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ABSTRACT: The solution structure of the monomeric glutamine amidotransferase (GATase)
subunit of the Methanocaldococcus janaschii (Mj) guanosine monophosphate synthetase (GMPS) has
been determined using high-resolution nuclear magnetic resonance methods. Gel filtration
chromatography and 15N backbone relaxation studies have shown that the Mj GATase subunit is
present in solution as a 21 kDa (188-residue) monomer. The ensemble of 20 lowest-energy structures
showed root-mean-square deviations of 0.35 ± 0.06 Å for backbone atoms and 0.8 ± 0.06 Å for all
heavy atoms. Furthermore, 99.4% of the backbone dihedral angles are present in the allowed region of
the Ramachandran map, indicating the stereochemical quality of the structure. The core of the tertiary
structure of the GATase is composed of a seven-stranded mixed β-sheet that is fenced by five α-
helices. The Mj GATase is similar in structure to the Pyrococcus horikoshi (Ph) GATase subunit.
Nuclear magnetic resonance (NMR) chemical shift perturbations and changes in line width were
monitored to identify residues on GATase that were responsible for interaction with magnesium and
the ATPPase subunit, respectively. These interaction studies showed that a common surface exists for
the metal ion binding as well as for the protein−protein interaction. The dissociation constant for the GATase−Mg2+ interaction
has been found to be ∼1 mM, which implies that interaction is very weak and falls in the fast chemical exchange regime. The
GATase−ATPPase interaction, on the other hand, falls in the intermediate chemical exchange regime on the NMR time scale.
The implication of this interaction in terms of the regulation of the GATase activity of holo GMPS is discussed.

Protein−protein interactions are at the core of most
physiological processes.1−3 Enzymes have evolved to

conduct a chemical reaction in an efficient and concerted
manner. Guanosine monophosphate synthetase4 is a special
example of a coupled enzyme-catalyzed reaction in which the
component reactions are conducted by two distinct domains or
subunits. GMPS, a class I glutamine amidotransferase,5,6 is an
important enzyme that catalyzes the final step of GMP
biosynthesis. Two reactions are catalyzed by the GMPS
enzyme: (1) the hydrolysis of glutamine to yield ammonia
and (2) amination of XMP to yield GMP.7,8 The overall
reaction is ATP-dependent and requires Mg2+. The enzyme
thus contains two independent catalytic sites that could be
housed in individual domains either in a single polypeptide
chain or in separate subunits and are known as the GATase and
ATPPase domains or subunits. In eukaryotes, bacteria, and
some archaea, GMPSs are encoded by a single gene (two-
domain-type). In most other archaeal species, e.g., Methano-
caldococcus jannaschii, the GATase and ATPPase functions are
present on individual polypeptides (two-subunit-type) that are
encoded by separate genes. GATase catalyzes the hydrolysis of
glutamine and ATPPase uses the ammonia generated to
convert XMP to yield GMP. GMP formation occurs via a

nucleophilic attack by the released ammonia on the adenyl-
XMP intermediate.9−11

A Protein Data Bank (PDB) query for GMPS gives 11 hits.
All structures have been determined by X-ray crystallography.
These structures belong to GMPSs from Plasmodium
falciparum, Homo sapiens, Thermus thermophilus, Coxiella
burnetii, Pyrococcus horikoshii, and Escherichia coli. Except for
P. horikoshii, all GMPSs are two-domain-type. An analysis of
different crystal structures from the PDB reveals that the core
structural elements are highly similar in GMPS. The GATase
domain or subunit contains α/β structures. The core of the
structure is formed by mixed β-sheet mainly constructed from
parallel β-strands. The catalytic triad is conserved across these
enzymes. The catalytic triad of GATase appears to be similar to
those in serine proteases, however, with serine being replaced
by cysteine and aspartate by glutamate in GATase.
The ATPPase domain or subunit of GMPS has a typical

dinucleotide binding site that resembles that of dehydro-
genases. This fold consists of five-stranded sheets sandwiched
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between α-helices. ATPPase has a signature nucleotide-binding
motif or P-loop that is strongly conserved in all the nucleotide
binding proteins.12 X-ray crystal structures of single-chain
GMPSs have shown that the glutamine and XMP binding sites
are separated by a distance of 10−40 Å. Thus, the ammonia
released at glutamine binding site has to be channeled to the
acceptor or ATPPase site.12−14 Ammonia channeling is the
hallmark of a large group of proteins known generally as
glutamine-dependent amidotransferases, of which the GMPSs
form one subgroup.7,12,14,15 This ammonia channeling and
cross talk between two domains have been a major thrust of the
investigation of glutamine amidotransferases. Most of the
studies have been conducted on two-domain-type GMPS,12,16−21

while only one study of two-subunit-type GMPS has been
reported.22

The GMPS from M. jannaschii is a two-subunit-type GMPS.
The glutamine amidotransferase (GATase) subunit of M.
jannaschii is a monomer with a molecular weight of 21 kDa,
whereas the ATPPase subunit is a dimer with each protomer
having a molecular weight of 34 kDa. There are several open
questions with regard to the functioning of this enzyme. Unlike
regular enzymes, GATs are bienzymes and therefore function
through the formation of protein−protein complexes that is
facilitated by binding of ligands to the synthase domain.
Further, their activities are tightly coordinated, leading to
maximization of the overall catalytic efficiency. Interestingly,
different GATs seem to adopt different molecular mechanisms,
and thus, the molecular mechanism that coordinates the various
events warrants investigation.
Recent studies have shown that the GATase subunit interacts

with ATPPase only when the latter is fully liganded, and
furthermore, the glutaminase activity is tightly regulated by
interaction between GATase and ATPPase subunits.22 In the
case of M. jannaschii GMPS, the ATPPase subunit alone is
capable of catalyzing the hydrolysis of ATP. On the other hand,
the GATase does not show glutaminase activity in the absence
of the fully liganded ATPPase subunit. Our interest lies in
understanding the structural basis for the interaction between
the GATase and ATPPase subunits and the role of this
important interaction in catalyzing the formation of GMP. To
date, there is no structural information available for the two-
subunit-type GMPS holoenzyme. Also, poorly understood are
the conformational changes in the GATase subunit upon
interaction with liganded ATPPase that lead to its activation.
To improve our understanding of the mechanistic principles,
we initiated structural studies of M. jannaschii GMPS. As a first
step, we have determined the solution structure of the Mj
GATase subunit by high-resolution multinuclear NMR spec-
troscopy. We have also studied the interaction of GATase with
the cofactor Mg2+ and the interaction between Mj GATase and
the ATPPase subunit.

