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GMP synthetase is the glutamine amidotransferase that catalyzes the final step in the guanylate branch of
de novo purine biosynthesis. Conformational changes are required to efficiently couple distal active sites
in the protein; however, the nature of these changes has remained elusive. Structural information derived
from both limited proteolysis and sedimentation velocity experiments support the hypothesis of nucle-
otide-induced loop- and domain-closure in the protein. These results were combined with information
from sequence conservation and precedents from other glutamine amidotransferases to develop the first
structural model of GMPS in a closed, active state. In analyzing this Catalytic model, an interdomain salt
bridge was identified residing in the same location as seen in other triad glutamine amidotransferases.
Using mutagenesis and kinetic analysis, the salt bridge between H186 and E383 was shown to function
as a connection between the two active sites. Mutations at these residues uncoupled the two half-reac-
tions of the enzyme. The chemical events of nucleotide binding initiate a series of conformational changes
that culminate in the establishment of a tunnel for ammonia as well as an activated glutaminase catalytic
site. The results of this study provide a clearer understanding of the allostery of GMPS, where, for the first
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time, key substrate binding and interdomain contacts are modeled and analyzed.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Guanosine monophosphate synthetase (GMPS)* catalyzes the
final step in the guanylate branch of purine biosynthesis. In this
reaction, the glutamine amide is hydrolyzed and the resulting
ammonia is incorporated into xanthosine monophosphate (XMP)
to form GMP [1]. Glutamine hydrolysis is achieved by the gluta-
minase domain, a common protein fold that defines the class I glu-
tamine amidotransferases (GATs) [1]. The glutaminase active site
contains a catalytic cysteine (at position 86 in Escherichia coli
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GMPS) and interacts with a histidine and glutamic acid 95 residues
downstream [2]. Formation of GMP is achieved in a separate pro-
tein domain. A key feature of the class I GATs is tight regulation
of glutamine hydrolysis [3]. The glutaminase site is inactive until
an acceptor molecule binds and conveys an intramolecular activa-
tion signal that stimulates glutamine hydrolysis activity [3-5].
Another distinctive functional component of the amidotransferases
is the ability to efficiently achieve interdomain transfer of the
nascent ammonia via an intramolecular channel [3,6]. Reviewing
the seven class I GAT structures solved to date, [2,7-12] a common
face of the glutaminase domain docks to the acceptor domains. In
many of these proteins, the docking forms a pathway for ammonia
that allows sequestration of this reactive molecule from bulk
solvent [6].

As can be deduced by the activity of GMPS, this protein is a met-
abolically critical enzyme. An adequate supply of cellular nucleo-
tides is critical for nucleic acid production as well as other
essential processes of growth and regulation. Cells of the immune
system are especially stringent in their requirement of adequate
nucleotide pools [13], and targeting the reduction of nucleotide
levels in these cells with drugs has been a strategy for immunosup-
pressive therapies [14-16]. Recent studies of resistance in
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antimetabolite therapy have revealed a central role for GMPS in the
activation of the prodrug thiopurines through similar amination
events [17]. Individual resistance to thiopurines has been attrib-
uted to genetic polymorphisms in GMPS [18]. GMPS has also been
shown to have an allosteric role in the enhanced activation of ubiq-
uitin-specific protease 7, a key enzyme in the regulation of p53 and
MDM?2 levels [19].

The crystal structure of E. coli GMPS [2] provided one of the first
views of the two-domain catalytic architecture of a glutamine
amidotransferase. The enzyme is a homodimer, with two modular
active sites and a third, noncatalytic domain involved in homodi-
merization. Unfortunately, the six structures of GMPS solved to
date have only been captured as catalytically incompetent, with
a long, solvent-exposed path between the active sites [2,20-24].
Although ultracentrifugation analysis shows E. coli GMPS to exist
predominantly as a homodimer in solution [25], all crystallization
conditions have yielded an inactive dimer of dimers, with the
active sites widely separated and important regions disordered
[26], leaving questions of interdomain communication and ammo-
nia transfer unanswered. The problems elicited by the high protein
concentrations occurring under crystallization suggest that alter-
native, solution-based methods may be required to supplement
the findings of X-ray crystallography. To this end, NMR studies
have recently been performed using the heterodimer of GMPS from
the archea bacterium Methanocaldococcus janaschii. Isotopic label-
ing of the glutaminase domain identified interface residues that
interact with the synthetase domain [27].

Substrate-induced conformational changes are an important as-
pect of the activity of many enzyme families, including amid-
otransferases [28-30]. For example, E. coli PRPP amidotransferase
contains a large nucleotide-binding loop that becomes ordered
upon binding of substrate and forms part of the ammonia channel
[31,32]. Molecular dynamics studies showed IGP synthase under-
goes a hinging motion upon binding of the nucleotide substrate.
This domain motion in turn activated glutamine hydrolysis by
reorienting the catalytic triad [33-35]. Further analysis using solu-
tion NMR techniques revealed the widespread induction of residue
motion in IGP synthase focusing in the hinge region of the protein
[36]. However, crystallography studies suggested there may be no
subdomain motion in IGP synthase but that nucleotide binding
may cause a reorientation of side chains at the subdomain inter-
face 15 A away that allows glutaminase activation [37].

The solvent-exposed domain organization observed in the six
crystal structures of GMPS isoforms suggests that conformational
transitions must occur to achieve efficient ammonia transfer. Bio-
chemical evidence suggests that GMPS undergoes structural
changes upon substrate binding [38]. Chemical analysis demon-
strates that the enzyme adenylates its nucleotide substrate, XMP,
after binding [39], and kinetic evidence suggests that ammonia is
transferred to the adenylated XMP via an intramolecular path,
sequestered from solvent [40,41]. A conserved loop region nucleo-
tide binding site undergoes a disordered-to-ordered transition
[2,24]. This 24 amino acid loop had been originally shown to be dif-
ferentially susceptible to trypsinolysis when exposed to nucleo-
tides [42]. More recently, kinetic and spectroscopic evidence
supports a model that implicates coupling of the adenylation reac-
tion and activation of glutaminase through a significant conforma-
tional change. [38]. The evidence from both biochemical and
crystallographic data support the hypothesis that GMPS must un-
dergo a large, substrate-induced conformational change to estab-
lish an intramolecular tunnel for ammonia to traverse the
distance between active sites [2].

