limiting factor in the coupled
assay.
Initially a sample of 100 μM EcRibA was mixed with 40 μM

GTP in 50 mM Tris, 50 mM NaCl, and 5 mM MgSO4 pH 8.0
and monitored at 252 nm for ∼100 s as a control. The
inorganic phosphate assay was performed in a similar manner
with the addition of EcPNP and MESG. MESG was prepared
immediately prior in 10 mM MES pH 6.0 and filtered (0.22
μm). As such the assay conditions were dominated by the
buffer used with EcRibA. The inorganic phosphate reaction
included 100 μM EcRibA, 150 μM EDTA, and 66 μM EcPNP
mixed with 40 μM GTP and 400 μM MESG. The production
of the MESG-free base by EcPNP dependent on EcRibA
turnover was monitored at 360 nm for ∼100 s. The data were
collected and compared to the original 252 nm trace to
determine which of the observed phases corresponded to
phosphate release. An identical reaction was performed with
the addition of 5 μM ScPPase. Prior to each coupled assay, the
stopped-flow system was scrubbed with ScPPase, EcPNP, and
guanosine to remove residual PPi and Pi that had adhered to
the internal surfaces of the instrument. An additional control
reaction in which 66 μM PNP was mixed with 400 μM MESG
and buffer and monitored at 360 nm was also undertaken to
assess a signal from the background phosphate.
A subsequent reaction was performed using PPi rather than

GTP as the substrate for EcRibA. A sample of 100 μM EcRibA
was mixed with 25 μM PPi in reaction buffer. The
consumption of PPi by EcRibA turnover was monitored at
252 nm for ∼2000 s. The phosphate assay was performed by
mixing 100 μM EcRibA, 150 μM EDTA, and 75 μM PNP with
a sample containing 25 μM PPi and 200 μM MESG. The
production of the MESG-free base by PNP during the EcRibA
turnover was monitored at 360 nm for ∼2000 s. The data
collected were compared to the original 252 nm trace to
determine in which phase Pi was released.

31P NMR Observation of EcRibA Turnover with GTP,
ITP, and PPi. Both PPi and ITP induce slow catalytic
processes by EcRibA. 31P NMR was used to observe the
conversion of PPi to Pi as a formal proof of this activity and to
observe the accumulation and decay of species in a net single-
turnover reaction with ITP. The end-point consumption of
GTP was also undertaken to confirm that the product, Pi,
accumulates at a rate that is catalytically relevant and more
rapid than when PPi is the sole substrate. Each observation was
performed using a Bruker A600 NMR instrument fitted with a
cryoprobe. Each spectrum recorded included 128 FIDs (FID =
free induction decay) and was acquired over a period of 7 min
and 50 s at 25 °C. When successive spectra were recorded to

observe the catalytic process with time, each acquisition was
separated by a 1 s delay. Reactions were performed in 25 mM
Tris, 50 mM NaCl, 5 mM MgSO4, 10% D2O pH 8.0. The
dominant volume (enzyme or substrate) of each reaction was
added to a 188 mm NMR tube and locked, tuned, and
shimmed prior to the addition of the initiating reactant
(enzyme or substrate) using a 215 mm stainless steel 20-gauge
luer needle attached to a 1 mL plastic syringe. The initiating
solution was mixed with the solution in the NMR tube by
drawing the entire sample into the syringe four times before
the reaction was returned to the instrument and data collection
was initiated. This process consumed ∼3 min 30 s of the
reaction time.
To monitor the conversion of PPi to Pi by EcRibA a sample

of 550 μL of 1.27 mM PPi was added to the NMR tube and
initiated with the addition of 150 μL of 466 μM EcRibA (1
mM PPi, 100 μM EcRibA final). This reaction was monitored
by collecting 46 spectra over 360 min. For the conversion of
ITP to ARP, IMP, and Pi, a sample of 3 mM EcRibA in 550 μL
was added to the NMR and shimmed and then mixed with 150
μL of 8.38 mM ITP (2.36 mM EcRibA, 1.79 mM ITP final).
This reaction was monitored by collecting 70 spectra over 550
min. The conversion of GTP to DARP and Pi was too rapid to
be observed in real time by NMR. For this reason, the end
point of the reaction was observed 11 min after the initiation.
A sample of 550 μL of 1.9 mM EcRibA was combined 150 μL
of 4.6 mM GTP (1.5 mM EcRibA, 0.985 mM GTP final), and
a single spectrum was acquired.