■ MATERIALS AND METHODS
Overexpression and Purification. The expression and

purification of the Mj GATase subunit of M. jannaschii have
been described previously.23 Isotopically enriched (13C, 15N, or
15N) samples of Mj GATase were prepared using [13C6]glucose
and 15NH4Cl or

15NH4Cl as the sole sources of carbon and
nitrogen, respectively.24 The gene for the ATPPase subunit
from M. jannaschii genomic DNA was cloned into pET3atr
using NdeI and BamHI restriction sites and subcloned into
cassette III of the pST39 expression vector using SacI and KpnI
restriction sites. Plasmids carrying the gene for the ATPPase

subunit were transformed into the Rosetta (DE3) pLysS E. coli
overexpression strain. The Mj ATPPase subunit was overex-
pressed and purified using the same protocol described for the
Mj GATase subunit.

Chromatographic Studies. Gel filtration studies were
conducted using a Superdex-200 column (10 mm × 300 mm)
attached to an AKTA Basic HPLC system. The column was
equilibrated with 50 mM phosphate buffer (pH 7.0). β-Amylase
(200 kDa), alcohol dehydrogenase (150 kDa), bovine serum
albumin (66 kDa), carbonic anhydrase (29 kDa), and
cytochrome c (12.4 kDa) were used for molecular weight
calibration. The protein samples were eluted at a flow rate of
0.5 mL/min.

Gel Filtration Cochromatography. The column was pre-
equilibrated with buffer [20 mM Tris (pH 7.4)] alone or with
buffer containing appropriate ligands. The concentrations of
ATP and XMP in the running buffer were 100 μM each. The
concentrations of Mj ATPPase and GATase when used alone
or in combination were 10 μM each. The concentrations of
ATP and XMP used for preincubation with the enzyme were 3
and 0.2 mM, respectively. Equimolar Mj GATase and ATPPase
were preincubated on ice with substrates under four conditions:
(A) 20 mM MgCl2, (B) 20 mM MgCl2 and 3 mM ATP, (C) 20
mM MgCl2 and 200 μM XMP, and (D) 20 mM MgCl2, 3 mM
ATP, and 200 μM XMP. These samples were chromato-
graphed. Fractions were collected and analyzed by sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−
PAGE).

Metal Affinity Cochromatography. An N-terminal hexahis-
tidine-tagged Mj GATase was generated in pET21b. This clone
was verified by DNA sequencing and the protein expressed in
Rossetta (DE3) pLysS and purified using Ni-NTA agarose
beads. The protein was passed through a desalting column
(Sephacryl-200) and concentrated before being used further.
Mj GATase affinity beads were generated by incubating Ni-
NTA agarose with 10 μM purified Mj GATase followed by a
buffer wash to remove the unbound enzyme. Mj ATPPase (10
μM) was incubated for 15 min on ice with 2 mM ATP and 0.2
mM XMP in 20 mM Tris buffer (pH 7.4) containing 20 mM
MgCl2. The preincubated Mj ATPPase was mixed with the
beads and incubated at 4 °C for 30 min. The beads were then
washed with buffer A [20 mM Tris-HCl (pH 7.4)] and
subsequently with buffer B [20 mM Tris-HCl (pH 7.4)
containing 3 mM ATP, 0.2 mM XMP, and 20 mM MgCl2].
The protein was eluted from the column, using a buffer A
solution containing 500 mM imidazole. The column fractions
were analyzed by SDS−PAGE.

Biochemical Assay. Measurement of GATase Activity. Mj
GATase activity was monitored by a coupled enzyme assay in
which glutamate formation was coupled to the reduction of
NAD+ to NADH by glutamate dehydrogenase and the reaction
was followed by spectrophotometry. The concentration of
NADH was estimated from absorbance measurements at 340
nm using a molar extinction coefficient of 6220 M−1 cm−1.25

The reaction mixture consisted of 100 μM GATase and 100
μM glutamine in 100 mM Tris-HCl (pH 7.4) and was
incubated at either 22 °C for 30 min or 70 °C for 15 min. The
reaction was quenched when the mixture was boiled for 5 min
followed by centrifugation at 13000g. The supernatant (100
μL) was mixed with 0.5 mM NAD+ and glutamate dehydrogen-
ase (1.8 units) in a buffer containing 50 mM KCl and 1 mM
EDTA. The reaction mixture was incubated for 1 h at 37 °C.
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Separate control reactions in which GATase and glutamine
were mutually excluded were also conducted.
GATase Activity in the Presence of Ligand-Bound

ATPPase. The Mj GATase activity was monitored by an
assay described in the previous section. Concentrations of
enzymes and ligands used in the assays were as follows: 2 μM
GATase, 2 μM ATPPase, 0.2 mM XMP, 2 mM ATP, and 5
mM glutamine. Reactions were conducted in a buffer
containing 100 mM Tris-HCl (pH 7.4) and 20 mM MgCl2
at 70 °C for 15 min and quenched when the mixtures were
boiled for 5 min.
Stoichiometry of the GATase−ATPPase Complex. The

stoichiometry of the GATase−ATPPase complex was deter-
mined by monitoring the formation of GMP. The reaction
mixture contained fixed concentrations of 2 μM ATPPase, 3
mM ATP, 0.2 mM XMP, and 20 mM glutamine and varying
concentrations of GATase (0−16 μM). The reaction was
conducted in 90 mM Tris-HCl (pH 7.0) containing 20 mM
MgCl2 at 70 °C. The reactions were initiated with 2 μM Mj
ATPPase and varied concentrations of GATase. Formation of
GMP was monitored spectrophotometrically, by measuring the
absorbance at 290 nm, and the concentration was estimated
using a molar extinction coefficient of 1500 M−1 cm−1.26

NMR Spectroscopy. Sample Preparation. Samples for
NMR spectroscopy were prepared in 20 mM potassium
phosphate buffer (pH 7.0) containing 2 mM DTT, 0.1 mM
EDTA, 1 mM PMSF, and 0.01% sodium azide. Three-
dimensional (3D) 15N-edited and 13C-edited NMR experiments
were conducted using samples of 0.70 mM Mj GATase in a
90% H2O/10% D2O mixture or 100% D2O.

