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ABSTRACT: The Helicobacter pylori (Hp) Asp-tRNA*"/Glu- (P
tRNA" amidotransferase (AdT) plays important roles in indirect GIn+H0<——Glu+NH, fi"afg
aminoacylation and translational fidelity. AAT has two active sites, in g -4RNAS" + ATP =— P-GIu-tRNAG" + ADP y‘ '

two separate subunits. Kinetic studies have suggested that interdomain
communication occurs between these subunits; however, this

P-Glu-tRNAC" + NH; ——— GIn-tRNAS"" t‘-

mechanism is not well understood. To explore domain—domain “i
communication in AdT, we adapted an assay and optimized it to NG ol . SN A

kinetically characterize the kinase activity of Hp AdT. This assay was
applied to the analysis of a series of point mutations at conserved
positions throughout the putative AdT ammonia tunnel that connects the two active sites. Several mutations that caused
significant decreases in AdT’s kinase activity (reduced by S5—75%) were identified. Mutations at Thr149 (37 A distal to the GatB
kinase active site) and Lys89 (located at the interface of GatA and GatB) were detrimental to AdT’s kinase activity, suggesting
that these mutations have disrupted interdomain communication between the two active sites. Models of wild-type AdT, a valine
mutation at Thr149, and an arginine mutation at Lys89 were subjected to molecular dynamics simulations. A comparison of wild-
type, T149V, and K89R AdT simulation results unmasks 59 common residues that are likely involved in connecting the two
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active sites.

he discovery of the first molecular tunnel, in tryptophan
synthase, challenged the conventional mechanism of
multiple-active site enzymes.' In contrast to ligand-induced
conformational changes that bring multiple active sites into
proximity of each other, some enzymes have evolved molecular
tunnels for connecting isolated catalytic centers.””* These
tunnels can enhance the stability of reactive intermediates via
sequestration and allow the delivery of intermediates to the
next active site. Furthermore, tunnels can serve as a method of
interdomain communication, in which the binding of the
substrate or the generation of an intermediate at one active site
triggers conformational changes at another, distal active site.>™>
Most glutamine-dependent amidotransferases (GATs) con-
tain molecular tunnels. These enzymes play important roles in
diverse biosynthetic pathways as they deliver ammonia from the
side chain of glutamine to various electrophilic accegtors during
the biosynthesis of cofactors,é_8 amino acids,”™'! amino
sugars,'> purines,"> and pyrimidines,'* among others. The
tunnels serve to sequester and deliver ammonia (generated via
glutamine hydrolysis in one active site) to the downstream
active site. Crystal structures are available for many of these
enzymes and reveal that the molecular tunnels are tygically
hydrophobic or only partially occupied by water;""'*™*° they
range in length from 6 A (e.g, glucosamine 6-phosphate
synthase'”) to 45 A (e.g,, carbamoyl phosphate synthetase®).
Helicobacter pylori Asp-tRNA*"/Glu-tRNA®™ amidotransfer-
ase (AdT) is a heterotrimeric GAT made up of the GatC, GatA,
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and GatB subunits.”' Like many bacteria, H. pylori is missing
both glutaminyl- and asparaginyl-tRNA synthetase (GInRS and
AsnRS, respectively).”>** In these species, AdT is essential for
protein translation and fidelity because it converts the
misacylated tRNAs Glu-tRNA®™ and Asp-tRNA*" into Gln-
tRNA" and Asn-tRNA™", respectively.”**** AdT catalyzes
three distinct reactions. The GatA subunit contains a classic
amidase signature sequence and catalyzes the hydrolysis of
glutamine into glutamate and ammonia (reaction 1). ' The
GatB active site catalyzes phosphorylation and transamidation
of both Glu-tRNA"™ and Asp-tRNA™" (reactions 2 and 3,
respectively, shown for Glu-tRNA®"™ only).*® GatC is
apparently not involved in catalysis.

(GatA): Gln S Glu + NH; (1)
(GatB): Glu-tRNAS™ 4+ ATP

s phospho-Glu-tRNAGln + ADP (2)
(GatB): phospho-Glu-tRNA™ ++ NH,

S Gln-tRNASM 4 p 3)
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Figure 1. Structure of the S. aureus AdT and its putative ammonia tunnel. This image was built from the S. aureus MuS0 AdT crystal structure using
Pymol and PDB entries 2F2A and 2GSL GatA is colored magenta, GatB cyan, and GatC gray. Conserved residues along the proposed tunnel are

highlighted as sticks and dots.”

The glutamine in the GatA active site (from PDB entry 2F2A) and the ADP in the GatB active site (from PDB entry

2GSI) are shown as space-filled molecules. The GatB C-terminal flexible domain (residues 275—411) is indicated; see the text for details. The inset
shows a close-up of the conserved residues lining the ammonia tunnel. The residues are numbered according to S. aureus MuSO AdT, with
parenthetical notations indicating the corresponding positions in H. pylori AdT.

The crystal structure of Staphylococcus aureus AdT revealed
that the GatA and GatB active sites are separated by 37 A, and a
putative ammonia tunnel that connects the two catalytic centers
was identified (Figure 1).*° This tunnel is unique, compared to
other known ammonia tunnels,” because it is highly populated
with ordered water molecules and lined with conserved polar
and ionic amino acids.”® Tanaka and colleagues proposed that
ammonia delivery could occur through a series of protonation
and deprotonation events.”® To the best of our knowledge,
such a mechanism would be unprecedented among enzymes
that utilize ammonia tunnels.