■ RESULTS AND DISCUSSION
The study of EcRibA is complicated by inherent limitations to
the application of conventional absorption-based transient-
state kinetic approaches to describe the chemistry. These
limitations include a complex multistep reaction that is largely
shrouded by slow initial steps and modest extinction coefficient
changes from intensely absorbing and overlapping enzyme and
substrate chromophores. As such events prior to the
production of DARP cannot be studied by systematic titration
of either substrate or enzyme to saturation without the
transmitted light diminishing to a level that exceeds the
detection limits of the instruments used for observation. These
limitations negate the measurement of dissociation constants
by titration and limit the ability to observe single-turnover
reactions in which the substrate is saturated in the enzyme
based on a known Kd value. For these reasons we chose to
study the chemistry of EcRibA within the available
observational limits by monitoring the enzyme activation and
turnover under subsaturating, net single-turnover conditions,
where the enzyme is in excess but only a fraction of the
substrate is bound when the two are initially combined.

Transient-State Kinetics of EcRibA with GTP. In prior
investigations of EcRibA, Schramek and co-workers charac-
terized multiple aspects of the GTP cyclohydrolase II
reaction.2,5,6 One of these studies included a transient-state
spectrophotometric investigation and a spectral deconvolution.
In this analysis it was revealed that two phases are observed in
single-turnover reactions of EcRibA and that the spectra
obtained suggested that the first phase observed was a blue-
shift in the GTP guanine chromophore induced by binding to
the RibA active site. Rapid quench and product analysis was
used to show that GTP consumption occurred in the second
phase and was concomitant with DARP formation. However,
the conclusions also indicated that it was equally likely that the
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shift observed in the first phase was a result of changes in the
protein spectrum that overlap with the GTP absorption.6 We
revisited the conclusions made in these prior studies and
expanded the characterization of the reaction by both titrating
GTP and identifying the source of the absorption changes that
occur in the first phase observed in a single turnover. In Figure
1A the deconvoluted spectra of Schramek et al. are presented
for reference.
Figure 1B depicts the traces observed at 250 nm when GTP

is titrated to EcRibA. These data were described well when fit
to two exponentials and qualitatively show that the first phase
is slow relative to rates normally associated with ligand
binding. The observed rate constant of the first phase does not
titrate significantly with GTP concentration; however, in the
presence of excess EcRibA this cannot be taken as evidence
that this step necessarily occurs after binding. As indicated by
Schramek the subsequent phase results in the accumulation of
the product, DARP, that is observed at this wavelength as a
loss of the guanine absorption signal. When these data were fit
analytically to two exponentials a plot of the dependence of the
first phase amplitude change was best fit to the Hill equation as
a result of a small amount of a sigmoidal character (Figure
1C). The fit returns a Hill coefficient of 1.5 indicating a modest
cooperativity for the two protomers of the EcRibA dimer with
the binding of GTP. Previous evidence of cooperativity in the
reaction of EcRibA was reported by Bacher and co-workers,

who observed a Hill coefficient of 1.3 in steady-state
observations.5 The structural origin of this apparent
intersubunit cooperativity is not known, as all available X-ray
crystal structures have the same peptide conformation for all
residues resolved.3,17 These structures were solved either in the
absence of Mg or with a nonsubstrate GTP analogue ligand
and, therefore, may reflect a nonactivated state of RibA. The
K1/2 value determined from the fit was 43 μM, similar to the
Km of 32 μM measured in steady state for GTP that should
closely approximate the KGTP value given that the turnover
number is slow at ∼0.06 s−1 (Figure 1B).6 Moreover, if we
assert that the activated enzyme predominates in the steady
state, as a result of a relatively slow conformational relaxation
(see below), GTP is binding to a different form of the enzyme
in such experiments, and yet the apparent binding constants
are similar.