In the present study, we describe evidence from limited prote-
olysis, analytical ultracentrifugation, functional analysis of se-
quence variants, and computational modeling that support a
model for a closed catalytically active structure of GMPS. In this

closed structure, A conserved loop that was previously disordered
in E. coli GMPS was modeled using the ordered density from hu-
man GMPS with bound substrate. Consistent with a hypothesis
for a general allosteric role of interdomain contacts in controlling
triad glutamine amidotransferases [34], an interdomain salt bridge
between glutaminase residue H186 and synthetase residue E383
was verified in the closed model. The proximity of these two posi-
tions at the domain interface and the active sites implicates a func-
tional role that links the XMP active site to the glutaminase active
site. For the first time, a model reveals a plausible path taken by
ammonia from the glutaminase to the adenylation site in the cat-
alytically competent form of GMPS and establishes a structural ba-
sis for the coordinate binding and allosteric effects on the
glutaminase active site.

Experimental

Chemicals used in these experiments were of research grade or
higher, and water was obtained by purification with a laboratory-
grade filtration system. Trypsin (product code TRTPCK) and staph-
ylococcal (V8, product code STAP) protease were obtained from
Worthington Biochemicals.

The E. coli GMPS used in the analytical ultracentrifugation
experiments was obtained by overexpression in E. coli according
to an existing procedure [43]. For the proteolysis, mass spectrom-
etry and mutagenesis experiments, a simplified method was devel-
oped by cloning the full-length GMPS gene into pET28 (Novagen),
which imparts an N-terminal polyhistidine tag to the protein. The
protein is highly purified by single-step purification through nickel
Sepharose (GE Healthcare Life Sciences), and the histidine tag
appears to have no detrimental effect on the specific activity or
oligomeric state of the protein (data not shown). This tag was
not removed before use.

Mutagenesis and expression vector preparation

All site-directed mutagenesis was carried out using Pfu Turbo
DNA polymerase with direct mutation in pguaA-tac [43]. Sequence
confirmation was performed by the Purdue Genomics Core Facility.
The mutated gene was then inserted into pET28 using ligation
independent cloning. The LIC compatible expression vector pET-
L8 was constructed by introduction of ligation-independent clon-
ing sites and addition of TEV protease recognition site after N-term
His tag into vector pET30a (Novagen).

The pET-L8 vector was linearized by digestion with Ssp1 restric-
tion enzyme (New England BioLabs), followed by gel purification
and then treated with T4 DNA Polymerase (Novagen) in the pres-
ence of dGTP (New England Biolab). The reaction was incubated
at 22 °C for 30 min, followed by heat inactivation at 75 °C for
20 min.

Forward (5 TACTTCCAATCCAATGCCATGACGGAAAACATTCAT
AAGCATCG) and reverse (5 TTATCCACTTCCAATGCTATCATTCC
CACTCAATGGTAGCTG) primers for guaA inserts were designed
and analyzed for compatibility with each other using the pro-
gram Clone Manager Professional Suite (Scientific and Educa-
tional Software, Cary, NC). Inserts for each of the five unique
constructs were amplified by PCR from corresponding template
plasmids (pguaA Wild Type (WT), pguaA A-A (H 186A/E383A),
pguaA E-H (H186E/E383H, pguaA H186A, pguaA E383A) using
the high-fidelity polymerase Platinum® Pfx DNA Polymerase
(Invitrogen). The PCR products were treated with T4 DNA Poly-
merase in the presence of the dCTP thus generating 5’ overhangs
that are complementary to the 3’ overhangs in the linearized and
treated vector pET-L8.
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To anneal the treated inserts to treated vectors, 0.02 pmol of
each insert reaction mix was incubated with 0.01 pmol of vector
in 3 pl reaction mix at 22 °C for 10 min. The non-covalent interac-
tion between DNA backbone and insert was stabilized by addition
of 1 puL of 25 mM EDTA and incubation at 22 °C for an additional
5 min.

Annealing reactions were directly transformed into X10Gold
competent cells (Stratagene) and plated on LB-agar containing
Kanamycin (50 pg/ml). Colony PCR analysis was performed to
screen for constructs with correct size insert. Plasmids were iso-
lated from selected colonies and verified by sequencing.

Proteolysis and mass spectral analysis

For limited proteolysis of GMPS, protease stocks were made at
1 mg/mL in 1% acetic acid (trypsin) or water (V8). The reactions
without nucleotides consisted of 25 mg/mL GMPS in 20 mM buffer
(for trypsin, EPPS pH 8.5; for V8, Tris-POg4, pH 7.8) and 4 mM MgCl,.
The nucleotide-containing reactions consisted of the same compo-
nents, with the addition of 0.25 mM XMP and 1 mM ATP. The reac-
tions were initiated by the addition of protease (4 pg) in a total
volume of 100 pL and incubated at 37 °C. Samples were removed
at specific time intervals and quenched with the addition of AEBSF
to 1 mM and acidification of formic acid to 4%. Standard discontin-
uous SDS-PAGE gels [44] were run on the samples after neutraliza-
tion with NaOH and denaturation with loading buffer. Molecular
weight estimations and band quantification from gels were per-
formed using Image] software [45].

LC/MS experiments were performed with an HPLC (Agilent,
model 1100) coupled to an API ion trap mass spectrometer (Bruker
Esquire). Separations were performed with 2.1 x 40 mm C8 col-
umns (Higgins Analytical) using gradient elution. Solvent A con-
sisted of 5% acetonitrile and 0.01% TFA in water; solvent B of
0.01% TFA in pure acetonitrile. Elution was achieved by increasing
the percentage of solvent B from 0% to 66% over 45 min at
0.2 mL/min. The column was directly attached to the API ionization
source of the mass spectrometer, and MS spectra were collected
over the entire run. Deconvolution of the spectra were performed
either manually with the instrument software or with the use of
the program MoWeD [46].