In many respects, AdT is well-characterized for its role in
indirect tRNA aminoacylation, translational fidelity, catalysis,
specificity for both Asp-tRNA®" and Glu-tRNA®", and the
formation of a transamidosome complex with a nondiscrimi-
nating aspartyl-tRNA synthetase (ND-AspRS).”>*”?* In
contrast, little is known about whether the GatA and GatB
subunits communicate with each other, except that the addition
of ATP and Glu-tRNA®™ stimulates the glutaminase activity of
GatA 252

AdT’s kinase and glutaminase reactions must both occur
before transamidation. We hypothesized that GatB’s kinase
activity might serve as a probe for examination of the domain—
domain connectivity between the GatA and GatB active sites.
We optimized and applied a UV-based colorimetric method>**"
to the quantification of the kinase activity of AdT. This assay
was used to kinetically characterize a series of mutations at
conserved positions throughout the putative AdT tunnel
Effects ranged from negligible to an approximately 75%
reduction in kinase activity. Mutations at T149 and K89
attracted our attention because even conservative mutations at
these positions caused substantial decreases in kinase activity in
GatB. This effect was essentially the same whether rates were
measured in the presence or absence of glutamine. Additionally,
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T149 is located at the entrance of the ammonia tunnel in GatA
distal to the GatB kinase active site, and K89 lies at the interface
of GatA and GatB. Our kinetic analyses of these mutations
suggest that they participate in directing communication
between the glutaminase and kinase active sites of AdT.

To investigate this domain—domain communication, we
conducted molecular dynamics (MD) simulations on wild-type
(WT), T149V, and K89R AdT, all with and without glutamine
bound to the glutaminase active site. Root-mean-square
deviation (RMSD) and residue-wise correlation analyses
indicate a significant difference in structural mobility for certain
regions in the mutant structures compared to the wild-type
enzyme. This effect is more pronounced when Gln is bound in
the glutaminase active site of T149V AdT in contrast to the
observed steady-state kinetic measurements. Analyses of the
simulation results point to 59 AdT residues that show an
elevated level of mobility in both T149V and K89R AdT
variants. These residues cluster mainly along the tunnel or close
to the tRNA binding site. Taken together with our kinetic
analyses, these results strongly suggest a pathway for domain—
domain communication in AdT.

B MATERIALS AND METHODS

Materials. Oligonucleotides were purchased from Invitro-
gen and used without further purification. Pfu polymerase was
purchased from Stratagene. Taq polymerase was from New
England Biolabs. All buffers were filtered through a 0.22 yum
filter prior to use. When appropriate, solutions were autoclaved.
Unless otherwise stated, reagents were used without further
purification.

Cloning of Hp AdT. The H. pylori gatCAB operon was
originally amplified from H. pylori strain 26695. The genes
encoding the three subunits of AdT were subcloned into two
compatible plasmids (S. Skouloubris and P. Chuawong,
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unpublished results). Plasmid pPTC032 is derived from pCDF-
1b (Novagen) and encodes GatC and GatA in a single operon
with an N-terminal six-histidine (Hiss) tag appended onto
GatC. Plasmid pSS003 (derived from pET-28a) encodes GatB
with an N-terminal six-histidine tag (pPTC032).

Site-Directed Mutagenesis. Individual point mutations
were introduced into either the gatA or gatB gene (encoded by
plasmid pPTCO032 or pSS003, respectively) by QuikChange
mutagenesis according to the directions provided by Stratagene.
Oligonucleotide sequences and plasmids are listed in Table S1
of the Supporting Information. All gene constructs were
verified by DNA sequencing of the entire gene prior to use.

Overexpression and Purification of Hp AdT. For wild-
type AdT, Escherichia coli strain BL21(DE3) calcium chloride
competent cells were transformed with both pPTC032 and
pSS003. For expression of each mutant AdT, BL21(DE3) was
first transformed with the plasmid encoding the wild-type
subunit(s) and then individually transformed with each
mutated plasmid. For example, to produce the T149A AdT
mutant, cells were transformed with pSS003, encoding wild-
type Hiss-GatB, and then with plasmid pSF00S, encoding His,-
GatC and T149A GatA in an operon. In all cases, colonies
containing both plasmids were selected on agar plates
supplemented with kanamycin (50 pg/mL) and streptomycin
(50 pg/mL) and incubated at 37 °C overnight. A S mL Luria
Broth (LB) culture, containing the same two antibiotics, was
inoculated with a single colony. The overnight culture was
scaled up to S00 mL in the same medium. When the
absorbance at 600 nm was between 0.4 and 0.6, IPTG was
added to a final concentration of 1 mM to induce over-
expression. Cells were harvested by centrifugation at 5000 rpm
for S min at 4 °C after a 4 h induction, and AdT or its mutants
were purified by HisPur Cobalt resin (Pierce) by following the
manufacturer’s instructions. With the exception of R174A AdT,
all mutations were readily purified to homogeneity (see Figure
S1 of the Supporting Information). Protein concentrations
were determined by UV—vis spectroscopy with the extinction
coefficients for each protein determined using the ExPASy
Proteomics server (http://ca.expasy.org/tools/protparam.
html).**

In Vivo Transcription of H. pylori tRNA®" and tRNA
Purification. H. pylori tRNA®™ was transcribed in vivo in E.
coli strain MV1184, and the tRNA was purified and quantified
as previously described.*

Preparation of Glu-tRNAS™. H. pylori tRNA"™ was
aminoacylated with §lutamate using H. pylori GluRS2* as
previously described.”* The resultant product was extracted
with a phenol/chloroform mixture (1/1); excess ATP and ADP
were removed as previously described.>> The Glu-tRNA®"
yield was quantified by running a parallel reaction mixture
that contained *H-labeled glutamic acid.