15N relaxation
experiments were conducted using samples of Mj GATase (0.4
mM) in a 90% H2O/10% D2O mixture.
Acquisition of Data. NMR data were acquired either on an

Agilent 600 MHz spectrometer equipped with a 5 mm triple-
resonance pulsed field gradient (TRPFG) probe or on a Bruker
Avance 700 MHz spectrometer equipped with a 5 mm TXI
triple-resonance PFG (z-axis) probe. The sample temperature
was maintained at 30 °C during all experiments. Chemical shifts
were referenced to external DSS. Two-dimensional (2D)
1H−15N HSQC spectra27 were acquired at 700 MHz using
proton spectral widths of 14006 Hz in the acquired dimension
and 2129 Hz in the indirectly detected dimension. Water
suppression was achieved by using a pulse program that
incorporated the WATERGATE28 solvent suppression scheme.
The STATES−TPPI mode of quadrature detection was used
for frequency selection in the indirectly detected dimension.
The 1H−13C HSQC spectra were acquired at 700 MHz in
sensitivity-enhanced mode. Proton and carbon spectral widths
of 14006 and 10914 Hz, respectively, were recorded in the
directly detected and indirectly detected dimensions, respec-
tively. Frequency discrimination in the indirectly detected
dimension was achieved via coherence selection using pulsed
field gradients. Water suppression was achieved via coherence
selection and by the use of trim pulses. Three-dimensional 15N-
edited 1H−1H NOESY spectra (mixing times, τm, of 150 and
200 ms) and 13C-edited 1H−1H NOESY29 spectra (mixing
time, τm, of 150 ms) were acquired at 700 MHz using proton
spectral widths of 14005.60 and 14005.60 Hz in the F3 and F1
dimensions, respectively, and nitrogen and carbon spectral
widths of 2128.65 and 4225 Hz, respectively, in the F2
dimension. Data were acquired in phase sensitive mode, using
the States−TPPI (15N-edited NOESY) or Echo−AntiEcho

(13C-edited NOESY) method of quadrature detection for the
indirectly detected dimensions.

15N Backbone Dynamics. Measurement of T1 and T2.
The spin−lattice relaxation rate, T1, and spin−spin relaxation,
T2, were measured by recording two-dimensional 1H−15N
HSQC spectra on an Agilent 600 MHz NMR spectrometer
equipped with a 5 mm triple-resonance pulsed field gradient
(TRPFG) probe.30,31 The sample concentration used for T1
and T2 measurements was 0.4 mM. The data used for T1
measurement were acquired with 2 s recycle delays and
relaxation delays of 10, 50, 100, 250, 400, 550, 750, 900, and
1200 ms. T2 data were acquired with 2 s recycle delays and
relaxation delays of 10, 30, 50, 70, 90, 110, 130, 150, and 170
ms. T1 and T2 values were determined by fitting peak heights
using the nonlinear least-squares routine, using Analysis.32

Calculation of the Rotational Correlation Time (τc). The
rotational correlation time (τc) was measured using the
following formula30,33

τ πν= × −T T1/4 (6 / 7)c N 1 2
1/2

(1)

where νN is the 15N resonance frequency (in hertz).
Hydrogen−Deuterium Exchange. A series of 2D 1H−15N

HSQC spectra at an interval of 45 min over a period of 24 h
were acquired in 100% D2O. Lyophilized samples of the Mj
GATase subunit were dissolved in D2O just before data were
acquired.

Data Processing and Analysis. All 2D and 3D NMR data
were processed by using NMRPipe/NMRDraw processing
software34 on an Intel PC workstation running Suse Linux
version 11.3. The directly and indirectly detected time domain
data of 2D and 3D spectra were processed by applying a 90°
phase-shifted squared sine bell or a Gaussian filter with a line
broadening parameter of 10 Hz as a weighting function. Data
sets were zero-filled prior to Fourier transformation. Processed
data were analyzed using the ANALYSIS module in CCPN.

Structure Determination. Distance and Dihedral Angle
Restraints. Interproton distance restraints were calculated from
the intensities of unambiguously assigned NOE correlations in
the 3D 15N-edited NOESY-HSQC and 13C-edited NOESY-
HSQC spectra. On the basis of integrated intensities, NOEs
were classified as strong, medium, weak, and very weak with
upper distance bounds of 2.8, 3.5, 5.0, and 6.0 Å, respectively.
All distance restraints employed a lower bound of 1.80 Å.
Hydrogen bond restraints were generated for residues that were
slow to exchange in H−D exchange experiments. The upper
distance bounds employed for the hydrogen bonds were set to
2.2 Å for HN···O pairs and 3.2 Å for N···O pairs. Backbone
dihedral angles ϕ and ψ were predicted using TALOS+35 using
the observed HN, 1Hα, 13Cα, and 13Cβ chemical shifts. An
angular variation of ±30° was allowed during structure
calculation.

Solution Structure Evaluation. Three-dimensional struc-
tures were calculated using the torsion angle dynamics protocol
in CYANA version 3.0.36,37 Experimentally derived distances
from NOEs, hydrogen bond distances, and dihedral angle
restraints were used as input for the structure calculation. One
hundred random conformers were subjected to 20000 steps of
annealing. An ensemble of the 20 lowest-energy conformers of
100 calculated conformers were selected on the basis of target
function and had no upper distance violations of >0.2 Å or
dihedral angle violations of >5°. The conformer with the
minimal energy/target function was chosen as a representative
conformer. The structures were analyzed using MOLMOL.38
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The quality of the structure was further assessed by the Protein
structure validation suite (PSVS).39 Structure alignment was
performed using either DALI40 or PyMOL.41

Interaction Studies. Interaction with Cofactor Mg2+.
Perturbations in the chemical shifts of residues in Mj GATase,
as observed in 1H−15N HSQC spectra, upon interaction with
Mg2+, were followed by NMR titration studies. 15N-enriched Mj
GATase (50 μM) was titrated with varying concentrations of
MgCl2 (0.5−20 mM). The chemical shift perturbation as a
function of MgCl2 concentration in the HSQC spectrum was
used to calculate the dissociation constant (Kd). The weighted
chemical shift change per residue (Δ) was calculated by the
equation42

δ δΔ = +[( ) (0.1 ) ]H
2

N
2 1/2

(2)

where δH and δN are changes in chemical shifts of 1HN and 15N,
respectively. The dissociation constant for the interaction was
determined by plotting Δ as a function of increasing MgCl2
concentration. The resulting curve was fit to the following
equation

Δ = Δ + +

− + + −

K

K

{[L] [P]

[([L] [P] ) 4[L] [P] ] }
max T T d

T T d
2

T T
1/2

(3)

where Δ is the observed chemical shift change at a given total
ligand concentration, [L]T (relative to the resonance frequency
in the absence of MgCl2), Δmax is the change in chemical shift
at saturation, and [P]T is the total protein concentration.43−47

Interaction with ATPPase. A method similar to the one
described in the previous section was used to study the
interaction between Mj GATase and Mj ATPPase subunits.
15N-labeled Mj GATase (50 μM) was titrated with varying
concentrations of unlabeled Mj ATPPase (20−160 μM), in the
presence of a saturating concentration of all substrates, viz.,
MgCl2 (20 mM), ATP (8 mM), and XMP (2 mM). All the
experiments were conducted in a 40 mM potassium phosphate
buffer (pH 7.0) containing 50 mM NaCl. The control
experiment was conducted with 15N-enriched Mj GATase (50
μM) in the presence 20 mM MgCl2, 8 mM ATP, and 2 mM
XMP. To this was added varying concentrations of unlabeled
Mj ATPPase (20− 160 μM). Each titration experiment was
started on a freshly prepared sample to avoid a dilution effect
upon addition of ligand. All samples were prepared from the
same stock solutions. Data were recorded by placing the sample
in a 5 mm, deuterium susceptibility matched Shigemi tube. The
total sample volume used in a Shigemi tube was kept constant
at 300 μL. The concentrations of stock solutions of Mj GATase
and Mj ATPPase were 0.43 and 0.53 mM, respectively. The Mj
GATase and Mj ATPPase protein concentrations were
measured on a NanoDrop 1000 spectrophotometer using
molar extinction coefficients of 15930 and 22190 M−1 cm−1,
respectively. The intensity of a resonance in the control
experiment was taken as the reference intensity (I0). The
decrease in intensity due to the line broadening and/or
chemical exchange contribution to the relaxation, arising from
interaction between two subunits, was determined by
measuring the peak height. The change in intensity (ΔI)
upon ligand binding was calculated as

Δ = −I I I0 (4)

where I0 is the peak intensity in the absence of ligands in a
control experiment and I represents the peak intensity in the
presence of a ligand, analogous to the approach used in ref 48.