EcRibA Pyrophosphatase Activity. Initial evidence of an
induced fit prior to the catalysis was obtained by adding the
proposed product PPi to RibA and observing the protein
spectrum (Figure 2A). The data obtained indicated that RibA
binds PPi and displays a similar induced-fit process to that
observed with GTP. However, the trace revealed that the
enzyme returned to its initial spectrum indicating that
equilibrium binding and irreversible catalysis were occurring
(Figure 2A inset). A comparison of the difference spectra
obtained for the first phase in the presence of PPi or GTP

Figure 1. Transient-state kinetics of WT RibA with GTP. (A) Spectra extracted from ref 6. (B) RibA (96 μM final) was mixed with GTP (2.5, 5,10,
20, 40, 60, and 80 μM final) and observed at 250 nm. These data were fit (red dashed line) to eq 1, which describes a linear combination of two
exponentials. The amplitudes for the first phase were plotted against the GTP concentration in (C) and fit to the Hill binding equation, eq 3.

Figure 2. Transient-state difference spectra of WT RibA with PPi and GTP. RibA (100 μM) was mixed with PPi (100 μM) and 5 mM Mg(II). (A)
Spectra of RibA obtained at 0 (black), 10 (blue), and 4000 (red) seconds (as indicated) for the reaction depicted in the inset. (inset) The reaction
observed at 252 nm (red trace). The reaction was also observed in the absence of added Mg(II) (black trace) to obtain the spectrum of the
nonactivated enzyme. (B) Difference spectra for t = 10 s spectrum minus t = 0 s spectrum overlaid with the difference spectrum for RibA·GTP
minus GTP from spectra depicted in Figure 1A.
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indicated that the changes were qualitatively similar (Figure
2B). It is not expected that the difference spectra would be the
same, as, unlike GTP, PPi offers no chromophore at these
wavelengths. The GTP difference spectrum is therefore
assumed to be additive for changes in both the enzyme and
guanine absorption spectra.
To further investigate the apparent catalytic behavior of

RibA in the presence of PPi, this ligand was titrated to RibA,
and the reaction was observed at 252 nm (Figure 3). In this
experiment the range of PPi concentrations used was pseudo-
first-order in enzyme and net single turnover at low PPi
concentrations, while the high PPi concentrations induced
multiple turnovers. Though the rate of the first phase observed
increases with PPi the data cannot be analyzed as though they
were a systematic pseudo-first-order set. As such only the low
concentration, net single-turnover data obtained for 7.8−62.4
μM PPi were fit using a linear combination of two exponentials
(Figure 3A). These data indicate that the overall catalytic
process with PPi can be fit to two phases but that none provide
the measurement of intrinsic rate constants. Nonetheless, the
data indicate a conformational perturbation process of ∼1−2
s−1 in response to PPi binding and a slowing conformational
return of 0.04−0.01 s−1 after or coincident with catalysis. As
PPi was titrated to higher concentrations the amplitude of the
first phase increased to a limit and revealed added complexity
(Figure 3B).
The amplitudes were estimated by single exponential fits to

the first phase only. These values were plotted against the PPi
concentration and fit to the Hill equation (eq 3) to obtain a
Hill coefficient equal to that observed with GTP and a K1/2 of
160 μM (Figure 3B inset). Given that the catalysis is slow, this
value was used as an approximation of the binding constant for
the EcRibA·PPi complex. Weak binding for PPi accounts for
the lack of consistency in the rate constants determined from
the enzyme-monitored single-turnover data of Figure 3A. The
apparent slowing of the second phase with an increased PPi
concentration was concluded to be a result of prolonged
activation that arises from the dissociation of PPi from a
conformationally activated state (see below). Though K1/2
values do not represent Kd, the apparent weak binding predicts
that the data represented in this figure are from a low fractional

EcRibA·PPi complex at equilibrium such that lagging binding
processes to form the complex contribute to the kinetic
observation. The association of EcRibA with PPi was also
evaluated using pseudo-first-order ratios of PPi (Figure S2).
These data indicate a linear dependence of the first observed
rate constant on the PPi concentration with a positive y-
intercept that yields an apparent Kd for PPi of 50 μM. In
addition, the amplitude of the first phase decreases with
increasing PPi concentration signifying an inhibitory binding
mode for PPi. The linear dependence indicates either that we
are observing binding in the first phase or that a rapid
conformational change is induced by PPi binding. The latter of
these possibilities was regarded as more probable, as the overall
extinction coefficient changes in the protein spectrum are large
(∼2000 M−1 cm−1), suggesting pronounced conformational
alterations.
To verify that EcRibA exhibited a slow pyrophosphatase

