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ABSTRACT: X-ray crystal structures of glutamine-dependent amidotransferases in their “active” conformation
have revealed the existence of multiple active sites linked by solvent inaccessible intramolecular channels,
giving rise to the widely accepted view that ammonia released in a glutaminase site is channeled efficiently
into a separate synthetase site where it undergoes further reaction. We now report a very convenient
isotope-edited1H NMR-based assay that can be used to probe the transfer of ammonia between the active
sites of amidotransferases and demonstrate its use in studies ofEscherichia coliasparagine synthetase B
(AS-B). Our NMR results suggest that (i) high glutamine concentrations do not suppress ammonia-
dependent asparagine formation in this bacterial asparagine synthetase and (ii) ammonia in bulk solution
can react with the thioester intermediate formed during the glutaminase half-reaction by accessing the
N-terminal active site of AS-B during catalytic turnover. These observations are consistent with a model
in which exogenous ammonia can access the intramolecular tunnel in AS-B during glutamine-dependent
asparagine synthesis, in contrast to expectations based on studies of class I amidotransferases.

Glutamine-dependent amidotransferases catalyze the re-
lease of ammonia from the side chain amide of glutamine
and its subsequent transfer to a variety of electrophilic
acceptors (1-3). X-ray crystal structures of these enzymes
in their “active” conformation reveal the existence of multiple
active sites that are linked by solvent inaccessible intra-
molecular channels (4-13). These structural observations
have therefore given rise to the hypothesis that ammonia
released in a glutaminase site is channeled efficiently into a
second active site where it undergoes reaction with the
appropriate nitrogen acceptor to complete the overall enzy-
matic transformation (1, 14-18). On the other hand, kinetic
evidence that supports this proposal has been obtained for
relatively few glutamine-dependent amidotransferases (19-
22). Perhaps the most convincing evidence for intramolecular
ammonia channeling has come from15N NMR studies of
carbamoyl phosphate synthetase (CPS)1 (19, 23-25), which
demonstrated that14NH3 produced in the glutamine domain

of CPS does not exchange with15NH3 present in bulk
solution (19). In addition, pre-steady state kinetic measure-
ments have shown the rates of ammonia utilization and
glutaminase activity in CPS to be coupled, implying that only
a single ammonia molecule is present in the intramolecular
tunnel of the enzyme during catalytic turnover (23). Inte-
grated structural, computational, and experimental measure-
ments have also provided support for active site coupling
and intramolecular ammonia transfer in imidazole glycerol
phosphate synthase (IGPS) (20, 26-29). Both CPS and IGPS
are class I amidotransferases (1, 30), however, and their
molecular behavior may not therefore be representative of
the evolutionarily unrelated class II (1, 31) or class III
amidotransferases (32).

Glutamine-dependent asparagine synthetase (ASNS) is a
class II amidotransferase (1), which catalyzes the ATP-
dependent formation of asparagine from aspartate using
glutamine as the likely physiological nitrogen source (Scheme
1) (15, 33). Both the mammalian and bacterial forms of the
enzyme can accept free ammonia as an alternate substrate
in vitro (34, 35), and in sharp contrast to the behavior of
other class II amidotransferases for which the independent
catalytic sites are tightly coupled (36-38), the glutaminase
and synthetase activities of ASNS appear to be only weakly
coordinated even at saturating concentrations ofL-glutamine,
ATP, andL-aspartate (39-41). As a result,L-glutamate and
L-asparagine are not formed in a 1:1 stoichiometry by either
human ASNS (39) or the cognate enzyme inEscherichia
coli (AS-B) (40, 41) under steady state conditions unless
glutamine is present at a very low concentration. This lack
of active site coupling in ASNS is surprising in light of
observations with other amidotransferases and raises ques-
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tions about the structural integrity of the solvent inaccessible,
intramolecular tunnel that is seen in the AS-B crystal
structure (Figure 1) (12) as the enzyme proceeds through its
catalytic cycle.

We now report the use of a very convenient isotope-edited
1H NMR-based assay (42) that we have developed to probe
the transfer of ammonia between the two active sites in AS-
B. This gradient heteronuclear multiple-quantum coherence
(gHMQC) method, which should be generally applicable for
studies of other glutamine-dependent amidotransferases, has
provided quantitative information about the extent to which
15N is incorporated into the side chain of asparagine formed
in the enzyme-catalyzed reaction. At least in the case of AS-
B, the results of these gHMQC NMR studies show that (i)
high glutamine concentrations do not suppress ammonia-
dependent formation of asparagine by this enzyme and (ii)
ammonia in bulk solution can undergo reaction with a
thioester intermediate formed during the glutaminase half-
reaction (43). These observations are consistent with a model
in which exogenous ammonia can access the tunnel in AS-B
during glutamine-dependent asparagine synthesis, in contrast
to expectations based on studies of class I amidotransferases
(19, 26, 27).

