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ABSTRACT: Single tryptophan residues were incorporated into each of three peptide segments that play
key roles in the structural transition of ligand-free, inactive glutamine phosphoribosylpyrophosphate (PRPP)
amidotransferase to the active enzyme-substrate complex. Intrinsic tryptophan fluorescence and
fluorescence quenching were used to monitor changes in a phosphoribosyltransferase (PRTase) “flexible
loop”, a “glutamine loop”, and a C-terminal helix. Steady state fluorescence changes resulting from substrate
binding were used to calculate binding constants and to detect the structural rearrangements that coordinate
reactions at active sites for glutamine hydrolysis and PRTase catalysis. Pre-steady state kinetics of enzyme‚
PRPP and enzyme‚PRPP‚glutamine complex formation were determined from stopped-flow fluorescence
measurements. The kinetics of the formation of the enzyme‚PRPP complex were consistent with a model
with two or more steps in which rapid equilibrium binding of PRPP is followed by a slow enzyme
isomerization. This isomerization is ascribed to the closing of the PRTase flexible loop and is likely the
rate-limiting step in the reaction of PRPP with NH3. The pre-steady state kinetics for binding glutamine
to the binary enzyme‚PRPP complex could also be fit to a model involving rapid equilibrium binding of
glutamine followed by an enzyme isomerization step. The changes monitored by fluorescence account
for the interconversions between “end state” structures determined previously by X-ray crystallography
and define an intermediate enzyme‚PRPP conformer.

Glutamine PRPP1 amidotransferase catalyzes the initial
reaction in the pathway for de novo synthesis of purine
nucleotides. The enzyme consists of an N-terminal glutami-
nase domain that defines an Ntn class of amidotransferases
(1, 2) and a C-terminal PRTase domain characteristic of type
I PRTases (3). The overall reaction, shown in eq 1, thus
involves catalysis at active sites in two separate domains.

The reactions at the two active sites are given by eqs 2 and
3. Hydrolysis of glutamine at the glutaminase site (eq 2) is
followed by transfer of NH3 to the PRPP site where synthesis

of PRA takes place (eq 3). Like most glutamine amido-
transferases (4), the enzyme can also utilize external NH3

as a nitrogen source for PRA synthesis, both in vitro and in
vivo. This reaction is also represented by eq 3. There are
important implications for an NH3-mediated nitrogen transfer
mechanism as shown by eqs 2 and 3. First, it is necessary to
sequester enzyme-bound NH3 from H2O since NH4

+ is not
a substrate. Then the NH3 must be transferred between the
two physically separated active sites. Finally, the activities
at the two sites must be coordinated to maintain a 1:1:1
stoichiometry between glutamine and PRPP consumed as
reactants and PRA produced.

X-ray structures of glutamine PRPP amidotransferase from
Bacillus subtilis(5) andEscherichia coli(6) have defined
the glutaminase and PRTase domains. While informative,
these substrate-free enzyme conformers have structural
features that are incompatible with catalysis. In brief, the
glutamine site is closed and inaccessible to glutamine, the
PRPP site is open to solvent, thereby exposing PRPP to
hydrolysis, and there is a 16 Å solvent accessible space
separating the two sites. These barriers to catalysis are not
present in the X-ray structure of anE. coli enzyme with
substrate analogues bound (7). In the ternary complex, cPRPP
is bound to the PRPP site and DON is covalently attached
to Cys1 to mimic the glutamyl thioester catalytic intermedi-
ate. Ordering of a PRTase “flexible loop” closes off the PRPP
site and forms an NH3 channel connecting the glutamine and
PRPP sites. Thus, the overall reaction shown by eq 1 indeed
proceeds in two steps at physically separated catalytic sites
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glutamine+ PRPP+ H2O f

PRA + glutamate+ PPi (1)

glutamine+ H2O f glutamate+ NH3 (2)

NH3 + PRPPf PRA + PPi (3)
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having tightly coupled activities. Catalytic coupling ensures
that glutaminase activity is suppressed until PRPP is bound
and is available to accept NH3 (8). The glutamine PRPP
amidotransferase X-ray structures define end point confor-
mational states for a ligand-free enzyme and an enzyme-
substrate analogue ternary complex, but they provide no
information about dynamics in the structural transition or
about possible intermediate conformational states.

To monitor the conformational transition between inactive
and active states and to search for additional intermediate
states, we have engineered enzymes having a single tryp-
tophan residue in each of three peptides shown by the X-ray
structures to undergo important changes in conformation.
Analyses of intrinsic steady state and pre-steady state
tryptophan fluorescence changes further define conforma-
tional transitions and discernible intermediate steps required
for catalysis. The new data support the recently proposed
structure-based mechanism (9, 10) for catalysis and provide
evidence for the enzyme‚PRPP conformer that catalyzes the
reaction of external NH3 with PRPP or can bind glutamine
to form the ternary complex.

EXPERIMENTAL PROCEDURES

Plasmids. Phagemid pETpurF was constructed forpurF
mutagenesis and for overexpression. TheE. coli purF gene
encoding glutamine PRPP amidotransferase was excised from
pT7F1 (11) usingXbaI and was ligated into theXbaI site of
phagemid pET24a (Novagen) to yield pETpurF. Mutations
were constructed by the method of Kunkel et al. (12) using
pETpurF phagemid DNA. Plasmid pETEG was constructed
for production of E. coli GAR synthetase.E. coli purD
encoding GAR synthetase (13) was cloned by PCR from
chromosomal DNA and ligated into plasmid pET24a at the
NdeI and BamHI sites.

Enzyme Production and Purification. Glutamine PRPP
amidotransferase was accumulated inE. coli strain B834 (14)
transformed with a plasmid encoding either the wild type or
a mutant enzyme. Cells were grown at 37°C in 2 L flasks
containing 1 L of Luria broth containing 50µg/mL kana-
mycin. Flasks were inoculated with 10 mL of culture, and
the cultures were grown for 16-18 h without induction.
Using these growth conditions, the enzyme accounted for
approximately 50% of the soluble protein. Cells from 2 L
of medium were harvested by centrifugation, washed with
PBS buffer containing 0.13 M NaCl, 2.7 mM KCl, 100 mM
Na2HPO4, and 1.76 mM KH2PO4 (pH 7.4), and immediately
disrupted with a French press in buffer A [50 mM Tris-HCl
(pH 7.5), 1 mM EDTA, 5 mM MgCl2, and 1 mM glutamine]
containing 1.0 mM phenylmethanesulfonyl fluoride. The cell
extract was obtained by centrifugation at 27000g for 1 h.
Streptomycin sulfate was added to a final concentration of
10 mg/mL to precipitate DNA. After centrifugation at 27000g
for 30 min, the supernatant was applied to a 1.9 cm× 20
cm column of DEAE-Sepharose equilibrated with buffer A.
The column was washed with 300 mL of buffer A, followed
by 300 mL of buffer A and 0.14 M ammonium sulfate. The
enzyme was eluted by a 600 mL linear salt gradient, 0.14 to
0.3 M ammonium sulfate in buffer A. Fractions containing
the major protein peak detected byA278 were pooled. The
enzyme was concentrated to 15-20 mg/mL by centrifugal
ultrafiltration using a Centriprep concentrator. Ammonium