Analytical ultracentrifugation

Sedimentation velocity experiments were performed with a
Beckman Optima XL-I analytical ultracentrifuge using the Rayleigh
interference optics. Samples with or without nucleotide contained
25mM EPPS pH 8.5, 125 mM NacCl, 0.5 mM DTT and 1 mg/mL
GMPS. Samples with nucleotides also contained 1 mM ATP,
0.5 mM XMP and 4 mM MgCl,, mixed with the protein just prior
to the run. Reference solutions were identical to the sample solu-
tion except for the presence of protein. Runs were performed at
20° C and 50,000 RPM after an initial 90-min temperature equili-
bration period. Interference scans were obtained every 30s for
5 h. The runs were repeated the following day, reversing the sam-
ple cells to minimize errors introduced by any rotor asymmetry.
SEDFIT was used to generate the necessary files for the program
SEPHAT, and each data set was fitted independently using the hy-
brid fitting algorithm [47].

The sedimentation properties of model GMPS structures were
also calculated with a hydrodynamic bead modeling program
HYDROPRO, version 7c [48]. The homodimeric form of GMPS was
used in these calculations, as this is the predominant quaternary
form in solution [25]. Automatic handling of bead radius was used,
as was a value of 1.0 cp for solvent viscosity. Solution density was
measured with an Anton Paar density meter.

Computational models

Modeling of a closed form of GMPS was accomplished with a
combination of software for predicting, manipulating, and mini-
mizing the conformation of protein structures. The closed model
was based on the existing crystal structure of the protein, with
the addition of the 24-amino acid residue loop that was found to
be disordered [2]. This loop, hereafter termed the LID loop, was
placed in a random, highly solvent-exposed conformation, with
the rest of the protein left unchanged. The secondary structure of
the LID loop was predicted using the Robetta server [49] using as
a query sequence the residues of the loop and the adjacent 25 res-
idues on either side. Only one result both correctly modeled the
structure of the adjacent sequence (as provided by the crystal
structure of the protein) and secondary structure for the loop that
was sterically compatible with the remainder of the protein. This
result was incorporated into the model using the portions adjacent
to the LID loop as anchors, leading to an E. coli GMPS structure with
a complete nucleotide-binding domain, hereafter termed the Cata-
lytic model. Second, the adenylated XMP intermediate was mod-
eled into the nucleotide-binding site of the E. coli GMPS based on
aspects of the E. coli 1GPM crystal structure [2] - including the
location of AMP product as well as tetrahedral density that was
modeled as belonging to the 5-phosphate of XMP. Third, since
the large-scale motions have been predicted to be involved in the
conformational changes of GMPS, manipulation of the domain ori-
entation was also necessary. These changes were accomplished
primarily with the use of the program ProteinShop [50], which al-
lowed manual manipulation of sections of the protein.

An assumption guiding this last manipulation was that the pri-
mary conformational changes in the protein upon nucleotide bind-
ing are experienced by the glutaminase domain. This domain was
hinged around the helix marking the end of the domain (residues
210-225) to move it closer to the nucleotide-binding domain. Fi-
nally, the structure was energy minimized using Sybyl 7.0 (Tripos,
Inc.). For the Catalytic model, cavity analysis and visualization
were performed with the programs Voidoo/Flood [51] and CASTp
[52]. The probe radius used in the calculations was 1.5-2.0 A.

Sequence alignments

GMPS sequences were aligned using the sequence alignment
program ClustalW (version 1.83) [53] as implemented in the pro-
gram Bioedit (version 7.0.5.3) [54]. Analysis of conservation of
the GMPS sequence was performed with the ConSurf server [55],
using the default options for version 3.0 of the software, except
for the value of the maximum number of homologues to be consid-
ered in the analysis, which was increased from 50 to the entire set
of sequences with PSI-BLAST [56] E-values below a cutoff of 0.001.
Since amidotransferases consist of modular domains [3], each
domain was considered separately in the conservation analysis.

Kinetic and stoichiometric assays

Glutamine-dependent synthetase assays were performed as
previously described [57]. Steady-state kinetic assays of GMPS in
the presence of ammonium were performed using the conditions
described in the glutamine-dependent assays with the substitution
of 200 mM ammonium chloride for glutamine. Steady-state kinet-
ics studies of the glutaminase half-reaction or stimulated gluta-
minase and basal glutaminase activity were performed using a
96-well plate format. The initial reactions were built with a final
volume of 100 pL in 96-well PCR plates with each well containing
0.1 M EPPS, pH 8.5, 20 mM MgCl,, 2.5 mM EDTA, 0.1 mM DTT,
2 mM ATP, 200 uM XMP and varying concentrations of glutamine
(eight replicates each). GMPS amounts used varied depending on



J.C. Oliver et al./Archives of Biochemistry and Biophysics 545 (2014) 22-32 25

the activity of the mutant. The remaining wells were used to estab-
lish a glutamic acid standard curve. The plate was incubated at
37 °C with 200 RPM shaking for 15 min and the reaction was
quenched by placing the plate into a 110 °C sand bath for 1 min.
Analysis of formed glutamic acid proceeded as previously
described [58]. Basal glutaminase assays differed from the above
as follows: water replaced XMP, and the wells containing varying
concentrations of glutamine were split such that four did not con-
tain GMPS, while the other four were incubated with the enzyme.
This allowed subtraction of contaminating glutamic acid in the glu-
tamine stock solution from the results of each glutamine concen-
tration. Analyses of the reaction stoichiometry were performed
as end point assays. To assess GMP formation, we followed the pro-
tocol established by Sakamoto [59], a reaction containing 100 mM
EPPS, pH 8.5, 1 mM EDTA, 100 pM DTT, 20 mM MgCl,, 2 mM ATP,
200 pM XMP and 20 mM glutamine were incubated for 5 min. The
reaction was quenched by the addition of 70% perchloric acid to a
final concentration of 3.15%. The absorbance of the quenched reac-
tion was measured at 290 nm using an extinction coefficient of
6 x 103 M~ cm™! for GMP. Background subtraction was achieved
with a duplicate reaction excluding XMP. Glutamic acid formation
was measured using the glutamate dehydrogenase coupled reac-
tion analysis, where reaction mixtures, as described above, were
incubated and quenched by boiling in a 110 °C sand bath for three
min., with analysis proceeding as previously described [58].