The data were normalized with respect to reference intensity
(I0). The intensity of a resonance that disappeared on titration
with the ATPPase subunit was taken to be zero. The calculated
ΔInormalized was plotted against residue number. A cutoff of 0.8
was set for the residue interacting directly with the Mj ATPPase
subunit, while a cutoff of ≥0.75 but <0.8 was set for the
residues interacting indirectly. The residues involved in
interaction with the Mj ATPPase subunit were mapped onto
the calculated solution NMR structure of Mj GATase.

H−D Exchange Studies. To identify interface residues in the
Mj GATase−ATPPase complex, H−D exchange NMR experi-
ments were also conducted. The sample for the control
experiment was prepared by lyophilization of 50 μM Mj
GATase. Equivalent amounts of powdered MgCl2, ATP, and
XMP were added, and the mixture was dissolved in D2O, just
prior to data acquisition. The final concentrations of MgCl2,
ATP, and XMP in the solution were 20, 8, and 2 mM,
respectively. Similarly, Mj GATase (50 μM) and ATPPase (50
μM) were colyophilized, and subsequently, an equivalent
amount of the powdered form of MgCl2, ATP, and XMP
were added. D2O was added just before data acquisition.
1H−15N HSQC spectra were acquired as described above.

Reaction Assay. All reaction assays were conducted in 20
mM phosphate (pH 7.0) buffer at 303 K. The reaction mixture
contained 5 μM Mj GATase, 5 μM Mj ATPPase, 20 mM
MgCl2, 2 mM ATP, 240 μM XMP, and 20 mM glutamine. The
substrates and cofactors were mixed. The reaction was initiated
by the addition of enzymes, and this reaction mixture was
transferred into an NMR tube. The time course of the reaction
was followed by recording one-dimensional proton NMR
spectra. GMP formation was tracked by monitoring the H8,
6NH2, and H1′ resonances of GMP, which are known to occur
at 8.3, 6.3, and 5.8 ppm, respectively. Chemical shifts were
referenced to internal DSS. In a similar manner, formation of
AMP was monitored by tracking the H8 resonance of AMP at
8.55 ppm. GATase and glutamine were excluded from the
reaction mixture, where only AMP formation was monitored.
Spectra were recorded at intervals of 10 min, processed, and
analyzed.

■ RESULTS
Solution Properties of Mj GATase. Figure 1 shows the

gel filtration chromatography elution profile when the case in
which the Mj GATase subunit is passed through a Superdex-
200 gel filtration column. Comparison of the elution volume
(Ve) of Mj GATase with those of proteins with known
molecular weights showed that Mj GATase behaves as a
monomer in solution with a molecular weight of ∼21 kDa. In
light of this, the protocols followed for structure determination
were those that were generally applicable for monomeric
proteins.

NMR Spectroscopy. Sequence Specific Assignment and
Secondary Structure. Figure 2 shows the sequence specifically
assigned 1H−15N HSQC spectra of the GATase subunit of Mj
GMPS. The sequential connectivity assignments obtained from
analysis of the three-dimensional 15N-edited NOESY-HSQC
spectrum for residues 35−40 are shown in Figure 3. A summary
of the sequential and short-range NOEs between backbone
atoms and side chain and backbone atoms is shown in Figure
S1 of the Supporting Information. The Mj GATase subunit
consists of 11 β-strands and five α-helices. Assignment of
sequential, short-range, and medium-range NOEs provided
corroborative evidence of the secondary structure determined
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from 1H and 13Cα, 13Cβ secondary chemical shifts. The
distribution of secondary structure as a function of sequence
number and its comparison with the secondary structure of the
GATase subunit from P. horikoshii are listed in Table S1 of the
Supporting Information.23

Three-Dimensional Structure. The three-dimensional struc-
ture of Mj GATase was determined using NMR-derived
distance, dihedral, and hydrogen bond restraints. The number
and type of restraints used for structure calculation are listed in
Table 1. Table 1 also lists the structural parameters derived for
the 20 lowest-energy structures. Figure 4a shows the super-

position of the 20 lowest-energy conformers of the Mj GATase
subunit when superimposed on their backbone (N, C, and Cα)
atoms. The rmsd values, when superposed on the backbone (N,
C, and Cα) atoms and on all heavy atoms, with respect to their
mean coordinate position, were 0.35 ± 0.06 and 0.8 ± 0.06 Å
respectively. An analysis of the backbone dihedral angles in the
ensemble of calculated structures shows that 99.4% of
backbone dihedral angles are present in the allowed region of
the Ramachandran map.49,50 The low rmsd values for backbone
and heavy atoms of all residues (1−188) and the high
percentage of residues occupying the allowed regions in the
Ramachandran map indicate that the quality of the calculated
structure is good. Figure 4b shows the lowest-energy conformer
of Mj GATase in ribbon representation. The core of the
GATase structure is a mixed β-sheet formed by seven β-strands.
This mixed β-sheet consists almost entirely of parallel β-strands,
except β-strand XI, which is antiparallel in orientation to both
strands IX and X. This arrangement makes the mixed β-sheet
appear as though it consists of one β-sheet consisting of five
parallel strands and one β-sheet consisting of two antiparallel
strands. The first and last β-strands of the core β-sheet are
twisted. The core β-sheet is flanked on both sides by five α-
helices. The catalytic Cys76 is the only residue with backbone
dihedral angles that is present in the disallowed region of the
Ramachandran map. This residue is present at the end of a β-
strand and beginning of an α-helix. A similar structural feature
has been also observed in other α/β-hydrolases51 (peroxidases,
esterases, etc.), where the nucleophilic residue is present in a
tight α/β-turn called a “nucleophilic elbow”. The presence of
this nucleophilic elbow forces the catalytic residue to populate
the disallowed region in the Ramachandran map.