AdT Kinase Assay. The kinase activity of AdT was
monitored via adaptation of a coupled enzyme assay (Figure
2A).>%*! Unless otherwise stated, assays were performed at
room temperature in buffer containing 20 mM HEPES-KOH
(pH 7.5), 5 mM MgCl,, 0.1 mM DTT, 2 mM phosphoe-
nolpyruvate (PEP), 2 mM ATP, 20 units/mL pyruvate kinase
(PK), 20 units/mL vL-lactate dehydrogenase (LDH), and
NADH to give an absorbance of 0.3—0.4 at 340 nm (between
50 and 70 uM, based on standards at known concentrations).
For initial rate determinations, saturating concentrations of
Glu-tRNAS" (10 M) were used so that the observed initial
rates would approximate k., for each residue. This approach
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Figure 2. Coupled enzyme assay for measuring AdT’s phosphorylation
activity with Glu-tRNA®™ (A) Assay schematic. The hydrolysis of
ATP is coupled to the oxidation of NADH; the resultant decrease in
NADH concentration is monitored by UV at 340 nm. (B) The assay is
responsive over a wide range of AdT concentrations: (O) no enzyme,
(O) 20 nM, () 80 nM, (X) 300 nM, (+) 1.2 uM, (A) 5.0 uM, and
(©) 10 uM.

allowed us to focus our analysis on catalytic defects that were
conveyed across distances through the enzyme. The possibility
that K, is altered for one or more mutations cannot be ruled
out but was not expected to impact data analysis; these values
may be determined at a later date. For Michaelis—Menten
analyses, the concentration of Glu-tRNA"™ was varied from 0
to 8 #M and the concentration of AdT was held constant at 300
nM. All other assays were initiated with 200 nM AdT enzyme.
Reaction progress was monitored on a Beckman DU 800
spectrometer at 340 nm. Full Michaelis—Menten values were
determined only for wild-type AdT.

As part of the optimization of this assay, wild-type AdT
concentrations were varied from 0 to 10 M to confirm that the
coupling enzyme conditions were reporting kinase activity
(rather than the activities of PK or LDH). Additionally, the
NADH concentration was optimized (reduced from 200 to <70
M) to produce the largest observable change in absorbance
without impacting the actual rate of phosphorylation; this
optimization led to more accurate and reproducible results.

Molecular Dynamics Simulations of AdT and the Two
Mutants. All molecular dynamics (MD) simulations were
performed with the PMEMD program in the AMBERI1
software suite with the amber99SB force field.** The SHAKE
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algorithm®” was applied on all bonds between heavy atoms and
hydrogens. All the simulations were conducted under periodic
boundary conditions, and the smooth particle mesh Ewald
method was used to account for long-range interactions.>*>

The crystal structure of AdT from S. aureus was taken from
PDB entry 2F2A.>° This crystal structure was chosen because
there are no reported crystal structures for H. pylori AdT and it
is highly homologous to that of S. aureus AdT. The crystal
structure was checked and protonated with MolProbity.*’
Protein termini for all subunits and the glutamine substrate
bound to GatA (when present) were capped using acetyl
(ACE) and N-methyl acetamide (NME) groups.

The simulated systems included wild-type, T149V, and K89R
AdT in the presence or absence of glutamine. On the basis of
the protein sequence alignment of H. pylori and S. aureus AdT
(see Figure S4 of the Supporting Information), residue T175 in
S. aureus, homologous to T149 in H. pylori, was replaced with
valine in the mutant structures and residue K88 in S. aureus,
homologous to K89 in H. pylori, was replaced with arginine in
the mutant structures. All structures were created using the
UCSF Chimera software suite.*'

The protonated structures were minimized using the sander
program in AMBER with 50 steps of steepest descent and 450
steps of conjugate gradient with constraints on the protein (a
force constant of 500 kcal mol™' A™ on the protein). The
minimized structures were solvated using the TIP3P water
model inside 125 A X 96 A X 142 A rectangular boxes. Charges
were neutralized in all four structures by adding Na* ions using
the xleap program in AMBER.

The added water molecules were minimized again using the
PMEMD program in AMBER with S0 steps of steepest descent
and 450 steps of conjugate gradient minimization. During this
minimization, the protein and substrates were restrained with a
force constant of 500 kcal mol ™" A~

Following minimization, the density of all the systems was
increased to 1 g/cm?® by NPT simulations restraining all protein
and substrate atoms with a force constant of 500 kcal mol™' A%
The pressure was kept constant by anisotropic pressure.*®
Subsequently, the systems were gradually heated to 300 K in 10
steps (10 ps each) at a constant volume with constraints on the
protein (500 kcal mol"" A™* force constant on the protein). For
the wild-type without glutamine bound to the GatA active site,
the warm-up was performed in 10 steps of 20 ps each. Once the
systems achieved the target temperature, the constraints were
gradually removed over 80 ps until no constraints were left.
The temperature was kept constant using a Berendsen
thermostat.*> Subsequently, simulations were conducted for
an additional 20 ns for each system with snapshots taken every

1 ps.

