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ABSTRACT: Structure-based mutational analysis was used to probe the architecture of the glutamine binding
pocket in Escherichia coli glutaminyl-tRNA synthetase (GInRS). Crystallographic studies of several different
GInRS complexes in a lattice that supports catalytic activity have shown that the glutamine amide group
makes only ambiguous hydrogen-bonding interactions with a tyrosine hydroxyl and bound water molecule,
rather than the highly specific hydrogen-bonding and electrostatic interactions made by the substrate amino
acid in all other nonediting tRNA synthetases. Further, the amide oxygen of substrate glutamine accepts
a hydrogen bond from the 3’-ribose hydroxyl group of ATP, an unusual distal substrate—substrate interaction
also not observed in any other tRNA synthetase complex. Steady-state and pre-steady-state kinetic analysis
using a 3"-dATP analogue in place of ATP shows that removal of this distal interaction does not affect
K., for the analogue as compared with ATP, yet decreases the efficiency of aminoacylation by 103-fold
while significantly elevating K, for glutamine. In other experiments, mutation of eight nearly fully conserved
residues in the glutamine binding pocket reveals decreases in k.,/K,, ranging from 5- to 400-fold, and in
K, for glutamine of up to at least 60-fold. Amino acid replacements at Tyr211 and GIn255, which participate
with substrate glutamine in an antidromic circular arrangement of hydrogen bonds, cause the most severe
decreases in catalytic efficiency. This finding suggests that the relative absence of direct hydrogen bonds
to glutamine may be in part compensated by additional binding energy derived from the enhanced stability
of this circular network. Calculations of electrostatic surface potential in the active site further suggest
that a complementary electrostatic environment is also an important determinant of glutamine binding.

Formation of aminoacyl-tRNA depends on the accuracy
of aminoacyl-tRNA synthetases (AARS"), which link amino
acids with their cognate tRNAs in a two-step reaction that
proceeds through an activated aminoacyl adenylate interme-
diate (7). The 23 known AARS are divided into two classes
(class I and class II) featuring topologically distinct active
site domains (2), with each enzyme also possessing divergent
domains that provide further discrimination against noncog-
nate tRNAs. A remarkable property of all AARS is their
ability to selectively match pairs of substrates from structur-
ally distinct subclasses. This, of course, provides the embodi-
ment of the genetic code at the molecular level: the chemical
language of nucleic acids is converted into that of proteins
on the surfaces of these enzymes. All AARS are selective
for one particular amino acid and a subset (usually between
one and three in bacteria and archaea) of structurally similar
tRNAs possessing matching anticodons.

To meet cellular requirements for high fidelity in protein
synthesis, many tRNA synthetases have acquired editing
activities by which misactivated amino acids or misacylated
aminoacyl-tRNAs are hydrolyzed, sometimes on a structur-
ally distinct domain adjacent to the domain containing the
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synthetic site (3). In some cases, the need for editing is clear:
for example, Pauling predicted over 50 years ago that no
enzyme would be able to directly discriminate at a high level
between isoleucine and the smaller valine, which differ by
a single methyl group (4). Indeed, isoleucyl-tRNA synthetase
(IleRS) hydrolyzes both misactivated Val-AMP by a “pre-
transfer” editing activity, and misacylated Val-tRNA™ by
“post-transfer” editing (5). However, other editing activities
have been measured that are less easy to rationalize; for
example, PheRS edits tyrosine (6), and AlaRS edits serine
(7), despite the expected capacities of their respective
synthetic sites to exclude the noncognate substrate on steric
grounds.

About half of the AARS are able to distinguish their
cognate amino acid substrates without the need for a separate
hydrolytic editing mechanism (8). Crystal structures of these
enzymes, which are typically specific for charged or polar
amino acids, generally reveal binding pockets that provide
direct electrostatic, hydrogen-bonding, and steric comple-
mentarity with the amino acid that appears sufficient to
distinguish all noncognate substrates (9—1717). The only
known exception is the Escherichia coli glutaminyl-tRNA
synthetase (GInRS), which, while capable of discriminating
against the synthesis of Glu-tRNAY" by a factor of 107-fold
in kea/ Ky (12), appears to make only ambiguous hydrogen-
bonding interactions with substrate glutamine (/2, 13).

In structures of the GInRS—tRNA®!" complex determined
in the presence of either the glutaminyl adenylate analogue
5’-O-[N-(L-glutaminyl)sulfamoyl] adenosine (QSI), or free
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glutamine and the ATP analogue AMPCPP, the glutamine
is oriented such that the side-chain amide —NH, group
donates hydrogen bonds to the hydroxyl moiety of Tyr211
and to a buried water molecule. The amide oxygen is located
3.4 t0 4.0 A from the guanidinium of Arg30, seemingly too
far to make a strong hydrogen bond. To rationalize the very
high observed specificity against isosteric glutamate, it was
proposed that a network of four buried water molecules is
specifically oriented by peripheral obligate hydrogen-bond
donor and acceptor groups including Asp212, Asp219, and
Glu257, such that Tyr211 and one buried water become
obligate acceptors from the glutamine —NH, group (/3). This
would, presumably, generate an unfavorable electrostatic
juxtaposition when the negatively charged glutamate binds.
However, the structure of the GInRS—tRNA®" complex
bound to glutamate revealed that one carboxylate oxygen of
glutamate occupies the identical position to the —NH, of
glutamine, suggesting that the buried water molecules could
easily reorient their hydrogen-bonding functions, and that
this network could thus not provide the necessary selectivity.
Instead, specificity for glutamine appears to be a more
distributed property of the active-site Rossmann fold:
extensive mutagenesis of both the primary binding pocket
and adjacent surface loops was required to endow GInRS
with 16000-fold enhanced capacity for synthesis of misa-
cylated Glu-tRNAS™ (14).

Another aspect of amino acid binding that appears unique
to GInRS is the formation of a hydrogen bond between the
amide oxygen of glutamine and the 3’OH ribosyl moiety of
ATP (13). No other AARS is known to facilitate such a distal
interaction between nonreactive moieties of the ATP and
amino acid. This contact is not formed in the cocrystal
structure of GInRS bound to noncognate glutamate, suggest-
ing a role in amino acid selectivity.