Results
Limited proteolysis

Limited proteolysis methods have been used to probe for
regions of disorder in proteins, including loops [60,61]. As an
approach to probe the structural regions involved in the conforma-
tional changes in GMPS upon binding of substrates, limited diges-
tion of the enzyme with trypsin or staphylococcal (V8) protease
was performed in the presence or absence of substrate nucleotides,
XMP and ATP, plus magnesium. Using the crystal structure data,
the substrate specificity of trypsin (arginine and lysine) and V8
protease (aspartate and glutamate) and higher resolution mapping
of the cleavage sites under limited conditions provided a structural
basis for analysis of the conformational states. The qualitative
protection of GMPS from trypsinolysis by substrates has been
observed previously. [42], while the findings with V8 protease
are reported here. Reverse-phase LC/MS analysis of the limited
proteolysis reactions was used to reveal the exact positions of
the differential cleavage. Although a number of bands observed
in SDS-PAGE were not detected in the LC/MS experiments, key
fragments were identified, and was consistent with the conforma-
tional model proposed.

A difference in proteolytic susceptibility between the nucleo-
tide-bound and free states was evident from SDS-PAGE analysis
of the time dependent proteolytic reaction samples (Fig. 1). Quan-
tification by densitometry of the band for the intact GMPS protein
in the trypsin reaction gel also showed an effective stabilization by
the addition of nucleotide substrates (Fig. S1). A linear least-
squares regression curve fit through the log of these data points
indicates that the rate of disappearance of the nucleotide-bound
form of the enzyme was nearly 10 times more stable against pro-
teolysis than the unliganded form of the protein.

The clearest indication of the conformational differences in-
duced in GMPS by nucleotides arose from the trypsinolysis reac-
tions. The major protein fragments of GMPS from these
experiments separated and analyzed by LC/MS had molecular
weights of 19,805, 19,256 and 18,229 Da. The corresponding cleav-
age sites occur in the C-terminal region of GMPS after lysine
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Fig. 1. Differential proteolysis of GMPS in the presence or absence of nucleotides.
Gel A shows time points from cleavage of the protein with trypsin; gel B with
staphylococcal (V8) protease. MW of ladder bands: 97.4, 66, 45, 31, 21.5 and
14.4 kDa. In both gels, the group of lanes to the left of the molecular weight ladder
shows time points from the reactions without substrate, while the group to the
right shows the same time points from reactions with substrate. Time points in gel
A (left to right): 0, 1, 3, 5, 10, 20 min. Time points in gel B (left to right): 5, 15,
30 min, with lane marked “0” showing uncut protein. Arrow in gel B indicates the
“core fragment” (see text).

residues 351, 356 and 366 in the LID loop (Fig. S2). Deconvolution
of the LC/MS profiles for these three fragments allowed for their
quantification in the reactions as a function of time, and the results
are shown in (Fig. S3). Importantly, the fragments arising from
cleavage at lysine residues 351 and 356 appeared to increase in
abundance at the early time interval under conditions where no
nucleotides were present (Fig. S3a and b). The presence of nucleo-
tide led to the reduction in cleavage at these sites over the same
time period. In contrast, there was little difference in the apparent
rate of cleavage at K366 as a function of the substrate nucleotide
(Fig. S3c). The abundance of the resulting 18229 Da fragment
was less at each time point when nucleotides were present, consis-
tent with a reduction in the rate of cleavage at K366 when nucle-
otide was present.

A comparative analysis was pursued using a protease of differ-
ent substrate specificity. Fig. S3d shows the results of the time
course of GMPS cleavage by V8 protease. Distinct differences in
the banding patterns were observed depending upon the presence
or absence of nucleotide substrates. A band in the V8 gel appeared
to accumulate in the reactions with nucleotide only present at rel-
atively low and unchanging levels in the absence of substrates
(Fig. 1, arrow). Secondary cleavage products are observed at lower
molecular weights. Image analysis [45] of the gel band at 36 kDa
was consistent with the LC/MS analysis of these digests, which re-
vealed a fragment of mass 35709 Da (data not shown). This frag-
ment was attributed to a portion of the protein (termed the
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“core fragment”) between the V8 cleavage sites at glutamate resi-
dues 66 and 390 (Fig. S3). While trypsinolysis demonstrated the ef-
fect of loop ordering by nucleotide binding, V8 proteolysis
demonstrated the possibility for whole-domain motions leading
to a compact, protease-resistant GMPS structure. This result was
consistent with the resistance to nonspecific proteases or heat
inactivation reported earlier [42]. In the presence of nucleotides,
the core fragment appeared to remain intact and accumulate even
after liberation by V8 cleavage at glutamic acids 66 and 390
(Fig. S3d). However, in the absence of nucleotides, the interdomain
association appeared diminished, as demonstrated by the lack of
accumulation of the core fragment and the presence of lower
molecular weight bands in the lanes without nucleotide (Fig. 1B).

Sedimentation velocity

Sedimentation velocity experiments were performed in dupli-
cate on GMPS in the presence or absence of nucleotide substrates.
Apart from nucleotides, the solvent conditions were carefully
matched between the two experiments to allow an assessment
of sedimentation differences between the two states at an accuracy
of +/-0.1% for such side by side comparisons in the same run
[62,63]. Substrate nucleotides appeared to induce a reproducible
0.3 S difference in the sedimentation of GMPS (Table 1). Since only
an approximately 0.07 S increase in sedimentation was predicted
from the increase in mass imparted by binding of ATP and XMP
substrates alone, without any conformational change (Table 1),
the measured increase in S-value implied that the structure
becomes more compact upon binding, giving rise to increased
sedimentation rate. Moreover, the two major predicted aspects of
the GMPS conformational change, loop ordering and domain
motion, both appeared to be necessary to achieve the increase in
sedimentation rate observed after mixing protein with nucleotide
substrates (Table 1).