MATERIALS AND METHODS

Materials. Unless otherwise stated, all chemicals and
reagents were purchased from Sigma (St. Louis, MO) and
were of the highest available purity. [1,3-15N2]Uracil, [15N]-
L-asparagine, andd6-DMSO were purchased from Sigma-
Aldrich (St. Louis, MO). The level of isotopic incorporation
in these samples was greater than 99%. All experiments
employed freshly prepared solutions of recrystallizedL-
glutamine (34). Recombinant, wild-type AS-B was expressed
and purified following literature procedures (44). Protein
concentrations were determined using a modified Bradford
assay (Pierce, Rockford, IL) (45), for which standard curves
were constructed with bovine serum albumin, and corrected
as previously reported (36). NMR spectra were recorded on

a Varian INOVA 500 instrument equipped with a 5 mm
triple-resonance indirect detection probe (z-axis gradients)
operating at 500 and 50 MHz for1H and15N, respectively.
Chemical shifts are reported in parts per million relative to
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). The
coaxial inner cell (catalog no. NE-5-CIC-V) containing the
external NMR standards was purchased from New Era
Enterprises (Vineland, NJ).

NMR Measurements. Concentrations of [15N]-L-asparagine
were determined using a solution of [1,3-15N2]uracil dissolved
in d6-DMSO as a standard, which was placed in a coaxial
inner cell inserted into the 5 mm tube containing the assay
sample. The amount of [15N]-L-asparagine was measured

Scheme 1: Reactions Catalyzed byE. coli AS-Ba

a The formation ofâ-aspartyl-AMP intermediate1 and its reaction
with ammonia both take place in the C-terminal synthetase site, while
the hydrolysis of glutamine to yield enzyme-bound ammonia occurs
in the N-terminal domain of the enzyme. In the competition experiments
described herein, the amide nitrogen of asparagine comes either from
glutamine via intramolecular channeling (red) or from15NH3 in bulk
solution (blue).

FIGURE 1: Cartoon representations of theE. coli AS-B monomer.
(A) High-resolution X-ray structure of the enzyme (PDB entry
1CT9) (12) showing the structural elements that define the
glutaminase and synthetase domains. In this cartoon representation,
atoms in residues defining the tunnel connecting the active sites
are rendered as green spheres, andR-helices andâ-strands are
colored yellow and red, respectively. Bound glutamine (top) and
AMP (bottom) are shown as space-filling models in which hydrogen
atoms bound to carbon atoms have been omitted for clarity. Atom
coloring is as follows: C, black; H, white; N, blue; and O, red.
(B) Close-up representation of the residues defining the ammonia
tunnel, the body of which is formed primarily by hydrophobic
residues (yellow). Acidic and polar (red) and basic (blue) residues
are observed at the C-terminal and N-terminal ends of the tunnel,
respectively. Residues with polar, uncharged side chains are also
shown (green). Bound glutamine (top) and AMP (bottom) are again
rendered as space-filling models, and red spheres represent crystal-
lographic water molecules bound within the tunnel. These structures
were visualized using the CAChe Worksystem Pro (Fujitsu America
Inc., Beaverton, OR) and VMD (56) software packages.
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using a phase-sensitive, one-dimensional gHMQC pulse
sequence (42), as implemented in the Varian VNMR software
package (version 6.1C). NMR spectra were acquired, at a
fixed temperature of 25°C, in 256 transients with a digital
resolution of 0.25 Hz/point (25 966 points in the FID over a
spectral window of 6492 Hz) using a relaxation delay of 1
s and an acquisition time of 2 s. The total time for acquiring
each spectrum was therefore 13 min. The encoding gradient
level was 37 G/cm with a duration of 2.5 ms, and the
corresponding values for the decoding gradient were 18.7
G/cm and 1 ms, with a gradient recovery time of 0.5 ms.
The 90° pulse times used in the experiment for1H and15N
were 9.6 and 25.8µs, respectively, and the1H-15N coupling
constant was set to a value of 87 Hz. The FID was weighted
with a line broadening of 10 Hz and a Gaussian of 0.278
Hz.