activity, 31P NMR was used to track the consumption of 1 mM
PPi by 100 μM RibA. These data show that all added PPi was
converted to inorganic phosphate, establishing a hitherto
unreported activity for this enzyme (Figure 3C). The rate of
turnover was obtained by plotting the peak area for Pi
standardized to the area for a complete conversion at 328 min
against time and fitting the linear portion (24−128 min). The
slope of this line indicated a turnover number for PPi of (124
± 1.2) × 10−6 s−1, 6 orders of magnitude faster than the rate of
PPi hydrolysis in the presence of Mg alone18 but considerably
slower than the value determined for relaxation from the net
single turnover (Figures 3A & 4B). The apparent slow
turnover number measured from the NMR data suggests that
high concentrations of PPi are inhibitory for the EcRibA PPase
activity (Figure S2). One potential explanation is that PPi as a
substrate can bind in either the α−β or β−γ phospho group
binding sites relative to the GTP association but is cleaved
more slowly or not at all in one of these two binding modes,
and this site is populated only at higher PPi concentrations. To
demonstrate that PPi and GTP compete for the same binding
site, the influence of increasing PPi concentration on GTP
steady-state kinetics was evaluated (Figure S3). These data
were well-described by a competitive substrate model and fit to
determine a Km for PPi of 23 μM.19 This agrees well with the

Figure 3. PPi as a substrate for RibA. (A) RibA (100 μM final) was mixed with PPi (3.9, 7.8, 15.6, 31.2, and 62.4 μM final) and observed at 252
nm. The data were fit to a linear combination of two exponentials (eq 1). (B) RibA (100 μM final) was mixed with PPi (3.9, 7.8, 15.6, 31.2, 62.4,
124.8, 249.6, and 499 μM final) and observed at 252 nm. For both (A) & (B), the original traces showed a degree of positional variability and were
artificially offset in the figure to commence at approximately the same absorbance value. For (B) the first phase observed (indicated in blue) was fit
to a single exponential expression (eq 1) to obtain the amplitudes as a measure of equilibrium binding for PPi. (inset) Ligand-binding isotherm
based on the amplitudes for the first phase observed in (B) fit to the Hill binding equation (eq 3). (C) 31P in vivo multifunctional magnetic
resonance spectroscopy evidence of EcRibA pyrophosphatase activity. EcRibA (100 μM final) was combined with PPi (1000 μM final) in reaction
buffer with 10% D2O and observed by collecting 128 FIDs per spectrum over the time indicated.
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measured dissociation constant for PPi binding to the resting
enzyme, demonstrating that PPi has a similar affinity for
EcRibA in the proposed conformationally activated form that
is assumed to predominate in the steady state (Figures S2 &
S3). Collectively the data presented in Figures 1−3 suggest
that EcRibA undergoes a conformational activation in the
presence of the β and γ phospho groups of GTP. This
activation is not observed with GDP or GMP (data not
shown) but is apparent with PPi, where the activation induces
the catalytic hydrolysis of the phosphodiester bond, implying
that such an activity is potentially part of a catalysis with the
native substrate, GTP (see below).
Real-Time Detection of Pi as a Product. To establish

both the native production of Pi and correlate its accumulation
with a specific phase observed in a single turnover, the
reactions of GTP and PPi with EcRibA were observed in the
transient state with and without EcPNP and MESG nucleoside.
The EcPNP, MESG reaction reports the production of Pi as
the MESG base is liberated from the nucleoside.12 Figure 4A
depicts the reaction of EcRibA with GTP observed at 252 nm.
The GTP turnover reaction could be described adequately by a
fit to two exponentials with rate constants of 0.34 and 0.11 s−1

that are assigned to an induced-fit conformational activation
and catalysis to form DARP, respectively.
These rate constants are likely to approximate intrinsic

values, as the GTP is expected to be close to uniformly bound
by the EcRibA upon mixing. Supposing the K1/2 value of 43
μM for GTP is an approximation of KGTP, the 40 μM GTP in
this reaction would be 65% bound to the 100 μM EcRibA post
mixing. When the same reaction was observed at 360 nm in the
presence of MESG and EcPNP, the rate of MESG base
elimination at 0.07 s−1 was similar to that observed for the
production of DARP. In addition, the amplitude of the MESG
reaction corresponded to 56 μM Pi, largely inconsistent with
the 40 μM GTP consumed in the reaction; this discrepancy
will be addressed below. These data indicate that the rate of Pi
production by EcRibA is correlated with the limiting rate of
catalysis and as such Pi accumulates with a catalytically
relevant rate.
The liberation of Pi from a net single-turnover reaction of