Molecular modeling of a closed structure

The crystal structure of E. coli GMPS pdb: 1gpm (Fig. 2a) is
incomplete for a region of high sequence conservation (Fig. S4) at
residues 344-368 (called the LID loop). The proximity of this loop
region to the ATP binding site [2] implicates a functional role in
substrate binding. Before any modeling of the missing density
could be undertaken, certain protein-substrate interactions needed
to be modeled. The crystal structure contained density for AMP in
the nucleotide binding domain and this density served as the start-
ing point to create an adenylated XMP intermediate bound in the
active site of the synthetase domain. In addition, the protein crys-
talized in a largely solvent exposed conformation, with the subdo-
main interfaces several angstroms from each other. Large scale
domain motions have been predicted for GMPS The glutaminase
domain was therefore manually reoriented such that the glutamin-
ase active-site docked against the nucleotide binding domain, cre-
ating an interdomain chamber similar to what is seen in other
amidotransferase structures.

Table 1

An important constraint for modeling the missing loop density
is the resistance of the LID loop to trypsinolysis upon nucleotide
binding. Since the loop contains several trypsin cleavage sites that
would be highly accessible in the open form, a disorder-to-order
transition of this loop is very likely to occur upon nucleotide bind-
ing, as seen in the human GMPS structure. Secondary structure for
the LID loop was predicted using the Robetta server. Twenty-five
crystalized residues on either side of the missing density were in-
cluded to help verify the model. The model was chosen that
showed those residues correctly modeled to reflect their crystal-
ized secondary structure along with sterically compatible density
for the LID loop.

The Robetta model generated for the LID loop is supported by
the trypsinolysis data reported above. The two trypsin sites that
are observed to be protected by nucleotide from cleavage, K351
and K356, are potentially involved in interactions with the sub-
strate, while the third, unprotected site, K366, is not (Fig. S5).
The model was then subjected to a molecular dynamics simula-
tions resulting in an energy minimized closed GMPS model
(Fig. 2B).

A second closed model

After the Robetta structure prediction model was created, a
crystal structure of the human isoform of GMPS with density cor-
responding to the LID loop (E. coli numbering) was released
(2VXO0). Although the model was consistent with the trypsinolysis
results, the critical role for the loop structure warranted further
consideration. A model of the closed structure using this human
isoform LID loop density was created (see supplemental data for
method). In minimizing the model, however, a different force field
algorithm was used (limited-memory Broyden-Fletcher-Gold-
farb-Shanno (L-BFGS) algorithm in Desmond) (Fig. 2C).

Comparing this second model with the Catalytic model just de-
scribed, there are significant differences in LID loop interactions
with the homodimer-binding domain (Fig. 3). As a result, the
homodimer-binding domain of GMPS is seen to be drawn away
from the XMP binding site exposing the active site and interface
domain to bulk solvent as if in product release. Henceforth, this
model will be termed the Release model (Fig. 3).

Computational analyses of the models

Intramolecular ammonia channeling is a recurring theme in
amidotransferases, and these channels are consistently lined with
residues that are conserved and largely hydrophobic [9,64-67].
The Catalytic model of GMPS satisfied these requirements. The do-
main closure brought the glutaminase active-site cysteine nearer
to the nucleotide binding domain by approximately 13 A while
also establishing an ammonia path. Analysis with Voidoo [51]
and CASTp [52] revealed a large, essentially solvent-excluded cav-
ity (termed the ammonia tunnel) between the adenylated XMP
intermediate and the cysteine active site residue of the glutamin-
ase in the Catalytic model structure (Fig. 4A). When a 2 A probe
radius was used, no exits from this cavity to the surrounding

Sedimentation values predicted by HYDROPRO for the models of free (open model) and nucleotide-bound GMPS (closed model). The rows in italics are from experimental data,

not HYDROPRO predictions.

Model

Mass used in calculation (Da) Sedimentation (S)

(GMPS without nucleotides)

Catalytic model with open glutaminase (closed 344-368 loop)
Catalytic model with open 344-368 loop (closed glutaminase)
Catalytic model (both loop and glutaminase closed)

(GMPS + XMP + ATP)

- 5.67 (observed)

119130 5.78
119130 5.88
119130 5.94

- 5.96 (observed)
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Fig. 2. (A) 1GPM crystal structure, with AMP and pyrophosphate modeled in
spacefill. (B) Catalytic model with Adenylyl-XMP in spacefill, LID loop in blue. (C)
Release model with Adenylyl-XMP in spacefill, LID loop in blue. All models show
glutaminase catalytic triad in green spacefill. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 3. (A) Catalytic model showing LID loop interactions (T349, S351 and H353)
with dimer-domain residues (M481 and E525). (B) Release model showing no
interactions between the LID loop and the dimer-domain interface.

solvent were found; however when the probe was reduced to
1.5 A, a small number of exits were found, but they were distal
to the path between the glutaminase active site and the nucleotide
intermediate (data not shown).

With the Release model, Voidoo and CASTp analyses showed
that the ammonia tunnel, including the interior of the nucleotide
binding site was now solvent exposed (Fig. 4B), with the nucleotide
exiting the active site. These results support the model as showing
product release. Consurf [55] conservation scores of the ammonia
tunnel-lining residues were high (Fig. 4A); the residues facing
the tunnel had a propensity toward a hydrophobic or non-polar
nature, with the exception of the highly conserved residues that
may be involved in nucleotide binding.