GInRS is also unusual in several other respects. First, it is
one of only four tRNA synthetases, including also GluRS,
ArgRS, and class I LysRS, that require the presence of tRNA
for synthesis of the aminoacyl adenylate (/). The requirement
for tRNA to promote active site assembly, which is well-
documented by structural analyses (/5—17), might conceiv-
ably be correlated with the presence of amino acid specificity
determinants that are more globally distributed in the enzyme
structure. The order of substrate binding to GInRS in the
steady-state is not known, but the absolute requirement for
tRNA binding to mediate synthesis of glutaminyl adenylate
strongly suggests that tRNA must bind first (/8—20). Second,
it is known that GInRS originated late in evolution as a
consequence of a duplication in the gene encoding eukaryotic
GluRS: the GInRS enzyme is present now only in eukaryotes
and, by horizontal transfer, insome Gram-negative bacteria (21, 22).
It is not clear, however, whether such a late differentiation
of the glutamine binding pocket within the class I tRNA
synthetase Rossmann fold might also be related to the
unusual features observed in the crystal structures. Aspar-
aginyl-tRNA synthetase (AsnRS), which is restricted in its
phylogenetic distribution similarly to GInRS, features a
much-better differentiated asparagine binding pocket in
which the specificity against charged aspartate can clearly
be accounted for by direct hydrogen bonding (23, 24). It
does appear that water-mediated interactions may be required
in AsnRS to distinguish protonated aspartate from asparagine,
although such specificity might arise instead from a down-
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ward shift in the pK, of aspartate promoted by the electronic
environment of the binding pocket.

We sought to examine the unusual network of interactions
in the glutamine binding pocket of E. coli GInRS by
systematic mutagenesis coupled to steady-state and transient
kinetics of tRNA aminoacylation. We rely here on the
recently developed highly sensitive assay in which the 3’-
internucleotide linkage of the tRNA is *?P-labeled, and
product formation is monitored by thin-layer chromatography
(TLC) after digestion of the tRNA with P1 nuclease (25).
The use of unlabeled glutamine permits the use of very high
concentrations of this amino acid, a necessity for the
examination of mutants in which the K, is substantially
elevated (/4). Using this approach in both steady-state and
single-turnover kinetic experiments then permits substantial
insight as compared with a steady-state analysis alone.
Measurements of Ky (Gln) and ks for aminoacylation allows
us to deduce the importance of specific enzyme—substrate
and intramolecular contacts in conferring glutamine binding
affinity and proper positioning of the three reactive moieties
in the two-step reaction, respectively. Comparison of these
mechanistic constants with the steady-state parameters kg,
and K, permits further inferences with respect to the rate-
limiting step in the reactions of the mutants. Together, these
measurements on wild-type GInRS and a selected set of eight
mutant enzymes offer detailed insight into the architectural
underpinnings of the genetic code for glutamine.

EXPERIMENTAL PROCEDURES

Mutagenesis. Oligonucleotide primers for mutagenesis
were purchased from IDT. The mutations were made using
the Quickchange site-directed mutagenesis (Stratagene)
protocol with the GInRS-6His (QRSH) plasmid as template
(18), followed by transformation into XL-1 blue supercom-
petent cells (Stratagene). DNA sequencing of mutant genes
was performed by the University of lowa commercial
sequencing facility. After sequence verification, the mutant
plasmids were transformed into BL21-DE3 (pLysS) super-
competent cells (Invitrogen) for expression.

Enzyme Purifications. All GInRS mutants were made as
Hise C-terminal-tagged enzymes, and were expressed in
BL21-DE3 (pLysS) cells by induction with 1 mM IPTG at
ODgp between 0.4 and 0.6. Cells were resuspended in a
buffer containing 0.5 M NaCl, 50 mM HEPES (pH 7.2), 10
mM imidazole, and were disrupted by sonication. 100 mM
PMSF, 100 mM benzamidine, 50 uL. of RQI DNase
(Promega), and 15 mM MgCl, were added to the lysate, and
the mixture was stirred at room temperature for 20 min.
Lysed cells were then centrifuged for 30—45 min at 15,000
rpm, and the pellet was discarded. Enzymes were purified
on 5 mL NTA-agarose nickel affinity columns (Amersham
Biosciences) equilibrated in 10 mM imidazole, 20 mM
HEPES (pH 7.2), | mM fS-mercaptoethanol, and 0.5 M NaCl;
the elution buffer was identical to the equilibration buffer
except for the inclusion of 120 mM imidazole. Eluted
enzymes were dialyzed for 6—12 h into storage buffer
containing 50% glycerol, 20 mM potassium phosphate (pH
7.4), 50 mM KCl, 2 mM DTT. His-tagged GInRS mutants
were recovered at better than 99% purity as judged by SDS-
PAGE, and were stored at high concentration at —20 °C, as
described for the native enzyme (/2). Enzyme concentrations
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were determined by UV absorbance (&559 (1 mg/mL) = 1.06).
The C-terminal Hise tag is without effect on the catalytic
properties of GInRS (27). Correct folding of the mutants is
highly likely based on the high overexpression levels and
stabilities in the cellular extract.

tRNA Synthesis and Purification. E. coli G-1 tRNA,"
(containing a catalytically neutral U1G mutation to promote
efficient transcription initiation) was transcribed in high yield
from a synthetic DNA template. The template was con-
structed from complementary synthetic oligonucleotides
containing a short central overlapping region, which were
extended to form the full-length duplex by treatment with
the Klenow fragment of E. coli DNA polymerase I (28). The
DNA template incorporated 2’-O methyl sugars at the two
5" nucleotides in the noncoding DNA strand, which is
required in this system to produce a high proportion of
enzymatically active tRNA transcripts by T7 RNA poly-
merase. Transcription of E. coli tRNA,%" from unmodified
DNA templates generates 3’-end heterogeneity, such that the
maximum plateau aminoacylation acheivable is 15—20%
(28). The transcription reactions were then loaded on a 5
mL DE-52 (Whatman) column, eluted, precipitated with
ethanol, dried, and stored at —20 °C. Prior to use the tRNA
was resuspended in and dialyzed against highly purified
water.

Aminoacylation Assay Using **P-Labeled tRNA. tRNA was
32P-labeled at the 3’ terminal internucleotide linkage using
the exchange reaction of tRNA nucleotidyltransferase, as
described (12, 25, 27). To ensure maximal substrate activity,
labeled and unlabeled tRNA were refolded by mixing to the
appropriate final concentration and heating at 65 °C for 3
min, followed by addition of MgCl, to 7.5 mM and cooling
to ambient temperature. All reactions were quenched in a
buffer containing 0.1% SDS and 0.15 M sodium acetate (pH
5.2). P1 nuclease digestions were performed by adding 1—5
uL of the reaction mixture to a microtiter well containing
3—5 uL of 0.1 mg/mL PI nuclease (Fluka) and 0.15 M
sodium acetate (pH 5.2), followed by incubation for 10 min
at ambient temperature. Aminoacylated tRNA (as 3’-ami-
noacylated A76) and the unreacted substrate (as unmodified
AMP) were separated by TLC and quantitated by phospho-
rimaging analysis. Steady-state assays were performed at 10
mM MgCl,, 20 mM Tris (pH 7.4), 5—10 mM ATP, | mM
DTT and appropriate concentrations of glutamine ranging
from 0.025—100 mM. The tRNA concentrations used were
10 uM for C229S, 12.5 uM for mutants Y211F and E257A,
15 uM for mutants R30K, H215N, Q255N, and S227A, and
22.5 uM for D212A. Enzyme concentrations ranged from
3—100 nM depending on the mutant. Steady-state analysis
of GInRS in the presence of 3"-dATP was performed using
50 nM enzyme, 12.5 uM tRNA and 5 mM 3’-dATP. Time
courses were adjusted to ensure that maximal product
formation remained in the range of 5%—20% of the total
acylable tRNA. All steady-state reactions were performed
in triplicate at 37 °C. Plateau aminoacylation levels were
measured for all preparations of tRNAY" by performing end-
point titrations under conditions of molar excess enzyme,
and were in the range of 75%—93% for all experiments
described herein.