EcRibA with the PPi substrate was also evaluated using the
EcPNP, MESG reporter assay. The PPi single-turnover

reaction was fit to a two-exponential expression and returned
rate constants of 0.50 and 0.0015 s−1 (Figure 4B). The Kd
value for the EcRibA·PPi complex predicts that 62% of the
added PPi is bound by EcRibA post mixing (Figure S2). The
rate of the dominant phase for MESG base elimination was
0.0017 s−1 and correlates well with the rate of the final phase
observed at 252 nm. The amplitude of this phase indicates 48
μM Pi production (95%), consistent with the 25 μM PPi used
in this experiment.
These data reveal that the hydrolysis of PPi is a native

chemistry of EcRibA and occurs with GTP as a substrate at a
catalytically relevant rate. In the absence of GTP, PPi is a
substrate for EcRibA that conformationally activates the
enzyme with a similar rate to that observed with GTP but
then cleaves the phosphodiester bond approximately 50-fold
more slowly in the absence of the associated chemistry at the
GMP purine. Interestingly, PPi cannot induce RibA to convert
GMP to DARP. When PPi (25 μM) and GMP (300−700 μM)
are added simultaneously to the enzyme (100 μM), a binding/
conformational activation is observed, but no increase at 292
nm for the formation of DARP occurs (data not shown). This
suggests that, in the conformationally activated state, the
enzyme has a low affinity for GMP and in the aggregate that
the β and γ phospho groups have the greatest contribution to
the binding energy and hence substrate recognition. However,
this is not absolute as neither adenosine triphosphate (ATP)
nor triphosphate induce a conformational activation (data not
shown).

Evidence of Dissociable PPi in Turnover with GTP
and PPi. In Figure 5A we see that, when the reaction is
monitored past 100 s, an additional slow phase is observed
after the DARP formation is complete. This phase is enhanced
in amplitude, prolonged with the addition of PPi, and
eliminated with the addition of ScPPase.
This reveals not only that PPi that formed in the native GTP

reaction is largely converted to Pi during turnover but also that
some fraction dissociates from the activated enzyme such that
it can be consumed either by EcRibA or exogenous PPase
activity. This indicates that there exist two fates for PPi formed
in the EcRibA reaction. The majority is converted to Pi during
the production of DARP, and the remainder dissociates and is
rebound and hydrolyzed after the DARP production and

Figure 4. Transient-state kinetics of phosphate detection for RibA reacting with GTP and PPi. (A) RibA (100 μM) was mixed with GTP (40 μM
final). The traces depict data at 252 nm (blue line) that report the net single-turnover reaction of EcRibA and detection of phosphate evolved from
this reaction at 360 nm (red lines) using purine nucleoside phosphorylase (66 μM) and MESG (400 μM). The MESG traces shown are for
background phosphate (●), in the presence of GTP only (■), and for GTP and ScPPase (10 μM) (◆). (inset) Standardization of the response of
the coupled assay. (B) RibA (100 μM) was mixed with PPi (25 μM). The traces depict data at 252 nm (blue line) for an apparent net single
turnover by RibA pyrophosphatase activity and the detection of phosphate evolved from this reaction at 360 nm (red line) using purine nucleoside
phosphorylase (75 μM) and MESG (200 μM).
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dissociation. To confirm this, the GTP reaction was monitored
as an end point using 31P NMR (Figure 5B). The single
spectrum obtained 660 s after the reaction was initiated
definitively shows that only DARP and Pi are detectable
products in the reaction. This observational time is too short
for PPi to have been consumed as a separate substrate and is
consistent with it being hydrolyzed as an intermediate (Figure
3C), as the MESG data had indicated (Figure 4A). We
propose that the small amount of PPi observed in the GTP
reaction is from an uncoupling that forms a minor fraction of
GMP as previously reported.5,6

To establish whether PPi dissociates from EcRibA during
the independent PPase reaction, the signal associated with
binding/conformational activation and relaxation was observed
in the presence and absence of the ScPPase. In Figure 6A the
effect of mixing EcRibA with PPi and a low ScPPase
concentration is depicted.