B RESULTS

Production of H. pylori AdT and lts Mutants. Initially,
the gatCAB genes were assembled into a single operon in the
pET-28a vector; a plasmid (pSS003) encoding only Hiss-GatB
(also in pET-28a) was also constructed (S. Skouloubris,
unpublished results). To facilitate purification, and building
from a previous report,”® we transplanted the gatCA operon
into the pCDF-1b vector (compatible with pET-28a) with
concomitant addition of an N-terminal Hiss tag onto GatC
(Hiss-GatC, pPTC032). The two resultant plasmids were
cotransformed into E. coli, and wild-type AdT was readily
purified to homogeneity, essentially as previously reported (see
Figure S1 of the Supporting Information).”® Following
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purification, the ratio of GatA to GatB was examined to ensure
that AdT concentrations were not inaccurate because of a
dramatic excess of one subunit over the other.

Each mutant was purified using the same approach optimized
for wild-type AdT (see Figure S1 of the Supporting
Information). For GatA mutations, plasmid pSS003 was
separately transformed with each mutant variant of pPTC032.
For GatB mutations, plasmid pPTCO032 was separately
cotransformed with each mutant variant of pSS003 (see
Table S1 of the Supporting Information for the list of mutant
plasmids).

Development of a Coupled Enzyme Assay for AdT-
Catalyzed Phosphorylation of Glu-tRNA®", Conversion of
ATP into ADP can be observed indirectly via a coupled,
spectroscopic enzyme assay that monitors the oxidation of
NADH to NAD* (Figure 2A).>" In this assay, AdT-catalyzed
phosphorylation of Glu-tRNA™ causes concomitant produc-
tion of ADP. ATP is regenerated in the presence of excess
phosphoenolpyruvate (PEP) and pyruvate kinase (PK), to
produce pyruvate. Lactate dehydrogenase (LDH) reduces the
resultant pyruvate to L-lactate, via conversion of NADH to
NAD". This reaction can be monitored spectrophotometrically
because NADH has an absorbance maximum at 340 nm and
NAD" does not absorb UV light at this wavelength.

Coupled enzyme assays carry the risk that one is
inadvertently quantifying the activity of the downstream
enzyme(s) (LDH and/or PK in this case), rather than the
enzyme of interest (AdT). To rule out this concern, we
conducted several control experiments before progressing with
quantitative assays of AdT and its mutants. The previously
reported buffer conditions were adapted to those for AdT.”
Different AdT enzyme concentrations were also examined
(Figure 2B). As the concentration of AdT was increased
(ranging from 20 nM to 10 uM), the rate of ATP hydrolysis
also increased, confirming that the assay was directly reporting
on AdT activity. Previously reported UV-based assays typically
used NADH concentrations of 200 ﬂM;3O with AdT, this
concentration led to an untenable signal-to-noise ratio (S/N)
(see Figure S2A of the Supporting Information). To address
this issue, we decreased the concentration of NADH to 50—70
UM. This reduction led to a much more acceptable S/N while
producing the same rate of ATP hydrolysis [again, indicating
that AdT activity, and not PK or LDH, is being reported (see
Figure S2B of the Supporting Information)]. An NADH
calibration curve (Figure S3 of the Supporting Information)
allowed us to accurately correlate UV absorbance with
concentration.

Michaelis—Menten Kinetics. The K,; of ATP is
approximately 200 yM, when measuring the net reaction of
H. pylori AdT (transamidation).*> Thus, the concentration of
ATP was set at 2 mM for all assays. Kinetic parameters were
determined for Glu-tRNA®"™ as a substrate for AdT’s kinase
activity (Figure 3). The Ky, for this misacylated tRNA is 1.6 +
0.5 uM and is consistent with values previously reported (1.18
uM, determined by measuring AdT’s transamidase activity™).
The calculated k., is 0.12 + 0.01 s7, leading to a specificity
constant (k./Ky) of 7.5 X 10* s M™ for the phosphorylation
of Glu-tRNA®" in the absence of glutamine.

Design and Characterization of Mutations in the
Putative AdT Tunnel. It has been proposed that ammonia is
transferred from GatA to GatB through a protonation—
deprotonation relay mechanism; this hypothesis is based on
the observation that the putative ammonia tunnel contains
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Figure 3. Michaelis—Menten analysis of Glu-tRNA®" as a substrate for
AdT-catalyzed phosphorylation. Each reaction was initiated with 300
nM AdT. Data was fit directly to the Michaelis—Menten equation
using Kaleidagraph version 4.0 (Synergy Software). Error bars
represent the standard deviation and are from duplicate measurements.
Standard deviations reported in the text are from the results of the
curve fit analysis.

many hydrophilic and ionic residues and ordered water
molecules.”® The H. pylori and S. aureus AdT protein sequences
were aligned (see Figure S4 of the Supporting Information). A
protein sequence alignment between the H. pylori and S. aureus
AdT subunits showed that the two GatA subunits are 45%
identical and 75% similar and the two GatB subunits are 53%
identical and 89% similar. A more detailed alignment identified
13 highly conserved residues along the putative ammonia
tunnel (Table 1 and Figure 1).% Most of these amino acids
were separately mutated to alanine and to one or more