Competition Experiments. Assay mixtures consisted of 60
mM MgCl2, 10 mM ATP, 20 mM L-aspartic acid, and
variable concentrations of15NH4Cl and/or L-glutamine,
dissolved in 100 mM HEPPS buffer (pH 8) (total volume of
2 mL). In experiments during which the concentration of
L-glutamine was varied from 0 to 40 mM, the level of15-
NH4Cl was fixed at an initial concentration of 100 mM.
Alternatively, when the15NH4Cl concentration was varied
from 25 to 100 mM,L-glutamine was initially present at a
concentration of 20 mM. Reactions were initiated by the
addition of AS-B (31µg) and the resulting samples incubated
for 10 min at 37°C before being quenched by the addition
of trichloroacetic acid (TCA) (60µL). After centrifugation
for 5 min at 3000 rpm to remove precipitated protein, the
supernatant was adjusted to pH 5 by the addition of 10 M
aqueous NaOH and an aliquot of this solution (650µL)
transferred to a 5 mm NMRtube for analysis. At higher pH
values, amide NH exchange precluded the derivation of any
quantitative relationship between peak area and [15N]Asn
concentration.

15N Exchange Experiments. Assay mixtures consisted of
60 mM MgCl2, 10 mM ATP, and variable concentrations of
15NH4Cl and L-glutamine, dissolved in 100 mM HEPPS
buffer (pH 8) (total volume of 2 mL). In experiments during
which the concentration ofL-glutamine was varied from 0
to 80 mM, the15NH4Cl concentration was fixed at 100 mM.
Alternatively, when the15NH4Cl concentration was varied
from 0 to 100 mM,L-glutamine was added at an initial
concentration of 20 mM. As in the competition experiments,
reaction was initiated by the addition of AS-B (62µg), and
the resulting samples were incubated for 10 min at 37°C
before being quenched with TCA (60µL). After centrifuga-
tion for 5 min at 3000 rpm to remove precipitated protein,
the supernatant was adjusted to pH 5 by the addition of 10
M aqueous NaOH and an aliquot of this solution (650µL)
transferred to a 5 mm NMRtube for analysis. At higher pH
values, amide NH exchange precludes the derivation of any
quantitative relationship between peak area and [15N]Gln
concentration.

HPLC-Based Determination of the Total Amount of
L-Asparagine.To obtain an estimate of the total amount of
L-asparagine in the final reaction mixtures, we employed a
HPLC-based end point assay (36). Hence, an aliquot of each
mixture (40µL) was diluted (200µL final volume) with 400
mM aqueous Na2CO3 (pH 9) containing 10% DMSO and
30% dinitrofluorobenzene (DNFB) (as a saturated solution

in EtOH). The resulting solutions were heated at 50°C for
45 min to permit reaction of DNFB with the amino acids to
yield their dinitrophenyl (DNP) derivatives.Caution: Ex-
treme care should be taken when handling solutions of 2,4-
dinitrofluorobenzene in organic solvents because this reagent
is a potent allergen and will penetrate many types of
laboratory gloves (46). Aliquots of each assay mixture (20
µL) were analyzed by reverse-phase HPLC (RP-HPLC) using
a C18 column and a flow rate of 0.7 mL/min. The DNP-
derivatized amino acids were eluted using a step gradient of
40 mM formic acid buffer (pH 3.6) and CH3CN. In this
procedure, the initial concentration of the organic phase (CH3-
CN) was 14%, which was maintained over a period of 26
min before the amount of CH3CN was increased to 80% over
a period of 30 s, and elution continued for a further 8 min.
Eluted amino acid DNFB derivatives were monitored at 365
nm and identified by comparison to authentic standards.
Under these conditions, DNP-asparagine exhibited a retention
time of approximately 25 min and could be quantified on
the basis of its peak area. Calibration curves were constructed
using solutions of pureL-asparagine derivatized in the same
manner as the samples.

Kinetic Simulations. Simulations were performed using the
GEPASI software package (47, 48).