Figure 1. Gel filtration chromatogram showing the elution profile of
Mj GATase (monomer) and ATPPase (dimer) on a Superdex-200
column. The inset shows the molecular weight calibration curve
obtained using β-amylase, ADH (alcohol dehydrogenase), BSA
(bovine serum albumin), carbonic anhydrase, and cytochrome c as
the molecular weight markers.

Figure 2. Sequence specifically assigned two-dimensional 1H−15N HSQC spectrum of the Mj GATase subunit.
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Comparison with GATase of P. horikoshii. The GATase
subunit of Mj GMPS and that of Ph GMPS are 56% identical in
sequence. The distribution of secondary structural elements as
a function of sequence in Mj GATase is similar to that observed
in the X-ray structure of the GATase subunit of the Ph GMP
synthetase52 (PDB entry 2D7J). Figure 5 shows a backbone
superposition of these two structures. Significant differences are
found only for residues in β-strands V−VIII, which are shorter
in the solution structures. Additionally, residues 68−70, which
are present in a 310-helix in the crystal structure, exist in a coil-
like conformation in the solution structure. These differences
could be attributed to the local dynamics. The Mj and Ph
GATases are structurally similar to the GATase in two-domain-
type GMPS.

15N Backbone Dynamics. Figure 6 shows the measured 15N
T1 and T2 relaxation times for Mj GATase, as a function of
residue number. The average values of 15N T1 and T2 for
GATase polypeptide backbone nitrogen atoms are 0.650 ± 0.03
and 0.089 ± 0.003 s, respectively. The residues in α-helices and
β-sheets exhibit a tight distribution of T1 and T2 values. This is
an indication of well-structured regions and corroborates the
calculated solution structure. On the other hand, residues in
loop regions show a wider distribution of T1. The residues
present in loops showed a lower than average value of T2, e.g.,
G51 and G52.
Using the average values of T1 and T2, the average global

rotational correlational time τc was found to be ∼8.0 ns. The

observed value is lower than what one could expect for a 21
kDa molecule (i.e., 10.5 ns).

Biochemical Studies. Substrate-Liganded ATPPase Is
Required for Mj GATase Activity. Mj GATase, in the absence
of the ligand-bound ATPPase subunit, is inactive. In the
presence of substrate-liganded ATPPase, viz., Mg2+, ATP, and
XMP, Mj GATase shows glutaminase activity. A quantitative
estimate of this glutaminase activity is shown in Figure 7a.
Figure 7b shows the one-dimensional NMR spectra of the
conversion of XMP to GMP as a function of time. The
resonance lines at 5.9 and 5.92 ppm and those at 8.12 and 8.18
ppm correspond to the H1′ and H8 protons of XMP and GMP,
respectively. The resonance line at 6.35 ppm corresponds to
that of amino protons of GMP. The decrease in the intensity of
resonance lines of XMP with a concomitant increase in the
intensity of resonance lines of GMP is unequivocal proof for
the conversion of XMP to GMP. Similar changes in the
intensity of resonance lines of ATP and AMP can also be
observed. The decrease in the intensity of the resonance lines
of glutamine is not apparent because of the large stoichiometric
excess of this substrate in the reaction mixture. A similar NMR
study of GATase alone shows no discernible decrease in the
amount of glutamine as a function of time (data not shown).
Mj ATPPase, on the other hand, is catalytically active even in
the absence of the GATase subunit. Figure 8 shows that the
concentration of XMP (5.90 and 8.12 ppm) remains

Figure 3. Two-dimensional strip plots from the three-dimensional
15N-edited 1H−1H NOESY-HSQC spectrum of the Mj GATase
subunit. Strong sequential backbone HN−HN and Hα−HN NOE
correlations for residues 35−40 indicate that these residues constitute
an α-helix. Side chain to backbone NOE correlations are also shown.

Table 1

no. of NOE-based distance restraints
total 1781
intraresidue (|i − j| = 0) 670
sequential (|i − j| = 1) 526
medium-range (|i − j| ≤ 4) 200
long-range (|i − j| ≥ 5) 385
NOE restraints per residuea 9.73

no. of hydrogen bond restraints 110
no. of dihedral angle restraints 364
total no. of restraintsa 2255
total no. of restraints per residuea 12.32
total no. of structures calculated 100
no. of structures used 20
no. of restraint violatonsb,c

dihedral angle of >5° 0
distance of >0.2 Ǻ 0
van der Waals 3

Ramachandaran plot (Procheck)
most favored regions (%) 81.6
additionally allowed regions (%) 17.7
generously allowed regions (%) 0.1
total allowed regions (%) 99.4
disallowed regions (%) 0.6

Ramachandaran plot (Richardson’s lab)
most favored regions (%) 92.5
allowed regions (%) 7.0
total allowed regions (%) 99.5
disallowed regions (%) 0.5

rmsd from mean structure coordinate (Å)
backboneb 0.3
average heavy atomb 0.8

aThere are 183 residues with conformationally restricting restraints.
bAnalyzed for residues 1−188. cCalculated for all restraints for the
given residues, using an average r−6.
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unchanged, while that of AMP (8.55 ppm) increases as a
function of time.
Stoichiometry of GATase and ATPPase in the GMPS

Complex. Figure 9 shows the result of Mj ATPPase titration
with varying concentrations of Mj GATase. A maximal GMP
synthetase activity was observed at a GATase:ATPPase ratio of
1, indicating the stoichiometry of the functional Mj ATPPase−
GATase complex in a functional Mj GMPS is 1:1.
Interaction Studies. Interaction between GATase and

Cofactor Mg2+. Binding of Mg2+ to the Mj GATase subunit was
studied by NMR spectroscopy. A concentration-dependent
perturbation of chemical shifts was observed for several residues
in the protein. An overlay of the HSQC spectra of Mg2+-free
GATase and Mg2+-saturated 15N-labeled Mj GATase is shown
in Figure S2 of the Supporting Information. Figure 10a shows
the chemical shift changes in the HSQC spectra for some of the
selected residues that are affected by Mg2+ binding. According
to Cavanagh et al., “The near continuous change in chemical
shift as a function of increasing Mg2+ concentration is a clear
indication that the protein and metal are in a fast chemical
exchange regime on NMR time scale”.42 There were no
detectable changes in the spectrum at concentrations of <400
μM and no further change in chemical shift at Mg2+

concentrations of >10 mM, indicating that protein had reached
saturation.

The absolute value of the deviation in chemical shift, when
compared to that of the free protein, is shown in Figure S3 of
the Supporting Information. Residues that showed a weighted
chemical shift change (Δ) of >0.05 ppm were considered for

Figure 4. (a) Ensemble of 20 low-energy conformers of the Mj
GATase subunit. The structures have been superposed on the
backbone (N, Cα, and C′ atoms). (b) Ribbon representation of the
lowest-energy conformer of the Mj GATase subunit.