These data indicate that, when the net ScPPase activity is
comparable to that of the EcRibA PPase activity, ScPPase
curtails the activation reaction and returns the enzyme to the
resting state more rapidly (in this instance ∼50-fold). This was
interpreted as PPi binding and activating EcRibA but being
free to dissociate and become hydrolyzed by ScPPase such that
the equilibrium concentration of the activated EcRibA·PPi
could not be sustained prior to the slow EcRibA PPase activity.
This signal was also used to observe the intrinsic rate of
relaxation by first mixing EcRibA with PPi, aging it for 25 s to
maximally activate the enzyme, and then mixing it with excess
ScPPase activity (Figure 6B). The absorption data obtained
indicate a relaxation rate of 0.54 s−1, ∼300-fold faster than the
predicted turnover number of EcRibA with PPi (Figure 3A).
These data contrast with the EcRibA GTP reaction, where no
evidence of an accelerated relaxation was induced by the
addition of excess ScPPase activity (Figure 5A). Given that Pi
is observed to form in the second phase of turnover with GTP
(Figure 4A), it can be concluded that PPi formed in the native
reaction is not as free to dissociate and that the relative rapid
conformational relaxation observed is contingent on both
DARP formation and PPi hydrolysis.

Transient State Kinetics and Product Analysis of
EcRibA with ITP. Inosine triphosphate differs from GTP in
that the purine base does not have an amino substituent in the
2-position. Early reports have claimed that ITP is not a
substrate for EcRibA;1 however, here we show that ITP is an
exceptionally slow substrate and forms the DARP analogue 5-
amino-6-β-pyrimidinone 5′-phosphate (ARP) in 50% of
turnovers with the balance yielding IMP (Figure S5). Figure
7A depicts the net single-turnover data for EcRibA reacting
with both GTP and ITP. These data indicate that ITP is
converted to ARP (as observed at 310 nm) at a rate ∼175-fold
slower than GTP is converted to DARP. Moreover, the data
obtained at 252 nm, which report predominantly binding/
conformational activation and relaxation, were best fit to three
exponential phases. Though there is no convenient way to
measure the EcRibA·ITP binding constant, it is apparent that
the binding of ITP is weak relative to GTP and that the rate of
conformational activation observed is sevenfold slower than
that observed with GTP at the same concentrations (0.36 vs
0.053 s−1).
As with GTP and PPi, the ITP data do not fit to yield

intrinsic rate constants but are delineated into three events

Figure 5. Evidence for native pyrophosphatase activity. (A) RibA
(100 μM final) was mixed with GTP (40 μM final) and observed at
252 nm (solid lines) and 292 nm (dashed lines). The traces shown
depict the effect of pyrophosphate on the observed kinetics. As
indicated the green traces were acquired with exogenous PPi (16 μM
final), the black traces were recorded without additives, and the blue
traces were recorded with ScPPase (2 μM final). (B) Net single
turnover of GTP monitored by 31P NMR. RibA (1500 μM final) in
reaction buffer with 10% D2O was mixed with GTP (985 μM final) in
the same buffer. The 128 FID 31P NMR spectrum was then recorded
within 660 s of mixing by using a Bruker A600 NMR instrument.
Standards for GTP (1 mM) and PPi and Pi (both 2 mM) were
collected in the same manner.