sulfate was removed by dialysis against 10 mM Tris-HCl
(pH 7.5). The total purification was completed in about 36
h, at which time the enzyme was assayed for activity and
then stored at-20 °C. The enzyme yield was approximately
200 mg from 2 L ofculture. The purity was approximately
95% as judged by SDS-polyacrylamide gel electrophoresis.
The initial specific activity of the wild-type enzyme using
the glutaminase assay was 60-65 units/mg of protein. The
activity decreased by 50% during storage at-20 °C over a
period of 1 month, but complete stabilization has recently
been obtained by addition of 15% glycerol.2

For purification of GAR synthetase,E. coli B834 cells
containing plasmid were grown in Luria broth containing
50 µg/mL kanamycin for 16-18 h at 37°C. Cells from 2 L
of medium were suspended in 4 mL of buffer B [25 mM
KHPO4 (pH 7.5), 5 mM EDTA, 5 mM DTT, and 10%
glycerol] per gram of cells and disrupted with a French press.
Cell extract was obtained by centrifugation for 30 min at
27000g. Protamine sulfate (5 mg per gram of cells) was
added to precipitate DNA. After centrifugation at 27000g
for 30 min, the supernatant was applied to a 1.9 cm× 20
cm DEAE-Sepharose column equilibrated with buffer B. The
column was washed with 400 mL of buffer B, and then 400
mL of buffer B and 0.1 M KCl, and eluted with an 800 mL
linear gradient of 0.1 to 0.5 M KCl in buffer B. The major
enzyme peak, determined byA280, was collected and con-
centrated to approximately 60 mg/mL by centrifugal ultra-
filtration with a Centriprep filter. The protein was stored at
-70 °C in buffer B containing 20% glycerol. The enzyme
yield was approximately 240 mg from 2 L of culture. The
purity was greater than 90% as estimated by SDS-
polyacrylamide gel electrophoresis. The specific activity
measured in a coupled assay with glutamine PRPP amido-
transferase to provide a saturating concentration of PRA was
35 µmol min-1 (mg of protein)-1.

Enzyme Assays. Three assays were used for glutamine
PRPP amidotransferase. The reaction shown by eq 1 was
assayed by measurement of the amount of either glutamate
or PRA. Reactions for the measurement of glutamate
production, termed a glutaminase assay, contained 20 mM
glutamine, 2.5 mM PRPP, 5 mM MgCl2, 50 mM Tris-HCl
(pH 7.5), and approximately 50 ng of enzyme in a final
volume of 100µL. Incubation was carried out for 6 min at
37°C. The reaction was stopped by heating in a boiling water
bath for 1 min, and the amount of glutamate was determined
by the glutamate dehydrogenase method (8). The extent of
PRA production was determined in a coupled assay with
GAR synthetase as described previously (11) except the
buffer pH was 7.5 instead of 8.0. This reaction is termed
Gln-PRA. The synthesis of PRA using NH3 as the substrate
(eq 2) was assayed by essentially the same procedure as Gln-
PRA except 150 mM NH4Cl replaced glutamine and the pH
of the buffer was 8.5. For all glutamine PRPP amidotrans-
ferase assays, 1 unit of activity is defined as the amount of
enzyme needed to produce 1µmol of product per minute.
The specific activity is units per milligram of protein. The
protein was determined byA278 using a value of 8.12 for a
1% solution (8).

GAR synthetase activity was assayed in a coupled reaction
with a 50-fold excess of glutamine PRPP amidotransferase

2 A. K. Bera, unpublished results.
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to generate PRA substrate. The production of GAR was
monitored using [14C]glycine and Dowex 50 chromatography
as described by Schendel et al. (15). The 40µL reaction
mixture contained 50 mM Tris-HCl (pH 8.0), 1 mg/mL
bovine serum albumin, 10 mM MgOAc, 6.25 mM PRPP,
200 mM NH4Cl, 2 mM [14C]glycine, 2.5 mM ATP, 5µg of
glutamine PRPP amidotransferase, and about 100 ng of GAR
synthetase. The incubation was carried out at 37°C for 4
min.

Steady State Fluorescence. Steady state fluorescence data
were obtained using an SLM-8000C spectrofluorimeter at
room temperature. A 2.0 mL incubation solution was stirred
continuously in a 1.0 cm× 1.0 cm cuvette. The excitation
wavelength was set at 300 nm for selective excitation of
tryptophan fluorescence. The bandwidths for both excitation
and emission monochromators were 4 nm. Spectra were
corrected for background and Raman scattering by subtract-
ing buffer spectra containing all ingredients except the
enzyme. To monitor fluorescence intensity change with time
or for multiple addition of ligands or quencher, the emission
wavelength was set to the maximum determined for each
specific enzyme, wild type or mutant. A standard incubation
mixture contained 10 mM Tris-HCl (pH 7.5), 5 mM MgCl2,
and 1 µM enzyme subunit. When they were added, the
concentrations of PRPP and glutamine were 1.5 and 20 mM,
respectively. To denature the enzyme, it was incubated with
6 M guanidine hydrochloride at 4°C for 24 h before
measurement.

The extent of quenching of tryptophan fluorescence was
determined using stock solutions of 5 M acrylamide or 5 M
KI containing 0.1 mM sodium dithionite (16). The quenching
data were plotted according to the Stern-Volmer equation
(17), Fo/F ) 1 + Ksv[Q], whereFo and F are the relative
fluorescence intensity prior to and after addition of the

quenching ligand, respectively, at concentration [Q].Ksv is
the Stern-Volmer quenching constant.

To obtain binding constants from ligand titrations, data
were fit to the equationF′ ) (Kd + F′mlL)/(Kd + L) (18)
using Ultrafit software (Biosoft, Cambridge, U.K.). In this
equation,F′ ) F/Fo, where Fo and F are fluorescence
intensities in the absence and presence of ligand, respectively;
F′ml ) Fml/Fm , whereFml and Fm are molar fluorescence
constants for the enzyme-ligand complex and free enzyme,
respectively;L is the ligand concentration; andKd is the
dissociation constant. This equation assumes a single binding
site per monomer with no interactions between sites.