Figure 5. Overlay of the solution NMR representative structure of Mj
GATase (green) and the X-ray structure of Ph GATase (PDB entry
2D7J, blue). The shortening of β-sheets observed in the solution
structure has been circumscribed by red elipses. Residues 68−70 and
residues 51 and 52 are colored red and magenta, respectively. The 310-
helix observed in the X-ray structure of Ph GATase has been
circumscribed by a red circle. Catalytic residues Cys, His, and Glu are
shown as sticks.

Figure 6. 15N T1 and T2 relaxation times, measured on an Agilent 600
NMR spectrometer. The values of T1 (top) and T2 (bottom) are
plotted as a function of residue number. Shown in the inset of the
bottom panel is the T2 value of C-terminal E188. The secondary
structural elements are shown as cylinders (α-helices) and arrows (β-
sheets).
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calculation of the dissociation constant. Twelve residues
exhibited Δ values of >0.05 ppm. When these residues were

mapped on the solution structure of the Mj GATase subunit, all
residues showing major chemical shift perturbations were
present on one side or face of the structure, around the catalytic
residue (Figure 10b). Residues close to the active site, such as
H16, G78, H79, S124, H125, D127, and V166, experience
significant chemical shift perturbation. Other residues, viz., I5,
G9, I28, G88, and A93, also experience measurable
perturbation. This could be attributed to changes in
conformation induced by Mg2+ binding.
The binding curves for the Mg2+−Mj GATase interaction for

some of the selected residues are shown in Figure 10c. The
dissociation constant, Kd, was calculated using eq 2 and was
found to be ∼1 mM. The fact that the Kd is in the millimolar
range indicates that the interaction between GATase and Mg2+

is very weak and falls in the very fast exchange regime on the
NMR time scale. The implications of binding of Mg2+ to
GATase are discussed below.

Interaction between Mj GATase and ATPPase. Gel
Filtration Chromatography. The gel filtration studies (vide

Figure 7. (a) Measurement of Mj GATase activity: (1) GATase and
Q, (2) ATPPase and Q, (3) GATase, ATPPase, and Q, (4) GATase,
ATPPase, Mg2+, Q, and ATP, (5) GATase, ATPPase, Mg2+, Q, and
XMP, and (6) GATase, ATPPase, Mg2+, Q, ATP, and XMP. See the
text for details. (b) GMP sythetase activity monitored by NMR. The
formation of GMP is accompanied by a concomitant decrease in the
XMP concentration. See the text for details.

Figure 8. Progress of the reaction independently catalyzed by the Mj ATPPase subunit. The increase in the intensity of the AMP peak as a function
of time is visible as the reaction progresses. Note that AMP formation results from the XMP-dependent cleavage of ATP. AMP buildup can be seen
clearly by tracking the H8 resonance of AMP.

Figure 9. Measurement of Mj GMP synthetase activity for different
stoichiometries of GATase and ATPPase. Maximal activity is observed
for a 1:1 GATase:ATPPase ratio.
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supra) have shown that Mj GATase exists in solution as a
monomer, with a molecular weight of ∼21 kDa. Evidence of
this also comes from the 15N relaxation studies described above.

The gel filtration studies also showed that the Mj ATPPase
subunit exists as a dimer with a molecular weight of ∼80 kDa.
Figure 11a shows the chromatogram of the elution profile of Mj

Figure 10. (a) Changes in chemical shifts observed in various 1H−15N HSQC spectra of the 15N-labeled MjA GATase subunit, upon titration with
varying MgCl2 concentrations. The change in chemical shift is shown with respect to the unbound protein. (b) Cartoon surface representation of the
Mg2+ binding sites on the Mj GATase structure. The catalytic residues are colored red (stick representation). The residues that bind with Mg2+ and
are present around the catalytic site are colored blue. The residues colored cyan are those showing significant chemical perturbation caused by
conformational changes upon Mg2+ binding. (c) Fitting of the titration curve for some of the well-resolved Mj GATase residues.
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GATase and ATPPase under different conditions. Under the
chromatographic conditions used, the complex should elute as a
distinct peak ahead of ATPPase. However, as this peak was
absent, fractions of the peak corresponding to ATPPase were
examined via SDS−PAGE, and a low level of GATase was seen
in the ATPPase fractions (Figure 11b−e). To improve the ratio
of ATPPase and GATase co-eluting, a pull-down experiment
was conducted. This yielded greater recovery of the protein−
protein complex (Figure 12).
NMR Spectroscopic Studies. The one-dimensional proton

NMR spectrum of the interaction of the Mj GATase and
ATPPase subunits is shown in Figure 13a. An overall
broadening of the resonances in Mj GATase can be observed
in the spectrum. Broadening of the resonance could arise due to
chemical exchange of the components of the complex or due to
an increase in the rotational correlation time (τc) as a function
of the molecular size of the complex. The former would suggest
that the complex is in intermediate exchange, while the later
would indicate that the complex is in slow exchange. To gain
further insight into the interaction between Mj GATase and

ATPPase subunits at the atomic level, 1H−15N HSQC spectra
of 15N-labeled Mj GATase in the presence of varying
concentrations of unlabeled Mj ATPPase and a constant
saturating concentration of ATP, Mg2+, and XMP were
acquired. Figure 13b shows the ovelay of two 1H−15N
HSQC spectra. In the absence of substrates and cofactors,
the Mj GATase subunit does not bind to the Mj ATPPase
subunit. However, upon addition of MgCl2, ATP, and XMP, a
significant reduction in the intensity of the correlation peaks
was observed for specific residues in Mj GATase (Figure 13c).
The change in intensities for some of the interacting residues
with respect to the intensities in the control experiment is
shown in Figure 13d and Figure S4 of the Supporting
Information. The molecular weight of the Mj GATase−
ATPPAse complex is large (∼112 kDa), and therefore, the
observed overall reduction in intensity could be attributed to
the increased molecular weight. The greater than average
reduction in intensity observed for specific residues in Mj
GATase as a function of the increasing concentration of the Mj
ATPPase subunit in presence of all substrates indicates that Mj