Rapid Chemical Quench Kinetics. All single-turnover
measurements to determine ks were performed using a rapid
chemical quench flow apparatus (KinTek RQF-3) at saturat-
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ing concentrations of all substrates. The temperature was
maintained at 37 °C for all experiments. Enzyme and
substrates in two 20 uL. sample loops were rapidly mixed
into a single reaction loop of specified dimensions to control
the time of the reaction. The mole ratios of enzyme to
tRNAS" were maintained at 3:1 for all experiments. Reac-
tions were quenched by adding 50 uL of a solution
containing 400 mM sodium acetate (pH 5.2), 0.1% SDS. Six
to eight time points were collected for each ko, determina-
tion. The reactions were fit to a first-order exponential
equation (Y = A, e %), where Y represents moles of
GIn—tRNA®" product formed, and plotted using Kaleida-
graph (Synergy Software). For the 3’-dATP experiments, the
analogue (cordycepin) was purchased from Trilink Biotechnologies.

The glutamine concentration dependencies of the single-
turnover reactions were determined by titrating the concen-
tration of glutamine while maintaining saturating levels of
tRNA as described for the wild-type enzyme (/8). To
determine the glutamine Ky values, the reactions contained
15 uM enzyme, 5 uM tRNA®", 7.5 mM ATP, 13.75 uM
MgCl,, 50 mM Tris (pH 7.4), 5 mM DTT, and varying
glutamine concentrations between 0.1—78 mM, depending
on the mutant. For all experiments, the concentration of the
3’-end-labeled t(RNAC®™ was negligible compared to the
unlabeled concentration. The k,,, values determined at each
substrate concentration were fit to a hyperbolic binding
equation to derive the K, value under aminoacylation
conditions. All single-turnover data under saturating condi-
tions were acquired in duplicate and plotted using Kaleidagraph.

Electrostatic Surface Potential Calculations. Electrostatic
potentials were determined using the Adaptive Poisson—Boltzmann
Solver (APBS) run as a plugin for Pymol (29, 30). Due to
limitations associated with the program input, for calculations
including the tRNA only the active-site proximal six base-
pairs of the acceptor stem, and the four bases of the single-
stranded 3’-end, were retained. Solvent molecules and other
ligands were removed from the structure. The charge of each
atom for each pH calculation was determined using the
program pdb2pqr (37). The protein dielectric constant was
set at 20 and the solvent dielectric was assigned a value of
80. pK, assignments for all ionizable protein groups were
determined with the program PROPKA (32). The scale is
displayed in units of k,7/e, where k;, is Boltzmann’s constant,
T is temperature, and e is the charge on the electron. The
GInRS structure used for electrostatics calculation corre-
sponds to PDB code 100b.

RESULTS

Glutamine—ATP Interaction. We sought to examine the
importance of the unusual hydrogen bond formed between
the substrate glutamine amide oxygen atom and the 3’-OH
moiety of ATP. To accomplish this we made use of the ATP
analogue cordycepin, in which the 3’-ribose hydroxyl group
is altered to hydrogen, removing the hydrogen-bonding
capability. The hydrogen bond with glutamine is formed in
both the GInRS ternary (GInRS—tRNAS"—QSI) and qua-
ternary (GInRS—tRNAC®"—GIn—AMPCPP) complexes, and
appears to be strong based on the observation that the
electronegative atoms are 2.5—2.7 A apart (12, 13) (Figure
1). Replacement of the 3’-OH group with hydrogen also
removes an interaction with a bound water molecule that in
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FIGURE 1: (A) Structure of E. coli GInRS bound in a quaternary complex with tRNAC", glutamine, and the ATP analogue AMPCPP (12).
The phosphates of AMPCPP are disordered in this structure. The Rossmann fold catalytic domain is colored green, the inserted domain that
binds the tRNA acceptor end is bright pink, a helical subdomain following the Rossmann fold in primary sequence is shown in dark blue,
and the proximal and distal anticodon binding domains are depicted in magenta and orange, respectively. (B) Superposition of the GInRS
active site in quaternary complexes bound to tRNAS" AMPCPP and either cognate glutamine (green) or noncognate glutamate (blue).
Selected hydrogen bonds are shown as dotted lines. Both bound glutamine and glutamate participate in a hydrogen bond with Tyr211, but
only cognate glutamine accepts a hydrogen bond from the 3’-OH group of ATP. Glutamate also makes direct electrostatic hydrogen bonds

with Arg30.

Table 1: Kinetic Analysis of Wild-Type and 3’-dATP Reactions”
ATP 3’-dATP

keat (s71) 32+05 0.045 £ 0.02 (71)”
kobs (571 28+2 0.6 £ 0.08 (47)
K (ATP/3’-dATP) (mM) 0.2 £0.02 0.41 +£0.03 (2)
K., (GLN) (mM) 0.26 £ 0.04 4.24 £ 0.01 (16)
kea/ K (GLN) (s M) 1.2 x 10* 11.3 (1060)

“Values for wild-type GInRS are taken from ref 26. * Numbers in
parentheses designate the fold diminution from wild-type for ke, kea/Km,
and kqps, and the fold elevation from wild-type for K.

the QSI complex bridges as well to Ser46, Asn50, and
Leu228. In the quaternary complex, the 3’-OH also contacts
a water molecule, but the conformation of the ribose and
position of this water differ slightly from their positions in
the QSI complex, probably because the phosphates of
AMPCPP are disordered in that structure (/2). All of the
ribose contacts made in the QSI structure are identical to
those formed in the ternary GInRS—tRNAY"—ATP complex,
except for the missing glutamine (/6).

3’-dATP functions as a poor mimic of ATP in the
glutaminylation reaction. Catalytic efficiency as measured
by the steady-state k.,/K,, parameter is decreased by over
10°-fold as compared with ATP, with the greater part of this
effect appearing as a 70-fold reduction in k., (Table 1). The
K., for 3’-dATP is elevated by only 2-fold, suggesting that
the hydrogen bonds made by the 3’-OH group are not major
determinants of the binding pocket complementarity for ATP.
However, the K, for glutamine is elevated by 16-fold in the
3’-dATP reaction, suggesting that the glutamine—ATP
hydrogen bond is a significant determinant of the binding
pocket complementarity for glutamine. To assess whether
the strong k., effect reflects a decreased rate for the chemical
steps of the reaction, we also measured the composite rate
constant for the two-step glutaminylation reaction under
conditions of enzyme molar excess, and with saturating
concentrations of all three substrates. As compared with the
native ATP-mediated reaction, glutaminylation mediated by

3’-dATP is decreased in ks by nearly 50-fold (Table 1),
suggesting that the distal hydrogen bond likely also promotes
the correct positioning of the reactive groups of the two
substrates with each other, and/or with the 2’-OH group of
the 3’-A76 tRNA nucleotide. In this single-turnover reaction
carried out under conditions in which all three substrates are
saturating, ks represents either kepen, the composite rate of
the two-step aminoacylation reaction, or a closely linked first-
order physical rearrangement of the complex. Only the
overall two-step reaction can be measured, since tRNA is
required for synthesis of glutaminyl adenylate.