Fluorescence Lifetimes. Time-resolved fluorescence mea-
surements were performed in the Purdue University Depart-
ment of Chemistry laser facility using instrumentation and
data collection that have been described previously (19).
Briefly, excitation was by the pulse method, using a
picosecond dye laser pumped by a mode-locked ND:YAG
laser (Quantronix 4117E), with dye laser output frequency
doubled to provide 295 nm pulses. Emission photons were
collected using two emission cutoff filters of>320 and<400
nm. Emission data were collected in duplicate using single-
photon counting detected by a Hamamatsu R3809U micro-
channel plate photomultiplier. Proteins were diluted into 10
mM Tris-HCl buffer (pH 7.5) to a final monomer concentra-
tion of 4 µM. Ligands, if present, were at a final concentra-
tion of 5 mM MgCl2, 1.5 mM PRPP or 5 mM MgCl2, 1.5
mM PRPP, and 20 mM glutamine. Data were collected at
room temperature (approximately 23°C) and were fit to
exponential equations based on a nonlinear least-squares
Marquardt algorithm using Ultrafit software. The goodness
of fit was determined by reducedø2 and weighted residual
plot analysis.

FIGURE 1: Ribbon diagrams of one glutamine PRPP amidotransferase subunit of the enzyme tetramer. (left) Closed, active ternary complex
with substrate analogues DON and Mn-cPRPP. The model is available in the Protein Data Bank as file name lecb. (right) Open, inactive
conformer without ligands. The model is in the Protein Data Bank as file name lecf. Subunits are drawn in the same orientation with the
Ntn glutaminase domain at the top and the PRTase domain at the bottom. Peptides having the largest conformational differences are
highlighted and labeled. The position of Trp290 is labeled along with residues in the flexible loop, C-terminal helix, and glutamine loop
that were replaced by tryptophan. The figure was modified from that in ref10.
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Stopped-Flow Fluorescence Kinetics. The pre-steady state
kinetics of the ligand binding reactions of glutamine PRPP
amidotransferase were examined by measuring changes in
the intrinsic tryptophan fluorescence intensity. A Hi-Tech
Scientific rapid mixing spectrofluorometer, equipped with a
high-intensity xenon arc lamp, was used to follow the
reaction. Separate reaction mixing chambers contained
enzyme and ligands. The excitation wavelength and the slit
width were 295 and 5 mm, respectively. The emitted light
was filtered using a cutoff filter (WG 320; 80% transmittance
at 320 nm) or passed through a second monochromator set
at 350 nm. The reactions were carried out at room temper-
ature (23-25 °C), although for each set of measurements
the temperature varied less than 1°C. The dead time of this
instrument ise1.5 ms. Typically, 512 time points were
collected for varying lengths of time, and usually four or
more experiments were averaged. Each averaged data set
was then fitted to eqs 4 and 5, shown below, using
KinetAsyst2 software from Hi-Tech Limited

where ∆Fobs(t) is the observed fluorescence change (in
arbitrary units) at timet, kobs1 and kobs2 are observed first-
order rate constants,C1 and C2 are the pre-exponential
factors,m is the slope of a zero-order process, andC0 is the
offset for each data set fitting. The regression analysis that
was used was based on the Marquardt algorithm procedure.

RESULTS

Construction of Enzymes with Single Tryptophan Residues
and Enzymatic Characterization. X-ray structures have
defined active and inactive glutamine PRPP amidotransferase
states (6, 7). The most dramatic structural change in the
transition from the inactive to an active state is an ordering
of a PRTase domain flexible loop (residues 326-350) which
sequesters the PRPP site from solvent and results in the
formation of a 20 Å channel connecting the glutamine and
PRPP sites (Figure 1). This structural change is accompanied
by a restructuring of the glutamine loop (residues 73-84)
and kinking of the adjacent C-terminalR-helix (residues
471-492) (Figure 2) which contribute to activation of the
glutamine site for catalysis. To monitor the transitions
between inactive and active conformers in solution, we have
utilized intrinsic tryptophan fluorescence to report enzyme
conformational changes. The strategy was to remove the
single tryptophan residue at position 290 in the wild-type
enzyme (Figure 1) and to introduce a tryptophan reporter in
each of the structural elements involved in the transition from
the inactive to the active conformer (Figure 2). It was
necessary initially to identify amino acid replacements that
were minimally disruptive to enzyme function. Three activi-
ties were assayed to characterize the engineered enzymes.
The levels of glutamate and PRA production were measured
to assay the reaction shown by eq 1. When the amount of
glutamate was determined, the assay is referred to as
glutaminase (Table 1). With the wild-type enzyme, the
hydrolysis of glutamine and the reaction of NH3 with PRPP
are tightly coupled to the synthesis of PRA. The amount of
PRA was determined by coupling with an excess of GAR

synthetase and measurement of the amount of glycinamide
ribonucleotide. This latter assay is termed Gln-PRA in Table
1. The product of the synthesis of PRA using an external
source of NH3 (eq 3) is termed NH3-PRA in Table 1.

Data in Table 1 summarize the activities of the enzymes
constructed for this study. As a result of a small improvement
in enzyme over production and rapid purification, the specific
activity of the wild-type enzyme, designated Trp290 in line
1 of Table 1, was more than 2 times higher than that obtained
previously (11). NH3-PRA activity was 2-3 times higher
than glutaminase or Gln-PRA activities, consistent with
earlier work (8, 11). Replacement of Trp290 with Phe
(Phe290, Table 1, line 2) had no significant effect on the
three glutamine PRPP amidotransferase activities that were
measured. Small differences between glutaminase and Gln-

∆Fobs(t) ) C1 exp(-kobst) + mt + C0 (4)

∆Fobs(t) ) C1 exp(-kobs1t) + C2 exp(-kobs2t) + C0 (5)

FIGURE 2: Closeup view of peptides involved in the transition
between inactive (bottom) and active (top) states. Views are
approximately from the backside of Figure 1. The figure was
modified from that in ref10.

Table 1: Enzyme Activity of Tryptophan Mutants

enzymea
glutaminase
(units/mg)

Gln-PRA
(units/mg)

NH3-PRA
(units/mg)

Trp290 (wild-type) 63.2( 3.1 60.1( 4.0 149( 3.0
Phe290 66.5( 2.2 58.8( 4.6 153( 7.3
Trp345 41.6( 3.5 43.0( 3.1 96.4( 3.3
Ser1 Trp345 NDb ND 80.1( 6.7
Trp477 55.9( 5.3 41.7( 2.8 140( 6.4
Ser1 Trp477 ND ND 178( 5.5
Trp82 13.4( 0.03 14.7( 0.2 28.7( 2.7
Ser1 Trp82 ND ND 148( 7.2

a All Trp mutants have phenylalanine at position 290.b Not detected.
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PRA activities are seen in Table 1 for the wild type and
some of the mutant enzymes. These departures from 1:1
stoichiometry were not investigated since they have no
bearing upon the analyses that were carried out.