Table 1. AdT Ammonia Tunnel Conserved Residues

S. aureus H. pylori H. pylori mutations
GatA Mutagenesis
T175 T149 T1494, -V, -§°
R200 R174 RI174A,% K
S208 S182 S182A, -T
D211 D18S D18SA, -N
R323 R295 R295A, -K
GatB Mutagenesis
R78 R79 R79A, -K
K79 K80 K80A,” -R
Y81 Y82 Y82A, -F
K88 K89 K89A, -R
Y90 Y91 Y914, -F
Q1 Q92 Q924 -E
E125 E125 E125A, -D, -Q
E272°¢ D276 D276A, -N
D274 D278 d

“Site-directed mutagenesis was not successful. “The mutant could not
be purified to homogeneity. “The residue is not rigorously conserved
but is typically glutamic or aspartic acid. “Not analyzed.
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Figure 4. Steady-state initial rates of Glu-tRNA®"™ phosphorylation
using wild-type H. pylori AT and variants containing single point
mutations along the ammonia tunnel. Initial rates, relative to that of
wild-type AdT, are shown. See Table S2 of the Supporting Information
for the raw initial rate data. The error bars represent the standard
deviation from triplicate assays: (A) analysis of mutations in GatA and
(B) analysis of mutations in GatB.

conservative amino acids to determine which, if any, of these
positions is important for phosphorylation of Glu-tRNA®™.

Each mutant enzyme was purified to homogeneity, with the
exception of R174A, which could not be purified sufficiently for
further analysis because of poor expression levels (see Figure S1
of the Supporting Information). Initial rates of phosphorylation
of Glu-tRNA®" were determined for each mutant enzyme using
the coupled assay described above. Relative activities with
respect to wild-type AdT were calculated and are shown in
panels A and B of Figure 4. No single mutation was sufficient to
completely abolish phosphorylation activity, including muta-
tions at K80 and Y82 (H. pylori numbering), which are located
near the ATP binding site. These results show that the ATP
binding site is remarkably tolerant of mutations at conserved
residues. However, several point mutations did cause dramatic
reductions in activity (Figure 4), with some leading to
decreases in initial rates of as much as 75%. Not surprisingly,
in general, conservative mutations were less disruptive than the
alanine screen. For example, the activity of Q92A is diminished
by approximately 25% with respect to that of wild-type AdT; in
contrast, the Q92E mutant is actually 50% more active than
wild-type AdT, at least with respect to phosphorylation (Figure
4B). This increase might be due to simultaneous ATP
hydrolysis caused by the mutation in parallel to the
phosphorylation of Glu-tRNA®", because Q92 is located near
the ATP binding site.
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Discussions in the literature have suggested that E125 may™*
or may not™* act as a gate, blocking AdT’s ammonia tunnel to
prohibit inadvertent ammonia release (e.g, in the absence of
bound Glu-tRNA®"). Mutations at position E125 in GatB had
little to no effect on AdT’s phosphorylation activity (Figure
4B). These results demonstrate that the identity of E12S does
not impact the steady-state rate of phosphorylation of Glu-
tRNA®"; further experiments are necessary to determine if
E125 plays a different kinetic role. When D276 (which lies near
the midpoint of the putative ammonia tunnel) was mutated to
alanine, the phosphorylation activity of the resulting enzyme
was only 30% of that of wild-type AdT. In contrast, the D276N
mutation maintained 85% of the wild-type enzyme’s activity.
S182A, in GatA, also showed a large reduction in phosphor-
ylation activity (35% that of wild-type), but this activity was
partially recovered in the S182T mutant (to 62% that of wild-
type). Further analyses of these mutations are ongoing.

Mutagenesis at a few positions revealed a strong, deleterious
response even upon the introduction of conservative mutations
[e.g, T149 (GatA), R295 (GatA), K89 (GatB), and Y91
(GatB)]. Three of these residues (R295, K89, and Y91) are
localized at the interface between GatA and GatB (Figure 1).
Remarkably, T149 is adjacent to the glutaminase active site, at
the top of the tunnel in GatA, substantially removed from the
GatB active site. T149A AdT and T149V AdT demonstrated
initial rates of phosphorylation that were 40 and 46% of that of
wild-type AdT, respectively, while K89A and K89R AdT both
caused ~65% decreases in the initial rates of phosphorylation.
The kinase activity decrease caused by mutations at the distal
T149 residue indicates the possibility of interdomain
communication. The results with K89 mutations are also
interesting because this residue is adjacent to E12S, the putative
gate (see below for further analyses of these mutations).

Effects of Glutamine on H. pylori AdT’s Kinase
Activity. All AdT mutations were originally screened in the
absence of glutamine (Figure 4). The phosphorylation activities
of representative mutations and wild-type AdT were
reevaluated in the presence of S mM glutamine to determine
if this GatA active site substrate positively or negatively impacts
the activity of any of these mutant enzymes (Figure S). Wild-
type AdT and most mutants showed a slight, reproducible
reduction in activity in the presence of glutamine. However,
this reduction was only significant for the R295A, K89A, and
Y91F mutations, all of which lie at the interface of the two
subunits.

Molecular Dynamics Simulations of Wild-Type,
T149V, and K89R AdT. T149 is located in the GatA active
site, 37 A from the site of ATP binding and Glu-tRNAS?
phosphorylation in GatB. The fact that the kinase activity of
AdT is sensitive to both valine and alanine substitutions of
T149, despite the distance between this residue and the GatB
active site, suggests that the hydroxyl group in the T149 side
chain may play an essential role for proper domain—domain
communication [attempts to produce a T149S mutation, to
further evaluate this hypothesis, were unsuccessful (data not
shown)].