These data show that a hydrogen-bonding interaction
between the distal, nonreactive portions of two bound
substrates to GInRS makes a very significant contribution
to the efficiency of aminoacylation. The crystal structure of
GInRS bound to tRNA®"™ AMPCPP and glutamate shows
that the distance between the ATP 3’-OH and the nearest
glutamate carboxylate oxygen atom is increased to 4.6 A,
well outside hydrogen-bonding distance (Figure 1). Although
this observation predicts that misacylation of tRNAS™ with
glutamate might be unaffected by the use of 3’-dATP, we
were unable to detect any reaction with the analogue even
at very high glutamate concentrations and under single-
turnover conditions. Thus, misacylation must be significantly
decreased even below the already-low k../K,, of 9.5 x 107*
M~! s characteristic of wild-type GInRS in the ATP-
dependent reaction (/2). This suggests that the use of 3’-
dATP may perturb the amino acid pocket structure more
globally, implying that the 16-fold increase in K, for cognate
glutamine might arise in part from a longer-range perturba-
tion of interactions made with Tyr211 or with bound water
molecules.

The dependence of GInRS catalytic efficiency on this distal
interaction may be unique among tRNA synthetases. The
crystal structure of the closely related GluRS enzyme bound
to tRNAS" and a glutamyl adenylate analogue indicates that
the comparable distance between the 3’-OH of ATP and the
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FIGURE 2: (A) Divergent stereoview of the glutamine binding pocket in E. coli GInRS. Buried water molecules in the pocket are depicted
as red spheres. Nomenclature for the waters follows Bullock et al. (12); see also Figures 3 and 5B herein. The phosphates of AMPCPP are
disordered in this quaternary structure bound to substrate glutamine (/2). The binding interactions made by the glutamine portion of a
glutaminyl adenylate analogue are nearly identical (/3). (B) Sequence alignment of selected GInRS enzymes in the region corresponding
to the glutamine binding pocket. Residues 211—260 comprise the second half of the catalytic Rossmann fold. Residues shown in panel A

are highlighted in boldface.

nearest glutamate carboxylate oxygen atom is 3.6 A, too far
to form an interaction with significant hydrogen bonding
character (15). Examination of all other AARS structures in
which the adenylate, the free amino acid and ATP, or suitable
analogues are bound fails to reveal a comparable distal
contact in any active site. It appears then that the required
mutual positioning of the reactive moieties of the ATP and
amino acid is accomplished solely by interactions with the
protein in other AARS, but that the comparable juxtaposition
in GInRS to synthesize glutaminyl adenylate depends as well
on the substrate—substrate interaction. This contact may also
stabilize the orientation of the mixed anhydride linkage for
attack by the 2’-OH of tRNA-A76 in the second step. A
further effect on the product release step is possible as well,
because, if still present, the additional contact made between
the AMP and GIn—tRNAS" would presumably need to be
broken during dissociation.

Protein Network Stabilizing Glutamine Binding: Analysis
of the Reaction Pathway in Mutant Enzymes. The substrate
glutamine is bound in a pocket formed primarily from
residues in the second half of the catalytic Rossmann fold
domain. Amino acids in the first a-helix and in each of the
two parallel f-strands of the o-f-a-8 motif contribute to
formation of the binding site, while a single residue from
the first half of the catalytic domain, Arg30, also participates
(Figure 2). The glutamine side chain rests on the imidazole
ring of His215, while the lid of the pocket is formed from
the phenyl group of Phe233, which, together with Tyr211,
in turn stacks directly on the adenine base of the tRNA 3’-
A76 nucleotide. At the back of the pocket, the glutamine
amide makes direct steric contact with the -methylene group
of Cys229. The amide oxygen accepts no strong direct

hydrogen bond from any protein moiety, but lies 3.4 to 4.0
A from the closest nitrogen of the Arg30 guanidinium group.
The amide nitrogen donates hydrogen bonds to the Tyr211
phenol hydroxyl group and to a buried water molecule,
completing the primary shell contacts (Figure 3). In general,
the absence of an unambiguous hydrogen-bond acceptor (e.g.,
a carboxylate or main-chain amide oxygen) for the hydrogens
located on the glutamine amide nitrogen, and the lack of a
strong hydrogen-bond donor to the amide oxygen, creates a
pocket with surprisingly meager complementarity for its
cognate substrate. However, the reproducibility of these
contacts as found in two different liganded complexes, as
well as the observation that GInRS maintains catalytic
activity in this crystal lattice (33), suggests that the interac-
tions indeed depict a functional environment capable of very
high catalytic efficiency and of 107-fold specificity against
misacylation with glutamate (/2). Comparison of the glutamine
binding site in the GInRS—tRNA®"—QSI and
GInRS—tRNA®"—GIn—AMPPCP complexes, with the empty
site in the GInRS—tRNA"—ATP ternary complex, shows
that Gln binding in the presence of tRNA causes small, local
structural changes, including the rearrangement of water
molecules (12, 13, 16).

The demonstration that the immediate binding environment
is insufficient to confer selectivity against glutamate (/2),
and the finding that a swap of distal surface loops does confer
a capacity for Glu-tRNAS" synthesis (/4), focused our
attention on the detailed roles of the second and third-shell
amino acids in providing cognate Gln recognition as well.
In addition to the primary shell, the binding pocket features
three other well-ordered water molecules that form hydrogen
bonds with each other and with the side chains of Tyr211,
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FIGURE 3: Schematic drawing of a proposed network of hydrogen bonds in the amino acid binding pocket of GInRS with substrate glutamine
bound. Arrowheads point toward the hydrogen bond acceptor of each pair, and numerals indicate the distance in A between the electronegative
atoms of the pair, as estimated from a 2.3 A crystal structure (/2). MC indicates main chain. Nomenclature for the waters follows Bullock

et al. (12).