RESULTS AND DISCUSSION

Competition Experiments.Two mechanisms can be envis-
aged for the transfer of nitrogen from the glutaminase to the
synthetase active sites in AS-B. In the first, ammonia is
directly transferred between the two active sites through an
intramolecular tunnel (4-13). This proposal, which is
hypothesized to occur in all other glutamine-dependent
amidotransferases (1, 14-18), is supported by X-ray crystal-
lographic observations on the bacterial enzyme (12). A
second model can be envisaged, however, in which ammonia
is released into the bulk solution prior to re-entering the
synthetase site and reacting with theâ-aspartyl-AMP inter-
mediate. We therefore sought a simple and rapid kinetic assay
to distinguish between these possibilities, which might also
be applicable in experiments aimed at developing structure-
function relationships for residues defining the tunnel
observed in AS-B. Early work on CTP synthetase (49-51)
and GTP synthetase (52) aimed at investigating this problem
employed the pH dependence of synthetase activity when
glutamine and ammonia (or alternate substrates such as
hydroxylamine) were both present in solution. We elected
to employ an alternate, and somewhat more straightforward,
strategy, however, in which the glutamine-dependent aspar-
agine synthetase reaction was performed in the presence of
exogenous15NH4Cl. In particular, we hoped to employ15N
NMR spectroscopy to determine the extent of incorporation
of 15N into asparagine as a function of glutamine concentra-
tion, as previously reported in studies on CPS (19). The low
sensitivity of the15N nucleus proved to be a significant
limitation to our efforts, mandating a substantial investment
of spectrometer time for obtaining spectra with sufficiently
high signal-to-noise ratios for any quantitative measurements,
thereby severely limiting the number of conditions under
which competition studies could be carried out. We therefore
investigated the use of a phase-sensitive one-dimensional
gHMQC experiment (42) to measure the extent to which15N
was incorporated into asparagine when AS-B was incubated
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with aspartate and ATP in the presence of both glutamine
(containing nitrogen isotopes at natural abundance) and15-
NH4Cl. In gHMQC spectra, resonances are observed for only
hydrogen nuclei that (i) are attached to15N nuclei and (ii)
are not in fast exchange. Hence, this NMR strategy permits
a 30-fold increase in sensitivity over that for the direct
acquisition of15N spectra. In addition, and very importantly
for the goals of these experiments, the time needed to acquire
15N-edited1H NMR spectra was approximately 3 orders of
magnitude shorter than for the equivalent measurements
using 15N NMR spectroscopy. We were therefore able to
obtain very “clean”1H NMR spectra for assay mixtures
containing AS-B because the signals for protons on free
15NH3 and 15NH4

+ were not observed (Figure 2). Accurate
integration of signals relative to those from an internal
standard (uracil) was also possible, and standard curves
relating the observed peak area of amide proton signals to
the concentration of [15N]asparagine present in solution under
a variety of conditions were easily obtained (Figure 3). All

of these results were carefully validated by independent
measurements of asparagine using a HPLC-based assay (40).

Having established that the amount of [15N]asparagine
formed in the reaction could be quantitated using gHMQC
spectroscopy, we studied whether the incorporation of15N
from exogenous15NH4Cl into asparagine could be suppressed
by L-glutamine in the synthetase reaction catalyzed by AS-
B. Thus, the recombinant bacterial enzyme was incubated
with 100 mM 15NH4Cl, saturating levels of MgATP, and
aspartate at 10 and 20 mM in 100 mM HEPPS buffer (pH
8) over a range ofL-glutamine concentrations (0-20 mM).
Reactions were initiated by the addition of enzyme and
allowed to proceed at 37°C for 10 min before being
quenched with TCA. Under these conditions, the final
concentration of asparagine formed was 1-2 mM. This time
was chosen so that the15N-labeled asparagine was formed
in sufficiently high amounts for accurate quantitation using
the HMQC-based assay. The reaction mixture was then
separated into two portions, one of which was analyzed by

FIGURE 2: Isotope-edited (gHMQC)1H NMR spectrum. (A) Complete spectrum for a competition assay sample. (B) Expansion of the
spectrum in the chemical shift region of 6.5-8.0 ppm showing the peaks from [15N]Asn [labeled N;δNHcis 7.56 (d,JNH ) 90 Hz) and
δNHtrans 6.84 (d,JNH ) 90 Hz)] and the additional peaks [labeled Q;δNHcis 7.52 (d,JNH ) 90 Hz) andδNHtrans 6.80 (d,JNH ) 90 Hz)]
associated with incorporation of15N into the side chain amide of L-glutamine.
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HPLC in determining the total amount ofL-asparagine
formed in the enzyme-catalyzed synthetase reaction. The
second portion was transferred to a NMR tube, and the
concentration of [15N]asparagine formed under the assay
conditions was determined using the gHMQC strategy. The
dependence of incorporation of15N into the product amide
on the initial concentration ofL-glutamine was determined
(Table 1), after correcting the amount of15N in L-asparagine
to allow for the natural abundance of15N in L-glutamine. A
similar set of experiments in which the concentration of
L-glutamine was fixed at 20 mM and that of15NH4Cl varied
over a range of initial concentrations was also carried out
(Table 1).