Figure 11. Ligand-mediated association of GATase with ATPPase. (a) Elution profile of Mj GATase and ATPPase on an analytical size-exclusion
Superdex 200 column under different conditions, viz., 2 mM MgCl2; 2 mM MgCl2 and 100 μM ATP; 2 mM MgCl2 and 100 μM XMP; 2 mM
MgCl2, 100 μM ATP, and 100 μM XMP. (b−e) SDS−PAGE of the protein fractions collected under different conditions indicated by analytical gel
filtration. Protein bands were developed by silver staining of the gel.
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GATase and ATPPase are in chemical exchange, between
bound and unbound forms, at a rate that is intermediate on the
NMR time scale.
A plot of the normalized change in intensity, ΔInormalized, as a

function of residue number of the Mj GATase subunit is shown
in Figure 14a. In all, 37 residues showed a significant decrease
in intensity (ΔInormalized > 0.80) upon Mj ATPPase binding.
These residues were identified as those that were directly
involved in the interaction between Mj GATase and ATPPase
subunits. In addition to these, another set of 27 residues also
showed significant decreases in intensity (0.75 ≤ ΔInormalized ≤
0.80). The decrease in intensities of these residues is most likely
due to secondary effects. The residues of the Mj GATase
subunit that are involved in interaction and form the interaction
surface are listed in Table 2. When mapped onto the structure
of Mj GATase, these residues were found to be concentrated in
five regions of the structure (Figure 14b). The residues
stretching from V12 to I22 form helix α-1, while the other four
stretches of the residues are present in loop V, loop VII, loop
XI, and loop XIV around the catalytic triad (C76, H163, and
E165). Figure 14c shows the surface representation of the Mj
GATase subunit showing residues involved in the interaction.
Residues involved in the direct interaction with the Mj
ATPPase subunit are colored blue, while the residues involved
in the indirect interaction are colored cyan. Interestingly,
catalytic residues C76 and H163 also showed changes in
intensity of >0.80. We could not evaluate the change in the
intensity of E165 because this cross-peak overlaps with V29.
This clearly indicates that catalytic residues of Mj GATase also
undergo a conformational change upon interacting with the Mj
ATPPase subunit. This probably explains why the Mj GATase
subunit is inactive in the absence of the ATPPase subunit.
Therefore, we surmise that this interaction causes a conforma-
tional change, which is transmitted around the catalytic site,
leading to the activation of the Mj GATase subunit.
The Complex of GATase and ATPPase Results from a

Weak Interaction. The stability of the Mj GATase−ATPPase

complex was probed by H−D exchange NMR experiments.
Figure S5 of the Supporting Information shows an overlay of
HSQC spectra of solutions containing Mj GATase and
ATPPase in the absence (red) and presence (blue) of all
substrates (induces complexation), both of which were
acquired in D2O. The residues in α-1 are slow to exchange in
both cases, which is not surprising as the backbone amide
protons are hydrogen-bonded. However, residues in loops
exchange rapidly with D2O. Thus, the residues in the loop
regions are not protected in the complex, and it is safe to
conclude that the interaction between Mj GATase and
ATPPase subunits is a transient one and does not result in a
stable complex.

■ DISCUSSION

The biosynthesis of GMP in most of the archaea is catalyzed by
a two-subunit-type GMPS enzyme. On the other hand, higher
organisms, including eubacteria, possess a multidomain GMPS,
which probably arose through gene fusion. While much is
known about the structure and kinetic and enzymatic
properties of the two-domain-type GMPS, the two-subunit-type
is less well characterized. Here we have determined the three-
dimensional solution NMR structure of the GATase subunit of
a two-subunit-type GMPS from M. jannaschii. The structure
shows that the molecule is compact and exhibits an α+β fold.
The calculated average global correlation time for the Mj
GATase subunit was almost 2.5 ns smaller than the expected
average global correlation time. This strongly indicates that the
molecule is rigid and tightly packed and tumbles isotropically in
solution. H−D exchange studies showed that almost 40% of the
Mj GATase residues either are involved in hydrogen bonding in
secondary structure or are buried inside the protein core.
During the course of our studies, we had observed that the

optimal activity of GMPS was achieved only under conditions
in which the Mg2+ was present at a concentration that was
significantly higher than that essential for charge stabilization of
ATP. Similar observations have also been made in the case of

Figure 12. Interaction between Mj GATase and ATPPase subunits: lane 1, GATase flow through (cont); lane 2, GATase flow through (exp); lane 3,
GATase wash (cont); lane 4, GATase wash (exp); lane 5, GATase and ATPPase flow through (cont.); lane 6, GATase and ATPPase flow through
(exp); lane 7, GATase and ATPPase wash (cont); lane 8, GATase and ATPPase wash (exp); lane 9, elute (cont); lane 10, elute (exp); lane 11, elute
fraction 2 (cont); lane 12, elute fraction 2 (exp); lane 13, beads (cont); lane 14, beads (exp). M is the molecular weight marker. Note that (exp)
refers to an experiment conducted in the presence of ligands, while (cont.) refers to that conducted in the absence of ligands. Experimental details
are as described in Materials and Methods.
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the two-domain-type GMPS from P. falciparum16 and human
GMPS.19 Our titration data, for the first time, showed that
magnesium interacts with the Mj GATase subunit in a site
specific manner. The residues that are perturbed in chemical

shift due to interaction with Mg2+ lie on one face of the
molecule (Figure 10c) and form a ring around the catalytic site.
Figure 15 shows the electrostatic surface potential for Mj
GATase. The interaction between Mg2+ and Mj GATase is not

Figure 13. (a) Overlay of 1H one-dimensional spectra of GATase, ATPPase, and GATase, ATPPase in the presence of all substrates. The observed
line broadening is highlighted in red rectangles. (b) Overlay of two-dimensional 1H−15N spectra of the 15N-labeled Mj GATase subunit. The red and
blue spectra represent the spectra of GATase in the absence and presence of the ATPPase subunit, respectively. Both of the spectra were acquired in
absence of substrates. (c) Overlay of two-dimensional 1H−15N spectra of the 15N-labeled Mj GATase subunit. The red spectrum represents the
GATase spectrum in the presence of the unbound ATPPase subunit. The blue spectrum represents the GATase spectrum in the presence of ligand-
bound ATPPase. Shown in the inset is a decrease in intensity upon GATase−ATPPase interaction. (d) Decrease in intensity of 1H−15N correlation
peaks of the 15N-labeled GATase subunit as a function of ATPPase concentration. All spectra were acquired in the presence of a constant saturating
substrate concentration. See the text for details.
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a case of a nonspecific electrostatically driven interaction. This
is supported by the fact that several other negatively charged
regions, which are present on the surface of Mj GATase, are
unperturbed in the presence of Mg2+. For instance, the surface
of helix II is highly negatively charged (four of six residues are
negatively charged). However, no change in chemical shift for
the residues in helix II was observed upon titration with Mg2+,
indicating that the metal−protein interaction is a highly specific
one. The high value of the dissociation constant indicates that
this is a weak interaction. In the case of human and Pf GMPS,
the site of Mg2+ binding is unknown.
The mechanism by which ammonia is channeled from the