The V8 protease digest data supported the closed nature of the
Catalytic model (Fig. 2B) When nucleotides were present in the di-
gests, the model positions the glutaminase domain closer to the
nucleotide-binding domain, while in the open, unbound form,
the glutaminase is more mobile and distant from the synthetase
domain. On average, an open form would display more proteolysis
sites. The lower molecular weight of the proteolysis product bands
in the V8 gel (Fig. 1) is consistent with greater susceptibility to
cleavage. In contrast, although V8 appeared to rapidly cut at two
distal loops in the closed, nucleotide-bound enzyme, the remaining
fragment remained resistant to further cleavage, likely due to the
stabilization of a closed, compact conformation.
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Fig. 4. Proposed GMPS ammonia tunnel and conservation of tunnel residues in both
models. (A) Catalytic model. Interdomain ammonia tunnel in pink. Highly
conserved residues (ones with a Consurf conservation index of 7-9 out of 9) are
colored yellow. (B) Release model. Surface of solvent exposed interdomain
ammonia tunnel in gray. Adenylyl-XMP intermediate and catalytic triad residues
in licorice. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

A final constraint on the Catalytic model came from the data
provided by the differential sedimentation velocity experiments.
The difference in sedimentation values seen in these experiments
provided a basis for evaluation of the overall structure of the Cat-
alytic model. Bead modeling software (HYDROPRO) allowed the
calculation of hydrodynamic properties based on model structures
to refine and corroborate the structural predictions for GMPS. The
enzyme was observed to be a homodimer in solution [25], and the
S-values of the closed homodimer model structures (Catalytic
model) as given by bead modeling corresponded closely with the
values seen in the experiment (Table 1).

Probing the role of the interdomain salt bridge in the allosteric control
of the glutaminase active site

The glutaminase active site resides at the interface of the two
subdomains in GMPS. In the closed model, a salt bridge was formed
between H186 in the glutaminase domain and E383 in the synthe-
tase domain (Fig. 5). Histidine 186 is two residues from the

Fig. 5. Catalytic model showing interdomain contacts between the glutaminase
catalytic triad and K181, which extends into the ATP binding site of the synthetase
domain.

glutamic acid (E183) of the catalytic triad in the glutaminase active
site. The glutaminase domain is highly conserved in all triad gluta-
mine amidotransferases. Histidine 186 is in the same location as
K196 identified in IGP synthase, a residue which has been shown
to contribute a key interdomain contact conferring the acceptor
substrate binding signal to the glutaminase active site through io-
nic interaction with a charged residue from the acceptor domain
[34]. Similar contacts were identified in the crystal structures of
CTP synthetase, FGAR-amidotransferase and anthranilate synthase
[34].

E383: the synthetase component of the interdomain salt bridge

Mutation of E383 to alanine disrupted the capacity of XMP to
signal glutaminase activity by eightfold (Table 2), with a threefold
reduction in XMP turnover. Stoichiometric analysis of this mutant
indicated a moderate uncoupling (2:1) of the two reactions
(Table 2). The alanine mutation still allowed basal glutaminase
activity as seen by the altered stoichiometry of two glutamine
hydrolytic events to one XMP turnover. This result suggests that
competency of the glutamine active site in the absence of XMP is
enhanced, without disrupting the ammonia transfer.

H186: the interacting residue adjacent to the glutaminase catalytic
triad

The H186 residue proximal to the glutaminase active site in the
closed model bridges to the acceptor domain through interactions
with E383. Mutation to alanine disrupted the K, for glutamine by
50-fold and 34-fold. Any impact upon XMP turnover kinetics was
not observed. As with wild type, there was no detectable glutamine
turnover in the absence of XMP. The differences in the catalytic
efficiency for the glutaminase half-reaction and XMP turnover
are consistent with an uncoupling of the two functions (Table 2)
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Table 2
GMPS Kinetic Parameters.

E. coli GMPS Synthetase Kinetic Parameters

Mutation K, Kcat (571) kcat/Km(er kcat/Km Wt/ Kin, keat (571) kcat/Km(er kcat/Km K, keat (571) kcat/Km kcat/
XMP(GIn) s1) (x10%) mut XMP(NH4") s1) (x10%) wt/mut  Gln(mM) (M~tsh) n
(M) (M) wt/
mut
Wwild type 53+7 231 43106 x 10° 43+4 13.3+03 3.1£03 x 10° 1.6+03 13.7205 8%1x10°
H186A 45+ 10 14+2 3.1£09x10° 1 506 156+0.8 3.1+04x10° 1 8010 161 2.1+04 x 10*> 38
E383A 22+3 3.2%02 14+02x10° 3 567 7.0£03 12+02x10° 3 32204 32%01 10+02x10° 8
H186A/E383A 7+2 0.85+0.04 1.1+03x10° 4 74+7 9.0+03 12+0.1x10° 3 99+12 48103 497 163
H186E/E383H 8+1 0.81+£0.03 1.0+02x10° 4 5010 61204 12+03x10° 3 679 47+03 7+1x10' 114
E. coli GMPS Glutaminase Kinetic Parameters
Mutation Km, Basal, GIn ke (s71) keat/Km K, 1/2 RXn, GIn kear (571) Keae/Kn (M7 571 keat/Kin Wt/ keae/Kin stim/  Stoichiometry
(mM) (M~ 1s™h) (mM) mut basal Glu/GMP
Wild type n.d. n.d. n.d. 1.75 £ 0.06 29.3+0.3 1.67 £ 0.06 x 10* 1:1
H186A n.d. n.d. n.d. 60+10 52+05 82 x10! 209 8:1
E383A 14+04x 10> 2.0+03x10315+5x10327+03 55+.2 20+03x10> 8 136.600 2:1
H186A/E383A 13+02x10° 5+04x10> 41+6x1073 7020 53+0.7 7+2x10! 239 3.700 15:1
H186E/E383H 17206 x10° 822x10°3 5:2x1072 46+7 7.0£05 153 x 10" 111 7.100 26:1

" Not detectable.

as is seen with the 8:1 stoichiometry glutamine hydrolytic events
to XMP turnover (Table 2).