Somewhat unexpectedly, in light of the behavior reported
for CPS in a similar competition experiment (19), we did
not observe complete suppression of15N incorporation at
saturating concentrations ofL-glutamine [KM(app) ) 0.69 mM
(53)]. Instead, the14N/15N incorporation ratio exhibited
saturation behavior, reaching a limiting value of 1.2( 0.2
as the concentration ofL-glutamine was increased (Figure
4A). The ammonia dependence of the14N/15N incorporation
ratio when the initial concentration ofL-glutamine was fixed
at 20 mM was also examined and again showed substantial
15N incorporation even at nonsaturating concentrations of15-
NH3 (Figure 4B). Any calculation of the expected14N/15N

ratio in the side chain of the product by the simple
comparison of theV/K values for the two nitrogen sources
is complicated, however, by the fact thatL-asparagine inhibits
the glutaminase activity of ASNS with an apparentKI of
50-60 µM (34, 41) while having no significant impact on
the ammonia-dependent synthetase activity at 1 mM (41; also
see the Supporting Information). Thus, the rate of ammonia-
dependentL-asparagine synthesis is unaffected by the pres-
ence of L-asparagine over the period of our competition
experiment, while that for glutamine-dependent synthetase
activity decreases over time (Figure 4C). The effects of this
differential inhibition are reflected in the total amount of
L-asparagine formed after a given time under the assay
conditions, which depends on whether one or both nitrogen
sources are present. As a result, the total amount of
L-asparagine formed in 10 min is greater when both exog-
enous ammonia and glutamine are present in solution than
when glutamine is employed as the sole nitrogen source
(Table 1). This also explains the observation that the total
L-asparagine concentration is increased when ammonia is
added to a solution containing a saturating amount (20 mM)
of L-glutamine because ammonia-dependent activity is not
inhibited by the binding of the reaction product to the
glutaminase active site. Given this complication in under-
standing the apparent inability ofL-glutamine to prevent
incorporation of15N into asparagine, we sought to model
the theoretical14N/15N incorporation ratio as a function of
either L-glutamine or ammonia concentration by kinetic
simulations of the competition experiment (Scheme 2). In
keeping with hypotheses developed from previous studies
on CPS (19) and IGPS (20), we assumed that exogenous
15NH3 andL-glutamine could not bind simultaneously to the
E‚ATP‚Asp ternary complex required for synthetase activity
(40, 41). The assignment of rate constants was accomplished
(40) on the basis of (i) direct NMR and HPLC measurements
of the rate of L-asparagine production under the assay
conditions (k2, k4, k7, andk10) and (ii) literature data on the
steady state kinetics of AS-B (k-1, k-3, k-6, andk-9) (40,
53). All second-order “on” rate constants were defined as
108 M-1 s-1, although this does not account for conforma-
tional changes that might take place on substrate binding.
Perhaps more importantly, we assumed that (i) the presence
of L-asparagine in the glutaminase active site of the enzyme
does not affect rate constants associated with ammonia-

Table 1: AS-B-Catalyzed Incorporation of15N into L-Asparagine in the Steady State Competition Assaysa

[Gln] (mM) [15NH4Cl] (mM) [[ 15N]Gln] (mM)b [[ 15N]Asn] (mM)b,c total Asn (mM)d [14N]Asn/[15N]Asn

0 100 NDe 0.83( 0.03 0.83( 0.03 0
2.5 100 NDe 0.71( 0.02 1.22( 0.06 0.65( 0.08

10 100 0.18( 0.01 0.66( 0.02 1.30( 0.06 1.0( 0.1
20 100 0.26( 0.01 0.67( 0.01 1.4( 0.1 1.1( 0.2
40 100 0.34( 0.01 0.63( 0.03 1.4( 0.1 1.2( 0.2
20 0 NDe NDe 0.76( 0.04 NAf