Figure 6. Effect of PPase on the relaxation of RibA in turnover with PPi. (A) RibA (100 μM) was mixed with PPi (25 μM), aged for 0.1 s, and then
mixed with buffer (black trace) or trace pyrophosphatase (red trace). (B) RibA (100 μM) was mixed with PPi (25 μM), aged for 25 s, and then
mixed with pyrophosphatase (1 μM) (black trace). The data were fit to a single-exponential expression (eq 1) to obtain the rate constant indicated.
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suggesting a fractional binding of ITP results in an intervening
period where multiple turnovers occur with the small fraction
of EcRibA that has ITP bound. Acid quench and product
analysis were used both to confirm the reaction stoichiometry
and to verify that no additional intermediate state accumulates
in the net single-turnover reaction of EcRibA with ITP (Figure
7B). Control data show no significant hydrolysis of ITP by
TCA to form IMP within the reaction times assessed. The data
track only the loss of ITP and the accumulation of ARP and
IMP coincident with the third phase observed. As such it is
reasonable to conclude that the second phase observed does
not indicate the accumulation of an additional intermediate
species. Importantly, the summation of all species indicates
that at no stage is there a deficit, revealing that none of the
observed processes result in the formation of a stable covalent
complex as has been frequently proposed to occur in the initial
steps of the RibA catalytic cycle.2,3,5,6,10 These results show
that the decay of substrate and the accumulation of products
closely matches that observed previously for GTP.6 The slow
but similar kinetics to those observed with GTP prompted the
observation of the reaction using time-dependent 31P NMR
(Figure S4). The spectra obtained over 550 min were
combined into a single data set and were described by the
model depicted in Figure S4B using a singular value
decomposition. This model was derived from observations
made with GTP and PPi as substrates and includes the
opportunity for PPi to dissociate following the production of
IMP and ARP. The time resolution available in this experiment
is insufficient to constrain the kinetic values returned in fitting.
As such the data were fit by fixing all the equilibrium and rate
constants as indicated in Figure S4B with the exception of the

binding constant for PPi and the rate of hydrolysis of PPi. The
rate constants for the production of ARP and IMP were
defined from the rate of the third phase observed for ITP in
Figure 7A. The model does not include steps for enzyme
activation, as these data do not report on this process in that
the first spectrum was acquired ∼11 min after the reaction was
initiated and does not capture data for the activation phase
(Figure 7A). The deconvoluted spectra returned were
composite and consistent with the succession of states; each
spectrum represented multiple species that form and decay
concomitantly. Importantly, the spectra reconstructed from the
SVD analysis summarize the observation faithfully. While this
process did not yield a reliable fit to the model shown, it does
offer a descriptive account of what occurs with the ITP
substrate. As indicated in Figure S4A, PPi accumulates with
IMP and ARP; the PPi is then consumed on a longer time
frame, indicating that it is freely dissociating during the
production of ARP and IMP and hydrolyzed in an apparent
steady state that is independent of the initial products. This
differs from the GTP reaction in which the majority of the PPi
is hydrolyzed during the production of DARP (Figures 4 & 5).
The reason for this difference is possibly that the GTP reaction
is committed forward such that the intermediate PPi does not
dissociate. Required hydrolysis reactions at the purine
therefore occur with PPi bound and before the PPi hydrolysis
brings about a conformational relaxation. ITP is therefore
uncoupled by ∼50% for the ARP formation and ∼100% for the
Pi production.

Figure 7. Transient-state single-turnover analysis of RibA in turnover with ITP. (A) Comparison of the kinetics observed with GTP (green) and
ITP (blue). For each, 100 μM EcRibA was reacted with 40 μM nucleotide triphosphate and observed at 252 nm and at 310 nm for the DARP and
ARP products. The GTP trace at 252 nm was fit to eq 1 for two exponentials, and the 310 nm trace was fit to eq 1 for one; the rate constants
returned for the 252 nm data are indicated in green. The ITP trace at 252 was fit to eq 1 for three exponentials, and the 310 nm trace was fit to eq 1
for two; the rate constants returned for the 252 nm data are indicated in blue. (B) Acid quench product analysis of the reaction of 100 μM EcRibA
with 40 μM ITP. Each trace was fit to one exponential according to eq 1.