GATase to the ATPPase is complex and poorly understood.
Structural studies of two-domain-type GMPS do not show a
clear conduit for the passage of ammonia from one domain to
the other. The structural basis for subunit association in two-
subunit-type GMPS’s is not known. Using high-resolution NMR
spectroscopic methods, we have also identified the residues on
Mj GATase that are responsible for interaction with the
ATPPase subunit. There are eight residues on Mj GATase that
are common to the interaction with Mg2+ and ATPPase. These
residues showed chemical shift perturbation upon Mg2+ binding
as well as a reduction in intensity upon interaction with the
ATPPase subunit. Though the exact role of Mg2+ is not known,
the fact that a significant number of residues are involved in
Mg2+ binding and that these residues are also involved in
interaction with ATPPase indicates that Mg2+ binding must
play an important role. Because Mg2+ can bind to the GATase
subunit independently, one may postulate that Mg2+ binding
may play an important role in charge stabilization of the
GATase−ATPPase complex.
It is important to note that the Mj GATase−ATPPase

interaction takes place only in the presence of substrates. The
Mj GATase−ATPPase complex undergoes exchange that is
intermediate on the NMR time scale. Evidence of this comes
from the fact that correlation peaks of the 15N-labeled Mj
GATase subunit showed neither chemical shift perturbations
nor the appearance of new correlation peaks with an increasing
concentration of the ATPPase subunit. This rules out the
possibility of a fast chemical exchange regime or a slow
exchange chemical regime, respectively. Instead, a significant
line broadening effect was observed as a function of an
increasing concentration of ATPPase. This could be attributed
to the intermediate chemical exchange between two subunits in
the Mj GATase−ATPPase complex, on the NMR time scale.
The intermediate chemical exchange regime is characterized by
complete broadening of resonances at approximately half of the
saturating concentrations of the ligand and then reappears,
probably at slightly different chemical shifts, at much higher
concentrations of the ligand.42 Given the fact that the apparent
molecular weight of Mj GATase increases from 21 to 112 kDa,
upon complexation with the ATPPase subunit, it is expected
that there will be some contribution to the observed line width
from the increased rotational correlation time.
Most of the studies of GMPS have shown that glutaminase

activity is regulated by interaction between GATase and
ATPPase subunits. However, a recent study of IGPS53,54

from Thermotoga maritima, a two-subunit-type amidotransferase,
has shown that indeed GAT is independently active and the
absence of constitutive activity is due to the presence of a plug
in the channel in the GAT domain. Removal of the plug results
in constitutive activity. We therefore checked in Mj GATase for
such an independent activity using large equimolar quantities of

Figure 14. (a) Plot of the normalized change in intensity as a function
of residue number of the Mj GATase subunit. The residues showing
ΔInormalized values of >0.80 and ΔInormalized from 0.75 to 0.80 are colored
blue and cyan, respectively. The catalytic residues are colored red. (b)
Cartoon representation of the Mj GATase subunit showing ATPPase
interaction sites. The catalytic residues are colored red (stick
representation). The residues involved in the direct interaction are
colored blue, while those involved in the indirect interaction are
colored cyan. The positively charged α-helix is highlighted with a red
ellipse. (c) Surface representation of the Mj GATase subunit, showing
the interaction surface between two subunits.

Biochemistry Article

dx.doi.org/10.1021/bi400472e | Biochemistry 2013, 52, 4308−43234320



enzyme and glutamine. No measurable activity was observed
when GATase and glutamine were incubated at either 22 or 70
°C. It should be noted that under our assay condition,
glutamate concentrations as low as 5 μM can be reliably
measured. Thus, it is safe to conclude that Mj GATase has no
activity and that its activity seems to be tightly regulated. Our
NMR studies have shown that catalytic residues C76 and H163
also undergo conformational changes upon Mj GATase−
ATPPase interaction. The role of catalytic cysteine in the
GATase domain has been known to be very important.20,21,55,56

This is a strong indication that there are conformational
changes at the catalytic site upon interaction with ATPPase and
that these changes could lead to activation of the Mj GATase
subunit.
Hydrogen−deuterium exchange data provide valuable

information about the physical environment of exchangeable
protons, i.e., whether they are present in regions of the
molecule that are solvent inaccessible and/or are strongly
hydrogen bonded. Residues that are solvent-exposed often
become protected from solvent when they are part of an
intermolecular interface. The rate at which these protons
undergo solvent exchange is a measure of the strength of
association, particularly when the interaction occurs between
large molecules. The rates of exchange of solvent-exposed
residues in Mj GATase in the presence and absence of
ATPPase were nearly identical. This suggests that the complex
is not in slow exchange but rather exchanges on a time scale
that is intermediate to fast.
The residues involved in the interaction with ATPPase are

those that are present in helix I and in loops V, VII, XI, and
XIV. Except for helix I, the residues in the loops are present
around the catalytic site. The residues in helix I are V12, H13,
R14, V15, H16, R17, S18, L19, K20, Y21, and I22. A survey of
protein−protein interaction surfaces has shown that Trp, Arg,
and Tyr predominate and these are considered “hot spots”. In
addition, His, Ile, Lys, Leu, and Met are also found in high

proportions. Helix I is well represented by these hot spot
residues. It has been shown that protein−protein interaction
surfaces are generally uneven and consist of rigid and nonrigid
structural elements. Furthermore, ∼65% of the core interface is
formed by rigid residues.57−59 In our case, a tight distribution of
T1 and T2 values for residues V12−I22 indicates that this helix
is rigid. Additionally, the preponderance of positively charged
residues in helix I suggests that electrostatic interactions may
play a very important role in steering complex formation, which
could be stabilized by salt bridges.60

In conclusion, we have determined the solution NMR
structure of the Mj GATase subunit and have shown its
interaction with MgCl2. Most importantly, we have identified
the specific residues on Mj GATase that are responsible for
interaction with the ATPPase subunit. The interaction between
these subunits in a two-subunit-type GMPS has not been
established earlier.
The interaction between Mj GATase and Mg2+ falls in the

fast chemical exchange regime on the NMR time scale. The
interaction between Mj GATase and ATPPase subunits falls in
the intermediate chemical exchange regime on the NMR time
scale. This implies that ammonia channeling occurs at a rate
that is fast compared to the rate of exchange of the protein−
protein complex.

■ ASSOCIATED CONTENT
*S Supporting Information
Figures providing corroborative evidence of the data provided
here. This material is available free of charge via the Internet at
http://pubs.acs.org.

Accession Codes
The structural coordinates for the 20 low-energy structures of
Mj GATase have been deposited in the Protein Data Bank as
entry 2LXN. The chemical shift assignments for Mj GATase
have been deposited in the Biological Magnetic Resonance
Bank as entry 17935.

Table 2

directly
interacting
residues

V12, H13, H16, R17, S18, L19, K20, Y21, I22, V24, N31 (side chain), L49, G51, G52, I55, N67 (side chain), I75, C76, L77, H79, A121, W122,
A123, S124, H125, H141, C145, A149, V160, F162, H163, V166, H168, T169, E174, L176, N178 (side chain)

indirectly
interacting
residues

V3, I4, D6, G23, I28, K57, I82, V90, G91, R92, A93, A95, E96, E97, Y98, A99, K102, V103, Y104, D106, D127, E128, V129, K130, Q146, E165,
N173 (side chain)

Figure 15. Surface potential representation of the Mj GATase structure. Large negatively charged patches can be seen on both sides of the Mj
GATase structure.
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