20 25 0.12( 0.01 0.29( 0.01 0.94( 0.03 2.2( 0.1
20 50 0.16( 0.02 0.44( 0.02 1.09( 0.05 1.5( 0.1
20 75 0.19( 0.01 0.62( 0.07 1.19( 0.07 1.1( 0.1
20 100 0.26( 0.01 0.67( 0.01 1.4( 0.1 1.1( 0.2

a All reaction mixtures contained 10 mM MgATP, 20 mM aspartate, 60 mM MgCl2, and 490 nM AS-B in 100 mM HEPPS buffer (pH 8) (total
volume of 2 mL).b As determined by gHMQC NMR spectroscopy. Errors are estimated on the basis of measurements employing known concentrations
of authentic [15N]Asn. c This value is corrected for the amount of [15N]Asn that would be formed from [15N]Gln at natural abundance, but the
contribution of [14N]Asn formed from any14NH3 released from the enzyme, as a result of the glutaminase activity of AS-B, is assumed to be
negligible.d Mean value and standard deviation computed from two separate determinations on duplicate samples using reverse-phase HPLC.e Not
detected.f Not applicable.

FIGURE 3: Standard curve relating the NMR peak area to the
concentration of authentic [15N]-L-asparagine. gHMQC1H spectra
of [15N]-L-asparagine (50, 100, 250, and 750µM and 1, 2.5, and 5
mM) were recorded under the conditions of the competition assay
in the absence of AS-B. Peak areas are expressed relative to those
of the internal [15N]uracil standard.
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dependent synthetase activity (k4, k7, and k10) and (ii) the
“off” rate for asparagine leaving the inhibitory site is not
affected by bound ammonia (k-11 and k-12). The only
remaining unknown rate constants (k-11 and k-12) in this
simple model could then be estimated from the observedKI

for L-asparagine in the glutamine-dependent synthetase
reaction. Although this kinetic model exhibits a time-
dependent decrease in the rate of incorporation of nitrogen
from L-glutamine to give [14N]-L-asparagine in the competi-
tion assay (Figure 4C), it does not qualitatively reproduce

the saturation behavior of the14N/15N incorporation ratio as
the concentration ofL-glutamine is increased in the presence
of a fixed amount of15NH4Cl (Figure 4A). The lack of
quantitative agreement between the experimental and simu-
lated 14N/15N incorporation ratios likely arises from an
overestimation of the affinity of the AS-B glutaminase
domain forL-asparagine, and we therefore conclude that both
nitrogen sources can be present on the enzyme simulta-
neously.

15N Exchange Experiments.Evidence to support (i) the
conclusion from the kinetic simulations and (ii) the hypoth-
esis that15NH3 might be able to access the N-terminal
glutaminase site (and presumably the intramolecular tunnel)
whenL-glutamine is also present came from the observation
of peaks in the isotope-edited gHMQC spectrum with
chemical shift values that were different from those of the
resonances arising from the amide protons of [15N]asparagine
(Figure 2B). The acquisition of1H spectra for the reaction
mixture in the absence of isotopic editing, but with suppres-
sion of the water signal, showed that these unexpected peaks
were satellites of the broad signal from the amide protons
in [14N]-L-glutamine (Figure 5). As a result, we concluded
that these signals arose from amide protons bonded to15N
in the side chain ofL-glutamine. Control experiments
established that14N-15N exchange did not occur in the
absence of AS-B, so this reaction was examined in more
detail by incubating the enzyme with15NH4Cl in the presence
of glutamine and ATP. Under these conditions, the rate of
15N-substituted glutamine formation (i) showed saturation
behavior with respect to glutamine at a fixed concentration
(100 mM) of 15NH4Cl (Figure 6) and (ii) was linearly
dependent on the concentration of exogenous15NH4Cl (data
not shown). A kinetic model was constructed to describe
the14N-15N exchange (Figure 7A), which gave the following
equation for partitioning of the thioester intermediate at the
steady state to yield [15N]-L-glutamine (see the Supporting
Information):

where V is the rate of [15N]glutamine production via the
exchange reaction in the presence of ATP but in the absence
of aspartate andk1, k2, andk3 are microscopic rate constants
with estimated values of 5.1, 7.8× 10-3, and 1.06× 10-4

mM-1 s-1, respectively, assuming that hydrolysis of the
thioester intermediate is the rate-limiting step in the glutami-
nase reaction (43). Using these values in our model for the
exchange reaction gave excellent agreement between the
observed concentrations of [15N]glutamine and those ex-
pected from kinetic simulation at a variety of NH4Cl
concentrations (Figure 7B). Having established a firm
understanding of this reaction in the absence of aspartate,
we next examined whether the overall rate of14N-15N
exchange was altered when AS-B was undergoing catalytic
turnover to yield asparagine. An analysis similar to that
described above showed that our kinetic model gave excellent
agreement with experimental values (data not shown) when
the microscopic rate constantsk1, k2, andk3 were assigned
values of 9.6, 1.8× 10-2, and 8.8× 10-5 mM-1 s-1,
respectively. The similarity of these rate constants to those