A tryptophan residue was inserted by site-directed mu-
tagenesis into the flexible loop, C-terminal helix, and
glutamine loop of the tryptophan-free Phe290 enzyme to give
Trp345, Trp477, and Trp82 enzymes, respectively. These
positions are shown in Figure 2. Since Trp290 was replaced,
these three enzymes contain a single tryptophan at the
indicated position. The Trp345 and Trp477 enzymes retained
more than 60% of the activity seen in the wild-type Trp290
and tryptophan-free Phe290 enzymes (Table 1). The Trp82
glutamine loop mutant enzyme was partially disabled, having
only about 20% of the wild-type activity as a result of
introducing a bulky side chain into a seven-amino acid stretch
of loop structure that contains only alanine, serine, and
glycine residues. A number of the Trp insertions that were
constructed were not useful. Enzymes with flexible loop
reporters F334W and I335W were inactive, and binding of
substrates did not perturb fluorescence emission in enzymes
with V330W and Q339W reporters. In several enzymes,
including those with D471W, Y474W, F475W, and F477W
replacements in the C-terminal helix, fluorescence emission
was not perturbed by binding of substrates.

To obtain fluorescence measurements of an enzyme-
PRPP-glutamine ternary complex without complications of
enzyme turnover, a C1S mutation was incorporated into each
of the tryptophan mutants. Cys1 is the nucleophile that is
required for glutamine hydrolysis. The three Ser1 mutants
had no detectable activity with glutamine as a substrate but
exhibited between 50 and 120% of the NH3-PRA activity
of the parental Phe290 enzyme (Table 1). A possible reason
for the low NH3-PRA activity in the Trp82 enzyme and the
5-fold increase in this activity when Ser1 was incorporated
into the Trp82 enzyme is considered in the Discussion.

Overall, the data in Table 1 support the conclusion that
functional enzymes were engineered each having a single
tryptophan reporter group in one of the three key structural
elements involved in the transition between inactive and
active states.

Fluorescence Spectra of Wild-Type and Engineered En-
zymes. To monitor in solution the changes in conformation
that accompany substrate binding seen in the X-ray struc-
tures, steady state fluorescence emission spectra were
determined for enzymes with single tryptophan residues.
Tryptophan fluorescence is sensitive to the polarity of the
microenvironment in a protein. As a result, fluorescence
changes in proteins containing a single tryptophan reporter
group have been used to monitor conformational changes
(20-24). Since Trp290 in the wild-type enzyme is in an
R-helix (residues 270-291) that does not undergo a signifi-
cant structure change in the transition from the inactive to
the active state (Figure 1), the Trp290 enzyme served as a
fluorescence control. Panel A in Figure 3 shows that
conversion from the inactive to the active conformation by
addition of substrates had little effect on the fluorescence
emission spectrum of the enzyme. Similar results were
obtained for the Ser1 Trp290 enzyme (data not shown). Thus,
binding of ligands had no significant effect on the Trp
reporter fluorescence in the absence of a local conformational
change.

In contrast to the effect of ligands on the Trp290 reporter,
the fluorescence intensity of the Ser1 Trp345 enzyme
increased 2-fold upon addition of PRPP and a further 1.5-
fold in the presence of PRPP and glutamine (Figure 3C).
Addition of glutamine by itself had no effect on the
fluorescence of the enzyme (not shown), consistent with
earlier work showing that intermediate reactions of glutamine
require binding of PRPP (8). These results demonstrate a
change in the microenvironment of Trp345 upon binding
PRPP, consistent with an ordering of the flexible loop in

FIGURE 3: Fluorescence emission spectra of enzymes having a single tryptophan reporter. Trp290 represents the wild-type enzyme.
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which the solvent accessibility to the fluorophore is de-
creased. This fluorescence change identifies an intermediate
conformation for the enzyme‚PRPP complex. An X-ray
structure has not yet been obtained for this intermediate
conformational state. The further increase in fluorescence
intensity when glutamine binds to the enzyme‚PRPP complex
indicates additional repositioning of Trp345. Unlike PRPP,
glutamine does not interact directly with the flexible loop,
yet the fluorescence enhancement suggests that a change in
flexible loop conformation results from glutamine binding.
Equilibration of the amidotransferase between the inactive
and active states seen in X-ray crystal structures is likely
complex, involving multiple intermediate conformations.
Nevertheless, it is useful to refer to three functional states
each having a specific fluorescence emission spectrum: I,
ligand-free, inactive enzyme; II, enzyme‚PRPP complex
having NH3-PRA activity; and III, enzyme‚PRPP‚glutamine
ternary complex having Gln-PRA activity.

The tryptophan reporter in the glutamine loop also exhibits
fluorescence changes that are indicative of different confor-
mations in the enzyme-substrate ternary complex (Figure
3). Binding of PRPP was not detected by fluorescence
emission of the Trp82 glutamine loop reporter as seen in
Figure 3B. Even though Trp82 did not report a response of
the glutamine loop to PRPP binding, the enzyme‚PRPP
complex was poised for glutamine binding. This is shown
by the nearly 2-fold fluorescence increase in response to
binding of glutamine to the enzyme‚PRPP complex (Figure
3B).

The C-terminal helix, residues 471-492, contacts the
glutamine loop and with a peptide sequence of residues 404-
420 helps to close off the glutamine site in the inactive
conformation (6). In the active conformation, an interaction
of the flexible loop with the glutamine loop results in bending
of the C-terminal helix (Figure 2). A F477W replacement
inserted a tryptophan into the C-terminal helix to monitor
conformational changes between the inactive and active
states. The fluorescence spectra of the Trp477 enzyme with
or without PRPP were very similar (Figure 3D), suggesting
that the C-terminal helix was not in its final state III active
conformation after PRPP binding. Addition of glutamine to
the enzyme‚PRPP complex resulted in a 1.5-fold increase
in fluorescence intensity and a 5 nm redshift, reflecting a
movement of the C-terminal helix.