Table 2: Kinetic analysis of wild-type and mutant GInRS enzymes

keae (s71) K (GLN) (mM) keal K (7M7) kaps (s K4 (GLN) (mM)
WT GInRS* 32405 0.26 + 0.04 1.2 x 10* 2842 1.1 +£0.04
C229S 0.7+02 1.240.03 580 20.1 + 5.1 7.8 £2.1
(4.6)” (4.6) 1) (1.4) 7.1
H215N 2.0+0.1 0.9+0.2 2220 286+ 1.4 7.9 £0.1
(1.6) (3.5) 5) (1.0) 7.2
E257A 2340.1 2040.1 1150 255+75 92427
(1.4) (7.7) (10) (L.1) (8.4)
S227A 46403 3.1+0.7 1480 21.0+438 112405
0.7) (11.9) 8) (1.3) (10.2)
D212A 11.6 £ 4.0 60 +4 193 >122¢ >70¢
0.3) (230) (62) (<0.2) (>63)
Y211F 12401 355405 34 ND? ND
2.7) (140) (350)
Q255N 0.5+0.2 17.1+£3.0 30 ND ND
(6.4) (66) (400)
R30K 26+03 6.3+£0.7 410 23+03 5.7+3.0
(1.2) (24) (29) (12.1) (5.2)

“ Values for wild-type GInRS are taken from ref 26. ” Numbers in parentheses designate the fold diminution from wild-type for key, keadKm, and kops,

and the fold elevation from wild-type for Ky, and Kg.

No saturation with glutamine could be observed at concentrations up to 70 mM. ¢ Reproducible

measurements of kqs and Ky [GLN] could not be made, possibly due to aggregation of the protein.

Asp212, GIn255, and Ser227, as well as with several main-
chain groups (Figure 3). In addition, the side chains of
Asp219 and Glu257 provide possibly crucial stabilization
of particular rotamers of Ser227 and GIn255, thus making
possible an array of proposed hydrogen-bond donor—acceptor
pairs ultimately connecting to the bound substrate, for which
the orientations of hydrogens and lone electron pairs appear
well-defined. Remarkably, all of these amino acids, as well
as several others (Arg64, Asp66, Glu222) that make further
distal contacts with the above-mentioned residues, are nearly
fully conserved among the 71 bacterial and 10 eukaryotic
GInRS enzyme sequences that are available for analysis (the
only known exceptions are the substitution of valine at
position GIn255 in the enzymes from Dictyostelium discoi-
deum and Lupinus Iluteus) (Figure 2B). This extraordinary
degree of amino acid conservation in regions not contacting

substrate, which is present to a much smaller extent among
GIuRS enzymes, suggests that the GInRS binding pocket is
constructed with an unusual requirement for structural
precision, and further motivates interest in exploring the
importance of particular interactions in conferring glutamine
binding affinity and catalytic efficiency.

To explore the architecture of the glutamine binding pocket
in GInRS, we constructed and expressed a set of eight His-
tagged protein mutants (Table 2). The mutant enzymes were
separated from endogenous wild-type E. coli GInRS by
affinity chromatography on an immobilized metal ion resin,
and were analyzed by a combination of steady-state and
single-turnover kinetics to determine the Michaelis param-
eters, the rate of the combined two-step chemical reaction
on the enzyme surface, and the affinity for glutamine (Figure
4). Saturating levels of ATP and tRNAS" were maintained
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FIGURE 4: kqs dependence on the glutamine concentration for the
E257A GInRS mutant, fit to a hyperbolic binding equation to
determine the Kobsmax) and Ky values. The kinetic constant ko is
very close to the wild-type GInRS value, but the Ky (Gln) is elevated
by 8.4-fold (see Table 2). The inset shows a TLC plate demonstrat-
ing the separation of substrate (AMP; center of TLC plate) and
product (aa-AMP; top of TLC plate). The time points depicted are
0.02, 0.08, 0.12, 0.25, 0.5, 1.0, 2.0, and 5.0 s. The reactions were
spotted at the bottom of the plate.

in all experiments. For the single-turnover measurements,
mixing controls established that the rate of the chemical steps
is independent of how substrates are combined in each
syringe of the chemical quench instrument.

For wild-type GInRS, we have previously used pre-steady-
state kinetics to establish that the rate-limiting step in
catalysis corresponds to product dissociation: product forma-
tion monitored under conditions of modest substrate excess
revealed a rapid burst corresponding to the first turnover on
the enzyme (kos), followed by a slower, linear steady-state
rate (key) (26). The conclusion that product dissociation is
rate-limiting was also reached by comparing the k.,; and kops
values measured in separate steady-state and single-turnover
experiments (kqps exceeds k., by 9-fold for wild-type GInRS;
Table 2). It was also shown that K, for glutamine exceeds
K., by 4-fold, consistent with the notion that a step following
formation of the ES complex is rate-limiting (35). To
examine whether the binding-pocket mutants retain these
kinetic characteristics, we compared k¢, With ko, and K,
(GIn) with Ky (Gln), for each of the mutants to assess possible
alterations in the rate-limiting step. With the exception of
R30K, all of the mutants for which single-turnover kinetics
could be reliably measured exhibit the property that ks >
kea, With kops faster by factors of 3- to 29-fold. Therefore,
while the rate of the chemical steps on the enzyme may
partially contribute to k¢, for S227A (ks is less than 5-fold
greater than k), release of aminoacyl-tRNA as the rate-
limiting step is generally retained. For R30K, however, ko
and k., are identical within experimental error, and this is
achieved entirely via a 10-fold reduction in k. For this
mutant the rate-limiting step corresponds to the chemical
transformation on the enzyme. With the exception of R30K,
all of the mutants also exhibit Ky (Gln) greater than K, (Gln),
further confirming that their rate-limiting steps correspond
to release of aminoacyl-tRNA (Table 2). For R30K, the rate-
limiting chemistry step predicts that K, = Ky, as observed
(36). In general, the strength of glutamine binding varies
along the reaction coordinate, and the mutants disrupt the
interaction at different points. Thus, Arg30 contributes most
to the transition state for the enzyme-bound conversion of
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substrates to products, while the other mutants have greater
differential effects on ground-state binding.

It is also of interest to note that for five of the mutants
product release remains rate-limiting (kops > kear), While the
Ky for glutamine is elevated (Table 2). For S227A and
D212A, key is actually improved as compared with wild-
type GInRS, so that the mutation weakens both glutamine
affinity and, by inference, the affinity of Gln—tRNAS™" as
well (to enable faster product release). For H215N and
E257A, this circumstance is only slightly altered: the elevated
glutamine K, values are accompanied by only very small
decreases in k.. In the case of C229S, the 7-fold elevation
in glutamine Ky is accompanied by nearly 5-fold decreased
ke, suggesting, perhaps counterintuitively, tighter
GIn—tRNA®" binding in this case. These findings may be
reconciled by considering that the enzyme-tRNA interactions
are likely optimized to balance reasonably tight tRNA
binding affinity (Kyq (tRNA) = 0.36 uM as deduced from
pre-steady-state analysis and global kinetic fitting of the
tRNA concentration dependence of product formation during
the aminoacylation reaction (/8)) with a decreased affinity
for the product GIn—tRNASY™, to enable product release at a
rate sufficient to sustain in vivo function. In C229S, this
balance may be disrupted to generate weaker tRNAS™ affinity
and tighter GlIn—tRNAS" affinity, providing another indica-
tion of the cooperative nature of the amino acid and tRNA
binding sites in GInRS (14, 17, 18, 27). A possible rationale
for the unusual behavior of C229S could be that the serine
hydroxyl group makes additional direct or water-mediated
hydrogen bonds with glutamine. In contrast, the more
hydrophobic Cys229 thiol is oriented out of the solvated
pocket.