FIGURE 4: 14N/15N incorporation ratios inL-asparagine formed by
the AS-B synthetase reaction under competition assay conditions.
(A) Comparison of the experimentally observed (0) and simulated
(9) 14N/15N incorporation ratio in 100 mM HEPPS buffer (pH 8)
containing 10 mM MgATP, 20 mM aspartate, and 100 mM
15NH4Cl. (B) Comparison of the experimentally observed (0) and
simulated (9) 14N/15N incorporation ratio in 100 mM HEPPS buffer
(pH 8) containing 10 mM MgATP, 20 mM aspartate, and 20 mM
L-glutamine. The inset shows an expanded view of the plot for the
experimental14N/15N ratios. (C) Kinetic simulation of the time-
dependent formation of totalL-asparagine (blue), [14N]-L-asparagine
(red), and [15N]-L-asparagine (green) showing the impact of
differential inhibition of the two synthetase reactions byL-
asparagine.

V )
k1k2[E]T[Gln][ 15NH4

+]

k1[Gln] + k2[
15NH4

+] + k3[H2O]
(1)
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determined for14N-15N exchange in the absence of aspartate
suggests that the molecular mechanism of the reaction is
identical under both sets of conditions.

The simplest explanation for14N-15N exchange is that
15N-substituted glutamine is formed by reaction of exogenous
15NH3 with a thioester intermediate formed in the N-terminal
active site during the enzyme-catalyzed hydrolysis of glutamine
(Scheme 3) (43, 54). This is an intriguing finding because a
similar 14N-15N exchange reaction involving the side chain
amide ofL-glutamine was not observed in similar competition
experiments employing CPS (19), although it is possible that
the amounts of15N-substituted glutamine that formed might
have been too small for detection by15N NMR spectroscopy.
In addition, this phenomenon has not been described previ-

Scheme 2: Kinetic Model for the Competition between15NH3 and [14N]Gln in the AS-B Synthetase Reactiona

a Note the key assumptions that (i)15NH3 andL-glutamine cannot both be present on the enzyme simultaneously, (ii)L-asparagine is a competitive
inhibitor of the glutamine-dependent synthetase activity (41), and (iii) the concentration of14NH3 in bulk solution is not sufficiently high for this
species to be employed in asparagine synthesis after it leaves the enzyme. Kinetic simulations of this model employed the following values for the
microscopic rate constants (see the text for details):k1 ) k3 ) k5 ) k6 ) k8 ) k9 ) k11 ) k12 ) 108 M-1 s-1, k-1 ) 6.9 × 104 s-1, k2 ) 6.36 s-1,
k-3 ) k-6 ) k-9 ) 1.7 × 106 s-1, k4 ) k7 ) k10 ) 3.19 s-1, k-5 ) k-8 ) k-11 ) k-12 ) 8.7 × 102 s-1, andk13 ) 5.09 s-1.

FIGURE 5: Unedited1H NMR spectrum of the exchange reaction
assay mixture. The two broad peaks arise from the two nonequiva-
lent protons coupled to14N in the amide ofL-glutamine, while the
satellite peaks are for the cognate protons in [15N]Gln.

FIGURE 6: Glutamine dependence of the exchange of15NH3 into
L-glutamine under exchange assay conditions. Exchange reactions
were performed in 100 mM HEPPS buffer (pH 8) containing 60
mM MgCl2, 10 mM ATP, and 100 mM15NH4Cl (total volume of
2 mL), and each data point represents an average of duplicate
experiments.