Time-ResolVed Fluorescence. The fluorescence lifetime
was determined for the Trp290 wild-type protein and each
of the mutant enzymes, and data are summarized in Table
2. Representative fluorescence decay data are shown in
Figure 4 for the Ser1 Trp477 enzyme. Two decay times were
required to obtain the best fit, determined with reducedø2

values and visual examination of the weighted residuals, for
all enzyme-ligand combinations except for the Ser1 Trp345
enzyme ternary complex (data not shown). Data for the Ser1
Trp345 ternary complex were fit best to a single-exponential
decay. Interpretation of multiple lifetimes is complex, and
individual lifetimes cannot be ascribed to specific conform-
ers. However, intensity-weighted average lifetimes (τav) were
calculated (Table 2) and were used to determine bimolecular
quenching constants (kq) from steady state quenching data
(Ksv) as given in Table 2 and described in the next section.

Fluorescence Quenching. The environment of a specific
tryptophan residue can also be evaluated by its accessibility

to small molecule fluorescence quenchers. Stern-Volmer
constants (Ksv) for quenching of Trp290, Trp82, and Trp345
enzymes by acrylamide and the Trp477 enzyme by iodide
were determined from linear plots with correlation coef-
ficients of>0.99 and are given in Table 2. Iodide was used
for quenching of the Trp477 enzyme because of anomolous
results with acrylamide that were independent of ligand
binding (data not shown). To provide a reference for the
relative accessibility to quencher,Ksv values were also
determined for enzymes denatured by guanidine hydrochlo-
ride. Ksv values for fully exposed tryptophan residues were
between 10.1 and 10.9 in the denatured enzymes. Decreased
Stern-Volmer constants in the native enzymes are consistent
with reduced accessibility of tryptophan to the quencher. To
evaluate more critically the accessibility of the tryptophan
reporters, bimolecular quenching constants (kq) were calcu-
lated from values ofKsv and average fluorescence lifetime
data and are given in Table 2. The bimolecular quenching
constants are intermediate between the values reported (25)

Table 2: Average Fluorescence Lifetimes and Quenching Constants
for Single Tryptophan Enzyme-Ligand Combinationsa

enzyme τav
b (ns) ø2 c

Ksv

(M-1)
kq (×109

M-1 s-1)

Ser1 Trp345 3.21 1.06 10.1 3.15
Ser1 Trp345 and PRPP 4.87 1.09 8.33 1.71
Ser1 Trp345, PRPP, and Gln 7.59 1.03 5.55 0.73
Ser1 Trp345 and 6 M Gdn-HCl 10.9
Ser1 Trp82 2.56 1.10 9.23 3.61
Ser1 Trp82 and PRPP 2.89 1.10 8.22 2.84
Ser1 Trp82, PRPP, and Gln 2.44 1.10 3.18 1.30
Ser1 Trp82 and 6 M Gdn-HCl 10.1
Ser1 Trp477 1.77 1.10 4.32 2.44
Ser1 Trp477 and PRPP 2.34 1.09 4.40 1.88
Ser1 Trp477, PRPP, and Gln 4.29 1.02 5.90 1.38
Ser1 Trp477 and 6 M Gdn-HCl 10.7
Trp290 1.96 1.08 5.68 2.90
Trp290 and PRPP 1.83 1.06 6.48 3.54
Trp290, DON, and PRPPd 2.23 1.04 6.39 2.87
Trp290 and 6 M Gdn-HCl 10.4

a Ksv was determined from linear Stern-Volmer plots. The linear
correlation coefficient for all plots was>0.99. The quenching rate (kq)
was calculated from the relationshipkq ) Ksv/τav. b Average tryptophan
lifetime was calculated from the equationτav ) ΣRiτi2/ΣRiτi, whereτ
andR are the lifetime (nanoseconds) and associated fractional contribu-
tion to the total emission intensity, respectively.c ø2 is the goodness
of fit parameter.d The DON glutamine analogue permits formation of
a stable ternary complex. With the wild-type enzyme, glutamine and
PRPP would react to form products.

FIGURE 4: Fluorescence decay of the Ser1 Trp477 enzyme. The
channel width was 31 ns-1. Data were fit to eq 5 having two
exponential terms. The enzyme concentration was 4µM monomer
in 10 mM Tris-HCl (pH 7.5).
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for a deeply buried residue (<0.05× 109 M-1 s-1 in azurin)
to near maximal exposure in a randomly coiled peptide
(adrenocorticotropin, 4.2× 109 M-1 s-1). As seen in Table
2, substrate ligands have little or no effect on the rate of
reaction of quencher with Trp290. However, PRPP and PRPP
with glutamine significantly decreasedkq in enzymes with a
tryptophan reporter in the flexible loop (Trp345), the
glutamine loop (Trp82), and the C-terminal helix (Trp477).
These data thus support the sequential repositioning by PRPP
and glutamine of Trp345 in the flexible loop, Trp82 in the
glutamine loop, and Trp477 in the C-terminal helix.

Substrate Binding Constants. The Trp345 fluorescence
signal was used to determine binding constants for substrates.
Figure 5 shows the results of a fluorescence titration of the
Ser1 Trp345 enzyme with PRPP at room temperature. A
similar titration with glutamine was carried out in the
presence of saturating PRPP (data not shown). The estimated
Kd values for PRPP and glutamine are 2 and 195µM,
respectively. TheseKd values are much smaller thanKm

values of 50-70 µM for PRPP and 1.5-2.0 mM for
glutamine, suggesting that two or more steps are involved
in substrate binding.

Rapid Kinetics of PRPP‚Enzyme Binary Complex Forma-
tion. While equilibrium binding experiments are useful for
assessing the number and type of enzyme-substrate-bound
states, they do not directly address the sequence and kinetics
of steps leading to the formation of enzyme-substrate
complexes. This information was sought using stopped-flow
fluorescence to follow the formation of enzyme-substrate
binary and ternary complexes.

Pre-steady state kinetics for the formation of the binary
E‚PRPP complex were studied by measuring the intrinsic
tryptophan fluorescence changes of the flexible loop reporter
in the Ser1 Trp345 enzyme. Figure 6A shows the fluores-
cence time course of a rapid mixing experiment, where the
PRPP concentration was substantially greater than the
enzyme concentration. A double-exponential equation (eq
5) gave the best fit to the data depicted in Figure 6A. Both
kobs1 andkobs2 varied independently over a 40-fold range in
enzyme concentrations (not shown), which is expected for
a reaction first-order in enzyme.kobs1andkobs2were depend-
ent upon the PRPP concentration. The value ofkobs1increased
linearly with PRPP concentration with no sign of saturation

(Figure 6B), while that forkobs2increased hyperbolically with
PRPP concentration (Figure 6C). These results are consistent
with, at least, a two-step reaction, as shown in Scheme 1,
where the complex E‚PRPP further isomerizes to form E*‚
PRPP.