Protein Network Stabilizing Glutamine Binding: Structural
Determinants of Recognition and Catalysis. In designing
mutations to probe the architecture of the binding pocket,
we sought to maintain the structural integrity of the enzyme,
and particularly of the direct packing contacts to substrate
glutamine, to the maximum extent possible. Therefore, all
amino acids were altered to isosteric or smaller residues. We
describe the results in turn for three subclusters of residues
chosen based on physical proximity and mutual interactions:
(1) Arg30/His215/Ser227; (ii) Tyr211/Asp212; (iii) Cys229/
GIn255/Glu257 (Figure 5). Not all desired mutants could be
constructed: we attempted but were unable to successfully
express either E257Q or D212N in addition to those studied
(Table 2). In the case of E257Q, we found that the mutant
enzyme was susceptible to autocatalytic cleavage, as shown
by the appearance of two prominent bands after metal ion
affinity chromatography. The sizes of the fragments were
consistent with a single chain scission at the position of the
mutant GIn257 residue. The proposed mechanism is similar
to that of asparagine deamidation, and involves attack of the
asparagine amide nitrogen on the carbonyl carbon of the
adjacent peptide bond to liberate the carboxyl portion of
the protein with concomitant formation of a five-membered
succinimide ring intermediate (37, 38).

(i) Arg30/His215/Ser227 Cluster. Although substrate
glutamine makes at best a weak electrostatic contact with
Arg30, the R30K mutation is nonetheless decreased in
catalytic efficiency (kca/Kwm) by nearly 30-fold. Glutamine
binding affinity is weakened by 5-fold, while the rate of
chemical transformation on the enzyme is decreased 12-fold
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FIGURE 5: (A) Depiction of a portion of the glutamine binding pocket involving the interactions of Arg30, His215 and Ser227. Substrate
glutamine is at the bottom, and hydrogen bonds are depicted in red dashed lines. The tautomer of His215 appears well-determined by
interactions with the charged Arg30 and Asp66 groups. (B) Depiction of a portion of the glutamine binding pocket showing interactions of
Tyr211 and Asp212. Waters labeled as W*, in yellow, are outside the immediate glutamine binding pocket and bridge Asp212 with the
3’-A76 nucleotide of tRNA. Juxtaposition of the substrate glutamine (bottom) with tRNA-A76 is depicted with van der Waals surfaces
(bottom). (C) Depiction of a portion of the glutamine binding pocket showing interactions of GIn255, Cys229 and Glu257. Again, substrate
glutamine is at the bottom of the drawing and selected hydrogen bonds are depicted as red dashed lines.

(Table 2). Arg30 is stabilized in part through donation of a
hydrogen bond to His215 (Figure SA). The H215N mutant,
however, which removes both this interaction and a com-
parable contact with the Arg64 guanidinium, while retaining
the capacity to form an apparently key hydrogen bond with
Asp66, retains the wild-type ks for aminoacylation. Glutamine
binding affinity in H215N is decreased 7-fold compared to
wild-type GInRS, and is identical within experimental error
to R30K. Therefore, it appears that the Arg30—His215 and
Arg64—His215 hydrogen bonds are important mainly in
conferring binding affinity. His215 also partially packs
against the phenol ring of Tyr211, but the structure suggests
that Asn at this position should be able to maintain these
packing interactions.

The substantially reduced ks measured for R30K, then,
appears not to arise from disruption of the contact between
Arg30 and His215. It may instead be a consequence of
breaking other contacts with the backbone carbonyl oxygen
group of Leu228, and with the hydroxyl group of Ser227.
Ser227 makes a water-mediated contact with the substrate
glutamine, implicating this network in proper positioning of
the reactive carboxylate group. However, the S227A mutant
also exhibits k,ps that is only slightly diminished as compared
with wild-type GInRS, suggesting that the Arg30—Ser227
contact, like that between Arg30 and His215, is similarly
important in conferring binding affinity (S227A binds Gln
10-fold weaker than wild-type GInRS; Table 2). Modeling
suggests that the terminal NH;* of Lys30 in the R30K mutant
might be capable of interacting with either the Ser227 side-

chain hydroxyl or the Leu228 main-chain carbonyl, but likely
could not simultaneously donate hydrogen bonds to both,
as observed for Arg30. Hence, the Arg30 contact with
Leu228 appears as the most likely determinant of the
aminoacylation chemistry in this portion of the pocket.

It is also of interest that the R30A mutant is reduced 40-
fold further in k.,/K,, as compared with R30K (/4). Thus,
retention of the positive charge at this position, together with
the capacity to make a subset of the intramolecular contacts,
provides a significant portion of the catalytic benefit con-
ferred by the wild-type residue. Further, the unliganded
structure of GInRS shows that Arg30 is among the amino
acids in the pocket (others include the directly interacting
Asp66 and Tyr211 side chains; Figure 3) that undergo a local
conformational change upon binding of ATP, glutamine, and
tRNAS™ Tn apo GInRS, Arg30 interacts directly with the
carboxylate of Asp219, and this contact is broken and
replaced with the hydrogen bond to the Leu228 main-chain
carbonyl in the quaternary complex (Figure 5A). Therefore,
part of the catalytic deficits in R30K and R30A may arise
from impairments in achieving the catalytically productive
binding pocket configuration.

(ii) Tyr211/Asp212 Cluster. The only direct contact made
by a protein group with substrate glutamine is the hydrogen
bond donated by the amide —NH, group to the phenolic
oxygen of Tyr211 (Figure 3). The Tyr211 hydroxyl also
participates in the water-mediated hydrogen-bonding net-
work, by serving as a donor to Wat2 (Figure 5B), and the
aromatic ring stacks with Phe233, His215, and the 3’-A76



684  Biochemistry, Vol. 48, No. 4, 2009

of tRNA. Analysis of the Y211F enzyme, which should
preserve the stacking interactions, shows that removal of the
capacity for hydrogen bonding at this position results in 350-
fold decrease in k../K, (Table 2), with most of the effect
appearing as a 140-fold elevation in K,. Y211F was
previously studied by steady-state kinetics using an assay in
which the radiolabel is carried in the amino acid. However,
the greatly elevated K, of this mutant renders that analysis
unreliable, because radiolabeled glutamine from the com-
mercial source used is available only at relatively low
concentrations (39).