Scheme 2. Chemistry of RibA
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■ CONCLUSIVE REMARKS

In 1975, Foor and Brown identified the second GTP
cyclohydrolase activity from E. coli.1 Using radiolabeled GTP,
their work defined the stoichiometry of the GTP cyclo-
hydrolase II reaction as producing formate, a pyrimidine
nucleotide, and PPi as products. Since this study the
stoichiometry of the RibA reaction has not been revisited
other than a confirmatory observation of the accumulation PPi
using 31P NMR.5 It is a curious progression that, in the
chronological sequence of GTP cyclohydrolase activity
discoveries, the first did not alter the triphosphate moiety,
the second was reported to cleave only at the α−β linkage
yielding PPi,1 and that the third cleaved both at the α−β and at
the β−γ linkages producing two Pi ions.9 Here we present our
findings from transient-state kinetic and product analyses that
reveal a more complete description of the chemistry catalyzed
by RibA.
Our data show that the binding of substrate GTP induces a

rapid conformational change that is required to initiate four

hydrolytic steps producing DARP, formate, and two Pi ions as
products (Scheme 2). This stoichiometry though is not
absolute, as some fraction of the PPi formed dissociates and
is ultimately bound and hydrolyzed in a separate slow EcRibA
PPase activity. This fraction is likely to be produced in a
known abortive pathway that produces GMP as a product
(Figure 8).6 We conclude that the occupancy of the β and γ
phospho-group binding sites stimulates EcRibA to change the
conformation to a state that promotes hydrolytic reactions
both at the magnesium and zinc metal ions. Figure 8 depicts
the proposed chemistry of EcRibA based on our observations.
In this figure it is proposed that there is no propensity for PPi
to dissociate in the native cyclohydrolase activity but that it is
released and rebound prior to a hydrolysis in the slow PPase
activity. Our data suggest that, once the enzyme is conforma-
tionally activated in response to binding GTP, the hydrolysis of
the α−β phosphodiester bond is the instigating and rate-
limiting step in the EcRibA reaction accounting for the lack of
accumulated catalytic intermediates. As such we theorize that,

Figure 8. Summation of mechansitic conclusions. Metal ions depicted in unfilled circles represent nonactivated states. Metal ions depicted as
spheres represent activated states. Measured parameters are shown in orange. Segments rendered with a blue background were inferred, as the data
obtained does not report on these steps.
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for the majority of turnovers, the zinc hydrolytic chemistry at
the purine is bookended by the magnesium-catalyzed hydro-
lytic processes at the phosphodiester bonds. However, the data
shown does not conclusively support this, nor does it reveal the
order of release of products. It is reasonable to surmise that
DARP is bound when PPi is cleaved, as this chemistry occurs
more rapidly than is observed with PPi alone. As such the
cyclohydrolase and PPase catalytic cycles of RibA are cojoined
at the point DARP is released from the enzyme.
In Figure 6 we show that the tendency of PPi to dissociate

does not result in a rapid enzymatic relaxation, indicating that
this substrate can be released and rebound to the activated
state of EcRibA. A rapid relaxation was only possible with the
hydrolysis of PPi by an external PPase enzyme. We therefore
conclude that PPi can serve to sustain the enzyme in the
conformationally activated state. Endogenous PPi is therefore a
loosely bound substrate that does not significantly impede the
association of GTP to the activated state for ensuing turnovers
without an intervening reactivation step. In contrast, PPi does
not dissociate from the EcRibA GTP reaction and conceivably
functions in the intermediate state(s) to maintain the activated
conformation, while the zinc hydrolytic chemistry cleaves
formate from the guanine imidazole ring of GMP. These
conclusions are made under the assumption that the relaxation
is considerably slower than the GTP association/conforma-
tional activation. Additional evidence is that the Kd for PPi is
threefold lower than the K1/2 measured for the binding of PPi
to the resting enzyme (Figures 3B & S3), suggesting that the
activated state is maintained in the steady state by PPi.
Moreover, measured intracellular E. coli PPi concentrations
approximate 500 μM, sufficient to maintain the activated state
of EcRibA (Figure 3B).20 This raises the possibility that the
nonactivated state observed here is fundamentally an artifact of
purification that is not a dominant form in the background of
millimolar magnesium21 and PPi in the cell. Certainly, stable
concentrations of these reaction components would negate an
evolutionary selection against such a state. Qualitative support
for this hypothesis is obtained from comparison of the data
shown in Figures 3B and 4B. In Figure 4B we observe that Pi is
predominantly evolved during a conformation relaxation. In
Figure 3B we observe that concentrations of PPi above 128
μM produce a distinctly square activation envelope indicative
of there being a threshold PPi concentration that can balance
dissociation and hydrolytic catalysis that prolongs the RibA
activated state.
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