The linear relationship betweenkobs1and PRPP concentration
is consistent with a bimolecular reaction shown by the first
step in Scheme 1, wherekobs1should vary according to eq 6
wherek1 andk-1 are the forward and reverse rate constants,
respectively.

The results of fitting values forkobs1 at different PRPP
concentrations to eq 6 are shown in Figure 6B, and the values

FIGURE 5: Determination of the binding constant for PRPP by
fluorescence titration. The Ser1 Trp345 enzyme (2.0µM subunits)
was titrated with PRPP at room temperature. Data were corrected
for dilution and free ligand concentration when the concentrations
of total ligand and enzyme were similar. Data were fit to the
equation given in Experimental Procedures.F is the observed
fluorescence intensity after addition of ligand andF0 the initial
fluorescence in the absence of ligand.

FIGURE 6: Pre-steady state kinetics for binding of PRPP to the Ser
1 Trp345 enzyme. (A) Fluorescence time course for binding of
PRPP. The fluorescence enhancement was measured after rapid
mixing of 4 µM Ser1 Trp345 enzyme in subunits in 50 mM Tris-
HCl (pH 7.5) with 1.5 mM PRPP, 10 mM MgCl2, and 50 mM
Tris-HCl (pH 7.5) at room temperature. The curve, fit to eq 5, is
superimposed on the data points. (B) Dependence of the pseudo-
first-order rate constant,kobs1, obtained from eq 5 on PRPP
concentration. Data were fit to eq 6. (C) The observed rate constant,
kobs2, obtained from eq 5 was plotted against the PRPP concentra-
tion. The line was fit to the data points using eq 7 by nonlinear
least-squares regression.

Scheme 1

E + PRPPy\z
k1

k-1
E‚PRPPy\z

ki

k-i
E*‚PRPP

kobs1) k1[PRPP]+ k-1 (6)
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of k1 andk-1 are given in Table 3 (entries for pH 7.5). The
association rate constant (k1) is about 2 orders of magnitude
slower than expected. This discrepancy is considered in the
Discussion. The value of the calculated dissociation constant,
88 µM for PRPP binding (K1 ) k-1/k1), is about 40-fold
larger than theKd of 1.9 µM estimated from fluorescence
titration with PRPP. These data are consistent with Scheme
1 where the isomerization step will pull the equilibrium
reaction to the right. The hyperbolic behavior ofkobs2 with
PRPP concentration shown in Figure 6C is also consistent
with the two-step mechanism in Scheme 1. The first step,
association of E and PRPP, is essentially at equilibrium and
is followed by a slow isomerization that gives rise to an
additional fluorescence change. Under these conditions,kobs2

should vary with PRPP concentration as shown by eq 7,
whereki is the rate constant for isomerization andK is the
equilibrium dissociation constant for the first step in Scheme
1.

Data depicted in Figure 6C were fit to eq 7 by nonlinear
regression analysis. The estimates forki andK (eq 7) are 43
( 1.6 s-1 and 110( 12.6µM, respectively. The value ofK
is satisfactorily close to the ratio ofk-1/k1 (88 µM), as it
should be.

Rapid Kinetics of E*‚PRPP Decomposition. The formation
of the PRPP‚enzyme complex requires Mg2+ (7, 8); thus,
the dissociation of PRPP from enzyme could be determined
by mixing the binary complex with EDTA. This reaction
was zero-order in EDTA and first-order in E*‚PRPP (data
not shown). The time course of fluorescence decay after rapid
mixing of EDTA with the PRPP‚enzyme complex was fit
to eq 4 which involves both a zero-order and a first-order
phase (data not shown). The first-order decay rate constant
was 1.5 s-1 (Table 3). The slow zero-order process seems
to involve photo-oxidation of Trp345 as indicated by the slow
fluorescence decay of enzyme alone (data not shown). Since
the PRPP off-rate was considerably slower thank-1 for E‚
PRPP dissociation (Table 3), the off-rate determined here
likely describesk-i, the step from E*‚PRPP to E‚PRPP. The
fact that the value of (k-1k-i)/(k1ki) or K1Ki in Table 3 is
similar to theKd determined from the equilibrium PRPP
titration (Figure 5) provides independent support for the
model in Scheme 1.

Comparison of the Pre-Steady State Rate Constant for
Isomerization of E‚PRPP with the kcat for NH3-PRA Forma-
tion. A kcat of 43 s-1 was determined for the NH3-PRA
reaction at pH 8.5 (which is close to the pH optimum). The

rapid kinetics experiments were repeated at pH 8.5, and the
rate constants deduced from these experiments are given in
Table 3. The values of rate constants do not vary appreciably
between pH 7.5 and 8.5. The value ofki for the isomerization
step, 49 s-1 at pH 8.5, is not significantly different from
that of kcat for the NH3-PRA reaction. Thus, isomerization
of E‚PRPP is likely rate-determining for aminolysis of PRPP
by NH3. However, the ratesk1[PRPP] andki for the formation
of E*‚PRPP are larger than thekcat for the Gln-PRA reaction
(15.7 s-1, data not shown) at the optimal pH of 7.5, indicating
that the rate-limiting step for the Gln-PRA reaction occurs
after E*‚PRPP formation.

Rapid Kinetics of Glutamine Binding to E*‚PRPP. The
kinetics for E‚PRPP‚Gln ternary complex formation were
investigated using both the C-terminalR-helix Trp477
reporter in the glutamine domain (Figure 1) and the PRTase
flexible loop Trp345 reporter in the PRPP domain. The Ser1
Trp477 enzyme saturated with PRPP was mixed with excess
glutamine relative to enzyme, and a rapid increase in enzyme
fluorescence was observed (Figure 7A). In the absence of
PRPP, no change in fluorescence was observed (data not
shown). These data were best fit to eq 4, which includes
both zero- and first-order processes. The slope of the zero-
order reaction did not change as a function of glutamine
concentration, and this zero-order reaction was therefore not
studied further. To investigate the effect of glutamine
concentration onkobs for the first-order process, the extent

Table 3: Equilibrium and Kinetic Rate Constants Obtained from
PRPP Binding Studies

pH
k1

a (×105

M-1 s-1)
k-1

a

(s-1)
K1

b

(µM)
ki

a

(s-1)
k-i

a

(s-1) Ki
b

K1Ki

(µM)
Kd

c

(µM)
kcat

d

(s-1)