Asp212 is located on the enzyme surface, where it accepts
hydrogen bonds from Asn236 and two water molecules. One
of these waters, Wat3, lies within the binding pocket, while
the other connects, through a further water-mediated hydro-
gen bonding linkage, with the N7 ring nitrogen of tRNA
A76. Wat3 accepts hydrogen bonds from both Wat2 and
Wat4, and further donates a hydrogen bond to the backbone
carbonyl oxygen of Asn236, creating a tight network of
interactions. Like Y211F, the D212A mutant is severely
compromised in the K, for the amino acid, while retaining
the ability to effectively catalyze the reaction. The properties
of D212A are extreme among the set of eight mutants studied
here: both k., and k. are actually improved as compared
with wild-type GInRS, while binding affinity is so impaired
that no saturation could be detected at 70 mM glutamine
(Table 2; only lower bounds can be estimated for k., and
Ky). The high k., and ko, retained by these mutants suggests
that the stacking of the A76 adenine ring is not significantly
perturbed, so that the orientation of the catalytic groups is
maintained. However, the mutations presumably destabilize
or otherwise alter the structure of the binding pocket so as
to significantly raise K, and K.

It is notable that, with the exception of Glu257, Asp212
is more distant from substrate glutamine than any of the
amino acids studied, approaching only to within 8 to 9 A.
Yet the D212A mutant is by far the most perturbed in
glutamine binding. This likely reflects an important role for
the detailed distribution of charged residues, for the interac-
tions of the water-mediated hydrogen-bonding network in
the pocket, or, most likely, for both these features. The
E257A mutant is much less perturbed in glutamine binding
(Table 2; see below), but the Glu257 negative charge points
away from the pocket into solvent on the opposite side of
the Rossmann fold. By contrast, the Asp212 carboxylate is
connected perhaps more directly with the glutamine substrate,
via its contacts with solvent molecules and with Tyr211.

To probe more deeply into the mechanism by which
removal of the negatively charged Asp212 carboxylate so
severely impacts glutamine binding affinity, we carried out
electrostatic surface potential calculations using the APBS
module interfaced with PyMol (29, 30). These calculations
also returned estimated pK, values for all ionizable protein
groups. Among the glutamine binding pocket residues, pK,’s
were significantly shifted from their solution values for
His215 (calculated pK, = 3.3), Arg30 (calculated pK, = 9.1),
and Asp212 (calculated pK, = 7.3). The lowered pK, for
His215 is consistent with its structural role in accepting a
hydrogen bond from Arg30 (Figure 5A). The lowered pK,
for Arg30 was unexpected, but remains sufficiently high to
maintain the guanidinium group in the positively charged
form at physiological pH. The most striking observation is
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the upward shift for Asp212 by 3.5 pH units. The calculation
therefore predicts that the Asp212 carboxylate titrates in the
physiological range, a feature not observed for any other
binding pocket residue, including Cys229.

We calculated the electrostatic surface potential of GInRS
alone, using coordinates derived from the tRNA cocrystal
structure, as well as of the enzyme bound to the six proximal
tRNA acceptor stem base-pairs and four single-stranded
nucleotides at the 3’-end (tRNA nucleotides 1—6; 67—76).
This reveals an acidic protein, consistent with a calculated
isoelectric point of 5.73. The tRNA binding orientation is
clearly delineated as a relatively positive surface potential
across the surface, suggesting that electrostatic guidance may
play a significant role in formation of an early enzyme—tRNA
encounter complex (Figure 6; panels I and II).

The calculations in the presence of tRNA were then
systematically performed for pH 6.6, 7.0, 7.2, 7.4, 7.6 and
8.0, for both wild-type GInRS and the D212A mutant.
Coordinates for GInRS D212A were obtained by truncating
the Asp212 side chain to alanine. The data reveal that the
potential directly at the glutamine binding surface is very
sensitive to pH in this physiologically relevant range, with
a shift from strongly positive to strongly negative at pH 6.6
and 8.0, respectively. In particular, the potential at the binding
site for the amide —NH, moiety of substrate glutamine shifts
from positive to negative as the pH is raised from 7.2 to
7.4, corresponding to the deprotonation of Asp212 (Figure
6; compare panels VI and VII). At both pH 7.4 and pH 7.6,
the surface potential is partitioned between positive and
negative contours, in a manner consistent with the polar
glutamine amide group: the amide oxygen atom binds in the
positively charged region. The corresponding calculation for
GInRS D212A further confirms the prediction, made based
on the calculated pK, values, that Asp212 influences the
electrostatic potential in the glutamine binding site. At both
pH 7.4 and pH 7.6, the electrostatic potential in the cleft is
significantly more positive for the mutant, and no longer
appears to orient the substrate glutamine amide into a
preferred rotamer (Figure 6; panels XIII and XIV). Thus,
the sharply weakened glutamine binding affinity in D212A
appears likely to have its origin at least partly in an altered
electrostatic potential in the binding cleft. This hypothesis
may be tested by measuring the detailed pH-dependence of
steady-state and pre-steady-state parameters for wild-type
GInRS and D212A. Further, these calculations also suggest
the possibility of pH-dependent selectivity against noncog-
nate glutamate, that is also driven by the protonation state
of Asp212.

(iii) Cys229/GIn255/Glu257 Cluster. As mentioned above,
the Cys229 [-methylene moiety packs directly on the
substrate glutamine amide group. The sulthydryl of Cys229,
however, is oriented away from the glutamine substrate, to
make packing interactions with the amide of GIn255 and
the S-methylene group of Glu257 (Figure 5C). The hydrogen
bond between the GIn255 amide and Glu257 carboxylate is
one interaction that stabilizes the rotamer of GIn255 for
interactions with WATS 1 and 2; a second such interaction
is made via a hydrogen bond between the GIn255 amide
NH, group and the main-chain carbonyl oxygen of Phe233
(Figure 5C). Both the C229S and E257A mutants are without
effect on ks and exhibit 7- to 8-fold weaker glutamine
binding affinity. These data demonstrate that this network
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FIGURE 6: Electrostatic surface potential rendering of the amino acid binding pocket of GInRS. Panels I and II are a depiction of the
potential at the GInRS surface in the presence and absence of the tRNA acceptor stem. Electronegative surface potential is shown in red
and electropositive surface potential is in blue, with the scale ranging from —5k,77/e to +5k,T/e. Panel 111 is a depiction of the amino acid
binding pocket oriented from the inner cavity of the protein looking toward the outer surface. The amino acid and AMPCPP substrates are
superimposed on the electrostatic surface potential with residues Y211 and R30 as reference points for visualization. Panels IV through IX
demonstrate the change in the electrostatic potential of the amino acid binding cleft as a function of pH for the wild type enzyme, while
panels X through XV demonstrate the pH dependency for D212A GInRS.