H186A/E383A: removing the interdomain salt bridge

To probe the effect of the interdomain salt bridge on the coupling
of the two reactions, both residues were mutated to alanine to re-
move any possibility of non-specific interaction between the two
subdomains by these residues. Of all the mutants, H186A/E383A
exhibited poor solubility (data not shown). As anticipated, the
glutaminase catalytic efficiency was significantly disrupted by
163-fold and 239-fold (Table 2). Basal glutaminase activity was
detectable with the H186A/E383A double mutant; however, the
degree of disruption of the K, for glutamine (130 mM, Table 2) pre-
vented assays under condition of full saturation, due to limits of the
solubility of the glutamine substrate. XMP turnover in this mutant
was only slightly disrupted, with a threefold reduction in the cata-
lytic efficiency. Stoichiometric analysis revealed a significant
uncoupling of the two reactions with 15:1 glutamine/XMP turnover
(Table 2).

H186E/E383H: inverting the interdomain salt bridge

Finally, a “switch” mutant was created, where the amino acids of
the interdomain salt bridge were interchanged. If these residues
were interacting with only each other, then it was hypothesized this
“switch” mutation would have similar kinetics to wild type. Signif-
icant disruption in the glutaminase activities for this mutant were
observed by 114-fold and 111-fold changes in catalytic efficiency,
while the XMP turnover remained relatively unchanged (Table 2).
There was detectable basal glutaminase activity; however, the in-
creased glutamine K, again did not allow for full saturation of the
enzyme. The stoichiometry of the reactions for this mutant was
26:1, indicating significant uncoupling of the two half-reactions
(Table 2). The fact that the results for this mutant were not similar
to wild type indicates that these “switched” residues may have addi-
tional interactions within the protein structure that are greatly dis-
rupted by changing the electrostatic nature of the amino acid. Taken
together, the lines of evidence presented above all support the Cat-
alytic model proposed here showing the active, closed form of GMPS.

Discussion

The X-ray crystal structure of GMPS provided the first detailed
view for both the triad-type glutaminase and N-type pyrophospha-

tase enzyme classes [2], and this structure was one of the earliest
in the broader class of glutamine amidotransferases. However, the
data represented an inactive, product-bound form. Key details in
the function the enzyme were not directly addressed, including
the path of ammonia during catalysis and the binding site of
XMP substrate. Six additional structures of GMPS have been solved,
and all show the protein in a catalytically unfavorable, solvent ex-
posed conformation [2,20-24]. The results presented here provide
the basis for a closed, active enzyme form that addresses some of
these remaining questions.

A pathway for ammonia

An important precedent for the modeling of a closed GMPS was
the crystal structure of a closed form of E. coli GPATase bound to a
non-hydrolyzable substrate analog [31,64]. In this amidotransfer-
ase, a large loop orders upon binding its nucleotide substrate and
thereby generates a transient, solvent-excluded tunnel for ammo-
nia. The path taken by ammonia in GPATase is lined with con-
served, hydrophobic or nonpolar residues, and ionic or polar
interactions are involved in the binding of a nucleotide substrate
at one end of the tunnel. In the closed model (Catalytic model) of
GMPS, a very similar picture of enzyme function is seen, with a
transient, solvent-excluded path being generated by the ordering
of a substrate-binding loop and by hinging motions of the gluta-
minase domain toward the nucleotide-binding domain. Also simi-
lar to GPATase, the conservation of the proposed tunnel-lining
residues is also high in the GMPS model, with a predominance of
weakly interacting residues that would not impede the transmis-
sion of ammonia between active sites via hydrogen bonding. Water
is thereby excluded from the path in both enzymes by the hydro-
phobic character of the tunnels which would favor the transfer of
ammonia and not ammonium ion. Several GAT structures indicate
flexible loops, or subdomain motions that help to shield the gluta-
minase active site upon ligand binding and create an ammonia
tunnel within the protein [68-70]. For example, in 2-amino-2-des-
oxyisochorismate synthase, the binding of the substrate chorismic
acid causes subdomain motions that form a 25 A ammonia tunnel
between the glutaminase and acceptor active sites [71].

An additional section of the proposed ammonia tunnel is de-
fined by the LID loop of the GMPS synthetase domain. While this
loop was disordered in E. coli GMPS (1GPM), it was ordered in
the human isoform crystal structure. The Catalytic model predicted
secondary structure elements for this loop and modeled the loop



30 J.C. Oliver et al./Archives of Biochemistry and Biophysics 545 (2014) 22-32

into the closed version of the enzyme creating key protein contacts
between the loop and the homodimer binding region, where two
molecules of GMPS interact (Fig. 3A). With the Release model,
the random loop was defined using density from the human iso-
form of GMPS, which crystallized in an open form, and since no
intramolecular contacts were defined for the loop, the homodimer
binding region appears slightly open and more solvent exposed
than the Catalytic model.

The Catalytic model for the closed form of GMPS reinforces the
idea proposed earlier [64] regarding the apparent dichotomy in
amidotransferase ammonia tunneling. The enzymes that generate
a channel during each cycle with a conformational change require
a lining of hydrophobic and nonpolar residues to minimize the
presence of water in the ammonia tunnel, which could lead to inef-
ficient hydrolysis of substrates. In contrast, proteins with pre-
formed ammonia tunnels, such as carbamoyl phosphate synthetase
[66], tend to have a reduced requirement for such hydrophobicity
and may have other mechanisms in place to minimize the interfer-
ence of water. Evidence of loop closure is seen in the trypsinolysis
data. Domain motion and an increase in compactness are sug-
gested by the V8 protease data, and generated computational mod-
els reflect the sedimentation velocity data and provide constraints
for all proposed conformational changes in the models.