FIGURE 7: Exchange of15NH3 into L-glutamine during the
glutaminase reaction catalyzed by AS-B. (A) Kinetic model
employed in the simulations of this exchange process. (B) Com-
parison of the experimentally observed (0) and simulated (9) rate
of exchange of15NH3 into L-glutamine when AS-B is incubated in
100 mM HEPPS buffer (pH 8) withL-glutamine and 100 mM15-
NH4Cl in the absence of ATP and aspartate.
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ously, to the best of our knowledge, for any other glutamine-
dependent amidotransferase. The molecular pathway by
which 15NH3 gains access to the N-terminal, glutaminase site
remains to be determined. Hence, it is possible that exog-
enous ammonia can access the N-terminal domain directly
as a consequence of the enzyme adopting a conformation in
which the tunnel linking the two active sites is solvent
accessible. Alternatively, ammonia might enter the intramo-
lecular tunnel linking the two active sites after entering the
C-terminal domain. In both mechanisms, ammonia could
displace water molecules in the tunnel prior to glutamine
binding and the adoption of the “closed” conformation
observed in the crystal structure of the enzyme.

CONCLUSIONS

In summary, we have reported a sensitive, quantitative,
and reproducible isotope-edited1H NMR assay for monitor-
ing the incorporation of15N into the side chain amide of
L-asparagine. Spectra can be obtained rapidly, thereby
permitting the examination of a wide variety of conditions
for these steady state competition experiments. The applica-
tion of this assay to the reaction catalyzed by AS-B has
shown, somewhat unexpectedly, that high concentrations of
glutamine cannot suppress the incorporation of15N from
exogenous15NH3. This result, in combination with our
observation that exogenous ammonia can trap the thioester
intermediate in the glutaminase reaction, is consistent with
a model in which the putative ammonia channel linking the
N- and C-terminal active sites can be accessed by15NH3

molecules at some point during catalytic turnover. This
behavior seems to contrast with previous findings concerning
ammonia channeling in class I amidotransferases, such as
CPS (19) and IGPS (20), which appear to have been
optimized during evolution for (i) high nitrogen transfer
efficiency (19) and (ii) tight kinetic coupling of glutaminase
and synthetase activities (20, 23). In part, this may be a
consequence of the ability of asparagine to inhibit nonpro-
ductive glutaminase activity, which might have relaxed any
evolutionary pressure to construct intradomain interactions
needed for efficient kinetic coupling of catalysis in the two
active sites of asparagine synthetase.

Any interpretation of the inability of saturating glutamine
to suppress ammonia-dependent synthetase activity in terms

of molecular structure is complicated by the observed solvent
inaccessibility of the intramolecular tunnel that is observed
in the high-resolution crystal structure of AS-B (12). We
have shown previously, however, that coupling of the
glutaminase and synthetase activities of the enzyme appears
to break down as the glutamine concentration is increased
(40), perhaps because of a conformational change that
permits the release of ammonia (14NH3) from one or both of
the glutaminase sites. It is therefore possible that molecules
of exogenous ammonia (15NH3) might be able to gain access
to the synthetase site when the enzyme adopts this conforma-
tion, the result being that high concentrations ofL-glutamine
fail to suppress15N incorporation to the extent seen for other
amidotransferases.
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49. Willmöes, M. (2004) Competition between ammonia derived from
internal glutamine hydrolysis and hydroxylamine present in the

4848 Biochemistry, Vol. 46, No. 16, 2007 Li et al.



solution for incorporation into UTP as catalysed byLactococcus
lactis CTP synthase,Arch. Biochem. Biophys. 424, 105-111.

50. Bearne, S. L., Hekmat, O., and MacDonnell, J. E. (2001) Inhibition
of Escherichia coliCTP synthase by glutamineγ-semialdehyde
and the role of the allosteric effector GTP in glutamine hydrolysis,
Biochem. J. 356, 223-232.

51. Levitzki, A., and Koshland, D. E., Jr. (1971) Cytidine triphosphate
synthetase. Covalent intermediates and mechanism of action,
Biochemistry 10, 3365-3371.

52. Zalkin, H., and Truitt, C. D. (1977) Characterization of the
glutamine site ofEscherichia coliguanosine 5′-monophosphate
synthetase,J. Biol. Chem. 252, 5431-5436.

53. Boehlein, S. K., Schuster, S. M., and Richards, N. G. J. (1996)
Probing nitrogen transfer using glutamic acidγ-monohydroxamate

and hydroxylamine as alternate substrates forEscherichia coli
asparagine synthetase B,Biochemistry 35, 3031-3037.

54. Schnizer, H. G., Boehlein, S. K., Stewart, J. D., Richards, N. G.
J., and Schuster, S. M. (2002)γ-Glutamyl thioester intermediate
in the glutaminase reaction catalyzed byEscherichia coliaspar-
agine synthetase B,Methods Enzymol. 354, 260-271.
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