Mutagenesis at residue K89, located in GatB near the
interface between GatA and GatB, also resulted in a deleterious
effect on kinase activity even upon introduction of a
conservative mutation (K89R). One possible explanation is
that the bulkier side chain of arginine (compared to lysine)
might block the AdT ammonia tunnel, resulting in the observed
decrease in enzymatic activity.
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Figure S. Effect of glutamine on the kinase activity of wild-type AdT
and selected mutants (T149A, T149V, R295A, and R295K in GatA;
K89A, K89R, Y91A, and YI91F in GatB). Initial rates relative to that of
wild-type AdT were determined in the absence and presence of
glutamine (S mM). Error bars represent the standard deviation from
triplicate assays. See Table S3 of the Supporting Information for the
raw initial rate data.

To improve our understanding of the role of these mutations
on AdT, wild-type, T149V, and K89R AdT models were
subjected to molecular dynamics (MD) simulations. MD
simulations were performed on six systems, and they were
examined using the AMBER software suite: (1) wild-type AdT
without glutamine bound to GatA, (2) wild-type AT with
bound glutamine, (3) T149V AdT without glutamine, (4)
T149V AdT with bound glutamine, (5) K89R AdT without
glutamine, and (6) K89R AdT with bound glutamine.
Simulations were conducted as described in Materials and
Methods.

Residue-wise correlation studies were conducted for each of
the six simulated systems (Figure 6). The figure is colored to
separately denote both positive (red) and negative (blue)
correlations. A positive correlation result indicates that the
movement of the two residues is concerted and they both move
in the same direction (e.g, both side chains have rotated in a
clockwise direction compared to the original crystal structure).
A negative correlation result also indicates concerted move-
ment; however, in this case, the two residues move in opposing
directions (e.g,, one side chain rotates clockwise and the other
counterclockwise). In other words, correlation scores of 0.7 and
—0.7 indicate the same extent of correlation, but in synergistic
and opposing directions, respectively.

To more readily visualize the specific correlation changes
throughout each mutant enzyme, correlation differences were
calculated by subtracting the wild-type correlation values from
those of each mutant (Figure 7). These correlation difference
maps show that there are changes in correlation between the
wild-type and mutant structures in all cases. These changes are
most significant for the T149V mutant with glutamine bound
to GatA, where strong anticorrelations between GatA and GatB
are observed. The intensity of these correlation changes
demonstrates that the identity of the T149 residue in GatA
(in this case, the T149V mutation) is propagated throughout
much of GatB, clearly demonstrating a physical connection
between the two active sites. Although changes in correlation
are observed in the T149V mutant without glutamine in the
GatA active site, these changes are less dramatic. This
observation is in contrast to the experimental results for the
phosphorylation rates with Glu-tRNA®™ where there were no
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Figure 6. Residue-by-residue correlation analysis for all simulated structures: (A) wild-type AdT, (B) wild-type AdT with glutamine bound to GatA,
(C) T149V AdT, (D) T149V AdT with glutamine, (E) K89R AdT, and (F) K89R AdT with glutamine. (G) Cartoon showing different regions of
correlation; residues proceed from left to right (N-terminal to C-terminal, respectively) with GatA residues numbered 1—485, GatB residues
numbered 486—897, and GatC residues numbered 898—991. All panels apply the same color-coded scale representing the correlation coefficient that
stands for how one residue moves with respect to another. Correlation coefficients of 1 and —1 both indicate the highest level of correlation observed
between any two residues; negative correlations indicate residue movements correlated in opposing directions.

changes observed in the presence or absence of glutamine. It is
important to note that the correlations shown in Figures 6 and
7 are relevant on a nanosecond time scale whereas the steady-
state kinetic experiments reported in Figure 5 were acquired on
a time scale of seconds to minutes. Consequently, the
biochemical and computational results do not necessarily
contradict each other. In fact, together these results offer a two-
pronged explanation for why T149 and K89 are rigorously
conserved in AdT.

Correlations between the residues at the two mutation sites
and every other residue for all AT models provide further
insight into the physical connection between GatA and GatB
(Figure 8). The T149V mutation shows a significant change in
correlation between residues in GatB and position 149 with
respect to wild-type AdT; differences between the T149V and
wild-type enzymes are much less significant in GatA and GatC
(Figure 8A,B). These differences in correlation are enhanced
when glutamine is bound to GatA during the simulations. In
contrast, a noticeable change in correlation is observed in all
three subunits for the K89R mutant compared to the wild-type
(Figure 8C,D). This change is also enhanced in the presence of
glutamine in GatA. These global variations throughout K89R
AdT are consistent with its structural location at the interface
between GatA and GatB. Biochemical assays of the K89R
mutation show that it has the lowest rate of phosphorylation of
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all mutations examined in this work (2.8-fold decrease
compared to that of wild-type AdT). Combined, these results
suggest that K89 plays a vital role in the apparent connectivity
between the two active sites.