7.5 6.0 53 88 43 1.5 0.034 2.8 1.9 NDe

8.5 4.3 38 88 49 3.0 0.061 5.3 2.6 44
a Rate constants derived from pre-stead -state kinetics according to

the model shown in Scheme 1.b Equilibrium constants calculated from
pre-steady state kinetics rate constants;K1 ) k-1/k1, andKi ) k-i/ki.
c Dissociation constant measured from equilibrium fluorescence titration
experiments.d NH3-PRA reaction determined at room temperature.e Not
determined at pH 7.5. The pH optimum for the NH3-PRA reaction is
∼8.5.

kobs2) ki[PRPP]/([PRPP]+ K) (7)

FIGURE 7: Pre-steady state kinetics for binding of glutamine to
the Ser1 Trp477 emzyme-PRPP complex. (A) Time course of the
fluorescence change. The fluorescence change was initiated by rapid
mixing of 1 mM glutamine with 4µM Ser1 Trp477 enzyme
(subunits), 3 mM PRPP, 10 mM MgCl2, and 50 mM Tris-HCl (pH
7.5). Data were fit to eq 4. (B) Effect of glutamine concentration
onkobs. The observed rate constants obtained from eq 4 were plotted
against the glutamine concentration. The curve was fit to eq 8 by
nonlinear least-squares regression.
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of binding was determined over the range where the
glutamine concentration should saturate the enzyme, 0.25-
20 mM. Values ofkobs varied hyperbolically as a function
of glutamine concentration (Figure 7B). The hyperbolic
relationship betweenkobs and glutamine concentration is
consistent with a two-step mechanism shown in Scheme 2
where the first step, formation of

Gln‚E*‚PRPP is essentially at equilibrium and is followed
by a slow isomerization that gives rise to a fluorescence
change. Under these conditions,kobs should vary as shown
by eq 8 whereKGln is the equilibrium dissociation constant
of the first step andki is the rate of enzyme isomerization in
the second step shown in Scheme 2.

Data depicted in Figure 7B were fit to eq 8 by nonlinear
regression analysis. The estimated values ofKGln andki were
1.7 mM and 220 s-1, respectively. Thus, the kinetic mech-
anism includes an isomerization step for the glutamine
domain upon binding of glutamine, like the isomerization
of the PRTase domain upon binding of PRPP. We presume
this isomerization of the glutamine domain corresponds to
the closing of the glutamine site, to give the conformer seen
in the X-ray structure of the ternary complex (Figure 1).

The PRTase flexible loop is also involved in glutamine
binding since the fluorescence of the Ser1 Trp345 enzyme‚
PRPP binary complex also increases when glutamine binds.
Thus, the kinetics for ternary complex formation were also
determined using the Trp345 flexible loop reporter. These
experiments were performed in the same manner as those
for glutamine binding to the Ser1 Trp477 enzyme. However,
the data in this case were best fit to eq 5, which contains
two first-order exponential terms. The values ofkobs2for the
slow process increased hyperbolically with glutamine con-
centration and were fit to eq 8. The calculated values for
KGln and ki were 6.4 mM and 219 s-1, respectively. The
values for the isomerization step are identical for the flexible
loop and C-terminal helix reporters. It thus appears that both
the PRTase flexible loop and the C-terminalR-helix of the
glutamine binding domain move synchronously to form the
ternary complex. The differentKGln values for Ser1 Trp477
and Ser1 Trp345 enzymes correlate with glutamineKm values
for these enzymes (data not shown). For the fast step, the
observed first-order rate constantkobs1 also varied as a
function of the glutamine concentration, but the rate was too
fast to measure with our instrumentation.

DISCUSSION

By incorporating a tryptophan fluorescence probe into each
of three positions within the protein that undergo significant
structural rearrangements, we established a system for
monitoring in solution the glutamine PRPP amidotransferase
conformational changes that are needed to coordinate
catalysis at the two physically separated active sites. In the
ligand-free state I conformer, the C-terminal helix (residues
471-492) of the glutamine domain contacts the glutamine

loop (residues 73-84), and together with peptide residues
404-420 contributes to closure of the glutamine site. In this
closed structure, Arg73 would not interact with theR-car-
boxyl group of glutamine, a contact that is essential for high-
affinity binding (11). In state I,kcat/Km for a basal PRPP-
independent glutaminase activity is less than 0.2% of that
for the state III enzyme (Figure 8). In the ligand-free enzyme,
the PRTase flexible loop is open and is poorly ordered (9,
10). In this open state, the fluorescence intensity of Trp345
was relatively low (Figure 3C) and the Stern-Volmer
constant for quenching of Trp345 by acrylamide was similar
to that for the denatured enzyme, indicating maximal
accessibility. These fluorescence properties are all consistent
with a relatively solvent-exposed environment for the Trp345
flexible loop reporter that is consistent with the X-ray
structure model.

Binding of PRPP to the enzyme resulted in an increased
fluorescence signal of the Trp345 reporter and a reduced rate
for fluorescence quenching by acrylamide, changes that
suggest a reorganization of the flexible loop. The kinetics
for this process were consistent with a mechanism of at least
two steps in which rapid equilibrium binding of PRPP is
followed by a slow isomerization of the enzyme‚PRPP
complex. The value of the rate constant,k1, that was
determined for the first step of the binding process shown
in Scheme 1 was 6× 105 M-1 s-1 at pH 7.5 (Table 3). This
rate is clearly slower than that expected for a diffusion-
controlled step such as binding of PRPP to an accessible
site in the ligand-free enzyme. The slower-than-expected rate
constant may be due to a two-step process that appears as a
single step, as has been observed for the binding of GlcNac-
â(1-4)-GlcNac to lysozyme (26, 27). If the apparent initial
PRPP association step shown in Scheme 1 were a two-step

Scheme 2

E*‚PRPP+ Gln y\z
KGln

Gln‚E*‚PRPPy\z
ki

Gln‚E∆* ‚PRPP

kobs) ki[Gln]/([Gln] + KGln) (8) FIGURE 8: Model for three enzyme states. In state I, the glutamine
site is closed, the PRPP site is open, and the two sites are separated
by a solvent accessible space. This ligand-free conformer has a
low basal glutaminase activity (11). The value ofkcat/Km is set to
1.0. Binding of PRPP leads to state II in which the PRPP site is
closed, the glutamine site is open, and an NH3 channel connects
the two sites. It is proposed that NH3 enters the channel from the
open glutamine site. In the state III ternary complex, the enzyme
is poised for glutamine hydrolysis and coupled synthesis of PRA.
External NH3 can enter the channel from the closed glutamine site.
Relative enzyme activities were calculated from Table 1.
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process, the slope of the plot in Figure 6B would not give
k1 (eq 6) according to Scheme 1 but would represent a more
complex term (26). As a result, the apparent association
constantk1 obtained from Figure 6B would be slower than
the true association rate constant. Thus, the overall two-step
binding process shown by Scheme 1 may require a third step
as shown in Scheme 3. In this scheme, the rate of the first
step is diffusion-controlled and steps 2 and 3 are rapid and
slow isomerizations, respectively.