of interactions is of only modest importance in contributing
necessary elements of the binding pocket architecture.
GIn255 occupies a central position in the binding pocket,
and has been shown to be a key determinant conferring
selectivity against glutamate (/4). In addition to contacts with
Cys229, Glu257, the Phe233 backbone carbonyl group, and
WATS 1 and 2, portions of the GIn255 side chain also pack
against Arg237 and Tyr240 (Figure 5C). The mutation of
GIn255 to asparagine was chosen for its ability to disrupt
the hydrogen-bonding network, while retaining the capacity
to make most or all of the packing interactions. Modeling

of Asn255 at this position suggests that shifting the branch-
point position closer to the backbone should not disrupt the
protein structure, because there are no nearby main-chain
atoms, and because the adjacent Glu257 side-chain and water
molecules appear to be easily reoriented. We were not able
to measure reliable single-turnover kinetic parameters for
Q255N, possibly because of enzyme aggregation at the high
concentrations required. However, reproducible steady-state
parameters could be obtained. Q255N is reduced in k../K,
by 400-fold as compared with wild-type GInRS, a catalytic
deficit greater than for all other mutants with the exception
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FIGURE 7: Circular hydrogen-bonding array involving the side-chain
—NH, group of substrate glutamine, Tyr211, GIn255, and buried
waters WAT1 and WAT?2. Hydrogen bonds are depicted as dashed
blue lines. The polarity of the hydrogen bonds is indicated by the
red arrows, in the direction from donor to acceptor. The antidromic
nature of the circular hydrogen bonding network can be seen in
the opposing directions of the individual arrows, which converge
on the GIn255 oxygen acceptor. The pentagon of hydrogen bonds
is also shown edgewise at upper right. This shows that the —NH,
moiety of substrate glutamine is slightly out of the plane formed
by the other four groups.

of Y211F. Most of the decrease in k.,/K,, appears as a 70-
fold increase in K,, for glutamine (Table 2). Because
replacement of Glu257 with alanine does not diminish ks,
it appears likely that disruption of the GIn255 hydrogen bond
with the Phe233 main-chain carbonyl group, and with WATS
1 and 2, account for the strongly decreased activity of
Q255N.

DISCUSSION

Circular Hydrogen Bonds in the Glutamine Binding
Pocket. The Y211F and Q255N mutants are each severely
attenuated in activity by 350-fold and 400-fold in kc./Ky,,
respectively, with the majority of the deficits appearing as
elevations in K;,. The decrease in Y211F activity might most
simply be interpreted as arising from the removal of the
hydrogen bond with substrate. However, inspection of the
structure suggests that disruption of a circular network of
hydrogen bonds involving substrate glutamine, Tyr211,
GIn255, and WATS 1 and 2 may provide a more compre-
hensive explanation for why Q255N and Y211F are attenu-
ated in a severe and quantitatively similar manner. The
Tyr211 hydroxyl group, WATS 1 and 2, the carbonyl oxygen
of the GIn255 side-chain amide, and the —NH, moiety of
substrate glutamine form a five-membered circular hydrogen
bonding array in which the polarity of the hydrogen bonds
consists of two counter-running chains, an arrangement
designated as antidromic by Saenger and colleagues (40, 41)
(Figure 7). Hydrogen bond lengths in this circular array range
from 2.6 A to 2.8 A, and bond angles are in the range 102°
to 109°, very close to the ideal 108° adopted in a symmetric
pentagon. Quantum mechanical studies suggested that cir-
cular hydrogen bonding arrangements are energetically
favored above individual hydrogen bonds due to a coopera-
tive effect that provides greater hydrogen bonding activity
of an —OH group if it is already forming or donating a
hydrogen bond (47). Although described by Saenger in
crystals of cyclodextrins in which all of the hydrogen bonds
contain oxygen, the increased stability of the circular
arrangement may be preserved in mixed antidromic arrange-
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ments containing both oxygen and nitrogen. If this is so, the
participation of the glutamine substrate —NH, in this network
might then explain why K, is elevated similarly for both
the Q255N and Y211F mutants, since the circularity of the
array would be destroyed in each case. The strongly
destabilized binding of glutamine to D212A may also have
its origins partially in the destabilization of Wat2 in the
circular array, since Asp212 makes a water-mediated interac-
tion with Wat2 through the intermediary of Wat3. The
influence of the Asp212 negative charge on the binding
pocket potential, however, suggests that this residue may
exert its influence through multiple mechanisms (Figure 6).

Interestingly, the observed binding of one noncognate
glutamate carboxylate oxygen in the position of the glutamine
—NH, would convert the antidromic circular hydrogen-
bonding array to a heterodromic circular array with randomly
oriented hydrogen bond polarities (/2) (Figure 7). Saenger
suggested that pentagonal circular arrays in general lower
the total energy of the five included hydrogen bonds by 2—4
kcal as compared with the corresponding individual interac-
tions (41). Although possible differences in stabilization
energies among antidromic hydrogen-bonding circles, het-
erodromic circles, and homodromic circles (all hydrogen
bonds having the same polarity) have not been examined,
such variations might in principle provide part of the
explanation for how GInRS excludes glutamate from the
binding pocket. The binding affinity of GInRS for glutamine
is at least 700-fold tighter than for glutamate, yet the crystal
structures show that the binding pocket is actually more
complementary for the noncognate substrate: only Glu makes
a direct interaction with Arg30 (/2, 18). If noncognate
glutamate were to bind in the protonated state, a heterodromic
circular network could still form, and the need for discrimi-
nation would presumably be greater since there would no
longer be a possibility for selectivity based on electrostatic
charge. Computational studies based on the coordinates of
the cognate and noncognate GInRS complexes may provide
insight into this question, and into the stabilities of circular
hydrogen bonds generally.

Interdependent Binding of Glutamine and tRNA®". The
interdependence of glutamine and tRNA®" binding can be
probed by comparing the glutamine binding affinity of a
particular mutant, with the effect of the mutation at the
catalytic step as measured by the k.,s parameter. Retention
of a fast ko that approaches the wild-type GInRS value of
28 s~ ! suggests that the glutamine binding pocket mutation
has not perturbed the necessary precise juxtaposition of the
reactive moieties of ATP, glutamine and tRNAS™ in the
active site—and thus does not implicate a pathway of
communication through which binding of glutamine propa-
gates changes at the tRNA binding interface. The existence
of such a pathway, but not the molecular details, is
demonstrated by the finding that binding of noncognate
glutamate to GInRS weakens tRNAC" binding affinity by
35-fold (/8). Here, all mutants for which Ky [GIn] could be
reliably determined do show significant losses of affinity
(from 5-fold to over 60-fold; Table 2), but with the exception
of R30K, no decreases in ks were observed. In previous
work, we found that mutations at both Glu34 and Glu73 at
the opposite periphery of the active site significantly
decreased the affinity for glutamine, but only the Glu73
mutants also affected k,ps for aminoacylation (42). When we
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probed interactions in the anticodon region, we found that
contacts at position U35, but not G36, significantly perturbed
both K4 (Gln) and kq,s (27). In this case, the enzyme contacts
at U35 were clearly propagated through the enzyme—tRNA
complex structure by some 40 A to reach the active site (34).
Clearly, further series of experiments are required next in
order to examine how tRNAS" affinities may be altered in
these mutants, so that it becomes possible to determine how
tRNA affinity and tRNA 3’-end positioning are correlated
with changes in the glutamine binding pocket.
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