Root-mean-square deviations (RMSD) for each system were
calculated with respect to the crystal structure using the last 10
ns in each simulation. The RMSD calculations were conducted
on three different levels: (a) the entire heterotrimeric protein,
(2) the individual subunits (GatA, GatB, and GatC), and (3)
individual active site residues in GatA [residues 80, 131, 154—
156, 174, 176—179, 207, 310, 311, 359, and 426 (termed AS1)]
and GatB [residues 6, 10, 12, 79, 91, 124, and 150 (termed
AS2)] (see Figure SS of the Supporting Information). (Note
that residues are numbered according to the wild-type AdT
sequence from S. aureus, not as recorded in the crystal structure
PDB file.) The RMSD of GatB showed considerable fluctuation
over time, mainly because of movement of the tRNA-binding
subdomain (GatB residues 275—412). This subdomain has
been proposed to serve as a clamp for Glu-tRNA"/Asp-
tRNA™" binding.*® The high mobility is probably caused by the
absence of tRNA in the initial crystal structure as deletion of
the contributions of this domain in the RMSD calculation
results in a significant reduction in the calculated RMSD of
GatB (Figure S5 of the Supporting Information).
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subsections.

Average RMSDs (RMSD,,.) were calculated for each residue
in each system over the last 10 ns of each simulation. The
differences in RMSD,,, between each residue in the mutant
versus the wild-type simulations were determined to identify
residues that exhibited greater movement in either of the
mutant enzymes compared to wild-type AdT. In other words,
ARMSD,,. = mutant RMSD,,, — WT RMSD,,.. These RMSDs
were mapped onto the corresponding simulated structures of
AdT (Figure 9).

Percentage RMSD changes were calculated for every residue
in both mutant simulations with respect to the corresponding
wild-type residue by dividing ARMSD,,, by WT RMSD,,.. This
analysis showed that ~300 residues (<30% of the entire
structure) present an RMSD,,. change of >20%. The residues
that showed the highest percentage change from each mutant
structure were selected using a 20% change in RMSD,,. as an
approximate cutoff value for significant change. Of these 300
residues, a subset of 59 residues that is common to both mutant
structures was identified. These residues were mapped onto the
structure of AdT (Figure 10). These amino acids are distributed
throughout all three subunits of AdT and across the full enzyme
structure.

The identification of this small subset of residues common to
both mutants suggests that they comprise all or part of a
pathway for communication between GatA and GatB. For this
hypothesis to be correct, these 59 residues should show
common patterns of correlation not only between the two
mutant enzymes but also in simulations of wild-type AdT.
Consequently, correlation analyses** were performed for these
59 residues, with and without glutamine in the active site
(Figure 11). As expected, these residues are also highly
correlated between GatA and GatB in wild-type AT (Figure
11A,B). Correlation difference plots were also constructed
comparing each of these residues from each mutant enzyme to
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wild-type AdT (Figure 12). These data show that the
correlation results demonstrated in Figure 11 do not vary
widely between the two mutant enzymes and wild-type AdT.
This observation directly supports the hypothesis that these
residues are involved in domain—domain communication in
AdT, connecting GatA to GatB.

B DISCUSSION

Previous enzymological studies of H. pylori AdT have
predominately focused on its glutaminase and transamidase
activities.”>*® Results from these studies suggest the enhance-
ment of glutaminase activity arises from binding of ATP and
Glu-tRNA®" to the opposing active site. In other words,
substrate binding events in the GatB active site are
communicated to and impact the efficiency of the GatA active
site. This observation suggests the existence of essential
connectivities between the GatA and GatB active sites that
are sensitive to steps in AdT’s reaction pathway. The fact that
AdT uses a molecular tunnel to connect its two active sites
suggests that this tunnel would be a likely component of AdT’s
communication network. In this study, mutagenic analyses were
used to evaluate conserved residues within the AdT ammonia
tunnel, and molecular dynamics simulations were used to
further evaluate interdomain communication in this system.
Glu-tRNA®" was used as the sole aminoacyl-tRNA (aa-
tRNA) substrate for AdT (instead of both Glu-tRNA®™ and
Asp-tRNA™™). As reported previously, the identity elements for
enzyme recognition of the two aa-tRNAs are similar; in
particular, they share a common Ul:A72 base pair as a key
identity element in their acceptor stems.’**” To simplify
analysis, we chose to focus our efforts on Glu-tRNA®™ as a
representative example of the two aa-tRNA substrates for AdT.
The adapted enzyme-coupled assay afforded a streamlined way
to examine wild-type AdT and its mutants. This approach
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Figure 8. Correlations between each enzyme residue and the T149 and K89 positions (wild-type and mutant AdTs). (A) Comparison between T149
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(red) correlations in the presence of glutamine bound to GatA.

provided informative data that allowed us to select the T149V
and K89R mutations for molecular dynamics simulations.

Our assay results show that AdT’s kinase activity is sensitive
to mutations in the GatA glutaminase active site (T149V and
T149A) and at the interface between GatA and GatB (R295A,
K89A, and Y91F). Mutations near the ATP binding site had
little to no effect on activity. Remarkably, the kinase activity of
GatB was slightly more susceptible to mutations in GatA, on
average, than those in GatB. These observations suggest two
things. First, it is unlikely that the observed reductions in kinase
activity are due to structural alterations in either active site. In
this case, one would expect that GatB mutations would have a
greater impact than GatA mutations. Second, these mutations
appear to have unmasked communication between GatA and
GatB, even though the phosphorylation of misacylated Glu-
tRNA®" is not particularly sensitive to the presence or absence
of glutamine in the GatA active site. Previous work on H. pylori
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AdT’s glutaminase activity showed that the binding of ATP and
Glu-tRNA®" to GatB enhances the distal glutaminase activity in
GatA by ~30-fold>> When combined, these analyses have
important ramifications for cellular pH homeostasis. They
suggest that AdT has evolved to keep its glutaminase activity in
check until an aminoacyl-tRNA substrate is available; at this
point, glutamine is hydrolyzed to produce ammonia, which is
efficiently transferred to the enzyme-bound substrate, rather
than released to the intracellular environment.