The rate constantki for the final enzyme isomerization of
49 s-1 at pH 8.5 is likely to be rate-limiting for the NH3-
PRA reaction. This isomerization should correspond to the
ordering of the flexible loop that must precede the reaction
of NH3 with PRPP. Rate-limiting conformational changes
have been observed previously for several enzymes, includ-
ing triosephosphate isomerase (28) and dihydrofolate reduc-
tase (29).

Although the fluorescence emission of the Trp477 and
Trp82 reporters was not perturbed by binding of PRPP to
the enzyme, decreased rates for fluorescence quenching by
small molecules are consistent with a structural change in
the glutamine domain. This change in accessibility to
quencher may report the opening of the glutamine site and
the repositioning of Arg73, steps that are required for binding
of glutamine to the enzyme‚PRPP complex. Overall, the
measurements of steady state fluorescence of the three Trp
reporters define a state II conformer which is an intermediate
in the transition between the two structurally defined end
point conformers. Crystals of the state II wild-type enzyme,
trapped with cPRPP, are isomorphous with state III crystals
(cPRPP and DON) but diffract very poorly (9). Thus, in
overall structure, state II is more similar to state III than to
state I.

Binding of glutamine to the state II enzyme‚PRPP complex
completes the conformational transition and leads to state
III. Tryptophan reporter groups in the PRTase flexible loop,
glutamine loop, and C-terminal helix all exhibit increases
in fluorescence and significant decreases in their quench
constants for state III compared to state II, consistent with
conformational changes. The kinetics of glutamine binding,
investigated with Trp345 and Trp477 reporters, are complex.
The Trp477 C-terminalR-helix reporter detected zero-order
and first-order processes in glutamine binding. The role of
the zero-order process in the conformational transition is not
understood. The Trp345 flexible loop reporter monitored two
first-order steps. The initial first-order process was too fast
to study, and it was not defined. However, the concentration
dependence of the first-order rate constant for glutamine
binding to the Trp477 enzyme and the slower of the two
rate constants for glutamine binding to the Trp345 enzyme
are consistent with a minimum two-step binding mechanism
shown by Scheme 2, in which fast equilibrium binding of
glutamine is followed by a slow isomerization step. Since
the rates for isomerization were the same whether monitored
by the PRTase flexible loop reporter or the C-terminal
R-helix glutaminase domain reporter, the conformational
changes in these structural elements are likely to occur in

concert to yield the ternary complex. The rates of the two
steps leading to the ternary complex are faster than thekcat

for the Gln-PRA reaction. Thus, some step in the reaction
mechanism other than these conformational changes is rate-
limiting for glutamine hydrolysis.

Two lines of evidence indicate that binding of PRPP to
the enzyme initiates a key signaling step that coordinates
catalysis at the glutamine and PRPP sites. First, no glutamine
binding was detected in the absence of PRPP, indicating that
closing and reorganization of the PRTase flexible loop are
required for glutamine binding. Second, fluorescence changes
in the Trp345 reporter, reflecting changes in the flexible loop
conformation, were monitored when glutamine was bound
to the state II enzyme‚PRPP conformer. Thus, the PRTase
flexible loop has a role in glutamine binding in the absence
of a direct interaction with glutamine. It is therefore apparent
that the conformational changes resulting from PRPP binding
to the PRTase active site enable glutamine to bind and
undergo hydrolysis. In both state I and state III, the glutamine
loop and C-terminal helix act as a gate and latch to keep the
glutamine site closed (9). According to the current model,
movement of the flexible loop in response to PRPP binding
initiates a series of changes beginning with contact of Ile335
in the flexible loop and Tyr74 in the glutamine loop. A steric
clash of these invariant side chains is the only incompatibility
between the closed state III flexible loop and the state I
glutamine loop. The resulting restructuring of the glutamine
loop is propagated to the C-terminal helix, a change that
could open the gate to permit access of glutamine to the site.
The conformational change in the glutamine loop as a result
of PRPP binding, mediated by the Ile335-Tyr74 interaction,
also has another important consequence. The position of
Arg73 is determined by the glutamine loop conformation.
An important salt bridge between Arg73 and theR-carboxy-
late of glutamine is missing in state I (11) and is present in
state III (7). The importance of the Ile335-Tyr74 interaction
for glutamine binding has been established by mutational
studies to be reported elsewhere.3

The low NH3-PRA activity of the Trp82 enzyme (Table
1) has important implications. We propose that insertion of
Trp82 into the glutamine loop obstructs entry of NH3 into
the NH3 channel. In the Ser1 Trp82 enzyme, the glutamine
loop has more freedom to move because of the loss of a
Tyr74 NH-Cys1 Sγ hydrogen bond. This hydrogen bond
cannot form with Ser1 Oγ. Thus, Trp82 could be less
effective in hindering NH3 entry, and NH3-PRA activity was
restored in the Ser1 Trp82 enzyme (Table 1). This interpreta-
tion leads to the important conclusion that external as well
as internal NH3 used for the NH3-PRA reaction in state II
enters the NH3 channel via the glutamine site, as depicted
schematically in Figure 8. It also leads to the prediction that
the NH3-PRA reaction might be partially impaired in the state
III enzyme, where the glutamine site is known to be closed
and occupied. In accord with this prediction, the rate of the
NH3-PRA reaction is modestly higher in state II, having a
presumably open glutamine site, than in state III. It was found
that glutamine inhibited by 2-fold the NH3-PRA activity of
the Ser1 Trp345 enzyme (data not given).

We have not considered in this work the structural
transitions that are required for release of products. It is

3 A. K. Bera, S. Chen, J. L. Smith, and H. Zalkin, unpublished data.

Scheme 3

E + PRPPh E‚PRPPh E1‚PRPPy\z
ki

k-i
E*‚PRPP
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anticipated that a return of the PRTase flexible loop to a
less ordered state is required to open the PRTase site for
release of PRA and PPi and the glutamine site for release of
glutamate.

E. coli carbamoyl phosphate synthetase also contains
physically separated active sites for glutamine hydrolysis and
carbamate synthesis that are connected by an NH3 channel
(30). A 3 order of magnitude increase in the rate of glutamine
hydrolysis upon addition of ATP and bicarbonate is indica-
tive of the allosteric communication between the sites (31).
Structural changes required for the intersubunit signaling
have yet to be reported.
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