According to our molecular dynamics simulations, the
T149V and K89R AdT mutants showed changes in correlation
between GatA and GatB residues compared to those of the
wild-type (Figure 6). The presence of glutamine bound to GatA
increases the frequency of these changes. The highest level of
correlation occurs between GatA and GatB residues in the
T149V mutant enzyme with glutamine bound to GatA (Figure
7). Similar patterns of correlation are present for T149V and
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details)]. (A) ARMSD between the T149V AdT simulation, with glutamine bound to GatA, and the AdT structure. (B) ARMSD between the
T149V AdT simulation in the absence of bound glutamine and the AdT structure. (C) ARMSD between the K89R AdT simulation, with glutamine
bound to GatA, and the AdT structure. (D) ARMSD between the K89R AdT simulation and the AdT structure, in the absence of bound glutamine.
The color scheme for panels A—D in angstroms is shown at the right. Larger representations of these figures are provided in Figure S6 of the

Supporting Information.

Figure 10. K89R and T149V AdT mutations induce substantial
RMSD variations in a common set of 59 residues (RMSD of >20% in
both mutant enzymes). These residues were mapped onto the S.
aureus MuS0 AdT crystal structure and are highlighted as blue spheres.
GatA, GatB, and GatC are colored as in Figure 1 (magenta, cyan, and
gray, respectively). The 59 residues are listed in Table S4 of the
Supporting Information.

K89R AdT in the absence of glutamine, albeit at significantly
lower levels. For wild-type and K89R AdT, this observation is
consistent with our kinase assay results that show only slight

changes in activity upon the addition of 5 mM glutamine.
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Conversely, the T149V mutant shows a much higher level of
correlation between these motifs in the presence of glutamine,
in contrast to the minor reduction observed in kinase activity
upon addition of glutamine. It appears that the TI149V
mutation has reached its maximal impact on kinase activity in
the absence of glutamine. However, the simulation results in
the presence of glutamine emphasize the extended significance
of this mutation with respect to AdT structure and mobility.
T149 is immediately adjacent to the glutamine-binding pocket
of GatA. Our results suggest that the isosteric conversion of the
T149 hydroxyl group to the valine methyl group in the T149V
mutation is enough not only to perturb distal kinase activity but
also to have a dramatic effect on glutamine binding and
communication between the two active sites. Efforts to
characterize this enzyme’s glutaminase activity are underway.

The correlation patterns of K89 (wild-type) and K89R AdT
with all other residues in the enzyme reveal a significant
correlation change in all three subunits (Figure 8). When
combined, the experimental results show that the K89A and
K89R mutations both significantly reduce the initial rate of
phosphorylation of Glu-tRNA®" suggesting that K89 is also
involved in interdomain communication.

In addition, significant changes in correlation were observed
for both T149V and K89R in areas that connect GatA and
GatB (Figure 7), which further supports the hypothesis that a
communication pathway exists between these two subunits and
that K89 and T149 are influential members of this pathway.
The fact that a mutation in GatB (K89R) and a mutation in

dx.doi.org/10.1021/bi201143x | Biochemistry 2012, 51, 273—285
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GatA (T149V) separately and independently change the
correlation pattern between GatA and GatB suggests
bidirectionality in communication between GatA and GatB.
The RMSD comparison analysis identified 59 common
residues that showed appreciable deviations in both mutant
enzymes compared to the wild-type. The fact that these 59
residues are common to both mutant enzymes strongly
suggests their involvement in the communication pathway
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between GatA and GatB. The locations of these 59 residues
(see Figure 10) show that they are located in and around the
GatA and GatB active sites as well as throughout the region
connecting the two sites. A few of the residues are in GatC as
well, hinting at a possible role for GatC in mediating
communication between GatA and GatB.

Importantly, further analyses of these 59 residues revealed a
common correlation pattern connecting GatA to GatB not only
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in both mutant enzymes but also in wild-type AdT (Figure 11).
This commonality is highlighted by the fact that only moderate
differences in correlation were observed upon comparison of
each mutant directly to the wild-type (Figure 12). Con-
sequently, these results demonstrate that our MD simulations
have unmasked these residues as all or part of an interactive,
dynamic, connective path for domain—domain communication
in wild-type AdT. Given that K89 and T149 are members of
this network and are essential for wild-type AdT activity, it
seems probable that these 59 residues offer the first clear
evidence of an extensive network of essential interactions
throughout AdT.

In conclusion, structural studies work well for the
observation of substantial motion in enzyme domains. For
example, allosteric rearrangements, loop movements, and
domain rotations are often readily visualized by comparing
cocrystal structures obtained in the presence of different
substrates or ligands. Subtle structural changes can also be
examined by crystallography but are sometimes more difficult
to assess because of the challenges faced in tying observed
residue movement to function. Molecular dynamics simulations
are particularly useful for looking at domain—domain
communication on a short time scale (nanoseconds). In this
work, computational methods allowed us to readily visualize
and compare movements in multiple simulations and to assess
the impact of functionally interesting mutations. In this way, we
were able to identify mobile elements in AdT that might have
been difficult to isolate in a crystal structure. The importance of
this work goes beyond simply advancing our understanding of
how AdT functionally delivers ammonia from GatA to GatB;
these results also have implications for other GATs and even
other enzymes with apparent domain—domain communication
mechanisms.
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