XMP binding site

In the Catalytic model for the closed structure of GMPS, highly
conserved residues within the LID loop (Fig. S4) are in juxtaposi-
tion to the adenylated XMP (Fig. 2B). Proteolysis experiments with
this protein indicates that the LID loop is protected from proteo-
lytic cleavage when nucleotide is bound, suggesting the LID loop
participates in substrate binding. Given the fact that this region
is highly conserved in GMP synthetase, it is proposed that the
LID loop may participate in substrate recognition. With the Cata-
lytic Model, this study suggests that the loop may participate in
the communication between the active sites and facilitate ammo-
nia transfer as the LID loop creates a wall of the putative ammonia
tunnel in the interdomain region.

The role of the interdomain salt bridge in glutaminase activation

In the closed model, a salt bridge between H186 in the gluta-
minase domain and E383 on the acceptor domain makes up the
outer edge of the ammonia cavity and mutations at these residues
may allow bulk solvent access to the chamber. Both members of
this salt bridge are found in highly conserved regions of the protein
that include residues in each active site. H186 resides in the same
location on the glutaminase domain as charged amino acids inter-
acting in interdomain salt bridges identified in other triad gluta-
mine amidotransferases (Table 3). Analysis of the roles of these
charged residues in the coupling of the two half-reactions was pur-
sued in IGP synthase, where K196 was mutated and analyzed in
turnover kinetics [34] suggesting that K196 forms a key interaction
between the subdomains and confers a signal upon acceptor sub-
strate binding to the catalytic triad. In addition, K196 was seen
to play a role in the competency of the glutaminase active site to
adequately bind glutamine.

In a recent NMR study of the GMPS glutaminase domain, H186
(H168 in M. jannaschii) was identified as directly interacting with
the ATPase domain [27]. Mutation of H186 and E383 in E. coli
GMPS resulted in uncoupling of the two half-reactions of the en-
zyme; however, the degree of disruption (Table 2) indicated that
the resulting ammonia may not be completely lost from the inter-
domain chamber as seen in similar studies with IGP synthase [34].
Mutations at H186 significantly altered the kinetic constants for
glutamine in both synthetase and glutaminase half-reactions. His-

tidine 186 appears to act as a stabilizer of the glutaminase active
site, and helps to orient the histidine (H181) and glutamic acid
(E183) of the catalytic triad into a catalytically optimal conforma-
tion. Conversely, mutations at E383 resulted in moderate disrup-
tions of the two half-reactions. As confirmed with the double
mutant, as long as H186 remained intact, the binding signal could
still be conferred to the glutaminase active site. Mutations at E383
allowed detectable basal glutaminase activity and indicate a role
for this residue in the regulation of glutamine hydrolysis. In this
study, only mutants with changes at this position allowed basal
glutaminase activity, though E383A only moderately disrupted
the glutaminase half-reaction. Adjacent to E383 is the highly con-
served D382, which could interact with H186 in the E383A muta-
tion. The side chain of D382 is within 7 A of H186 in the model
structure, and a slight shift of the random loop containing H186
may allow a compensating interaction with D382. Both E383 and
D382 reside in a highly conserved region of the protein that begins
with K381, which interacts with the pyrophosphate fragment from
ATP in the crystal structure of E. coli GMPS (1GPM). A direct linkage
to the nucleotide binding site with E383 is observed through this
backbone connection (Fig. 5).

Mechanism of glutaminase signaling in GMPS

Loops in the vicinity of the active site cysteine of the triad glu-
taminases may play a general role in modulating the glutamine
hydrolysis activity [68]. The loop in GMPS that gives rise to the
oxyanion hole appears to be in a favorable conformation, with
the backbone nitrogen of G59 and Y87 positioned to interact with
the negative oxyanion of the transition state [2]. These observa-
tions led to the hypothesis that the glutamine hydrolytic machin-
ery is poised to perform catalysis, but full glutaminase activity is
only achieved by formation of a complete binding site for gluta-
mine [2].

Inspection of the glutamine binding pocket in the crystal struc-
ture of GMPS shows three loops that may be involved in modula-
tion of glutaminase activity, one that provides part of the
oxyanion hole (loop 1, residues 59-65), a second that lies on the
opposite side of the glutamine binding cleft (loop 2, residues
142-147), and a third that lies more external to the other loops
(loop 3, residues 100-108) (Fig. 6). Comparison of the GMPS struc-
ture with that of the CPS glutamyl thioester adduct [7] reveals pos-
sibilities for loop motions that may be required to form a complete
glutamine binding site and stimulate glutaminase activity. One
possible motion is the orientation of loop 2, which would not pro-
vide optimum hydrogen bonding interactions with the alpha-car-
boxyl portion of glutamine. Another feature could involve an
interaction between loops 1 and 3. In the E. coli GMPS crystal struc-
ture, an arginine in loop 3 (R106) is involved in hydrogen bonds
with the backbone oxygens of P60 and E61 of loop 1, which may
“cover” the glutamine binding site and preclude substrate from
binding.

Conformational changes originating in the acceptor domain
may also cause shifts of these loops, allowing activation of gluta-
minase binding site. In the Catalytic model for GMPS, the acceptor
domain is within hydrogen-bonding distance of R106, which
would allow residues in loop 1 to bind the glutamine substrate.
In the Release model, R106 is hydrogen bonding with the phos-
phate group of GMP (Fig. 7). It is plausible that R106 is functioning
to help draw the product out of the nucleotide active site. Motion
of loop 3 is also supported by the relatively high temperature fac-
tors reported in the crystal structure of the enzyme for this loop
[2], which suggests high mobility for this segment [72]. Since they
are connected via a hydrogen-bonding network, loop 3 may also
induce a rearrangement in loop 2, bringing the latter into correct
position for hydrogen bonding with glutamine and completing
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Table 3

Residues in Triad Glutamine Amidotransferases Proposed to Function in Glutaminase Stimulus Signaling Across the Subdomain Interface.”

Enzyme Organism Catalytic triad Proposed residues involved in signaling

Glutaminase Acceptor domain Acceptor active site
GMPS E. coli (€86, H181, E183 H186 E383 K381
IGP synthase S. cerevisiae (€83, H193, E195 K196 D359 T365
Anthranilate synthase S. solfataricus C84, H175, E177 H175 D275 D266
CTP synthetase E. coli C379, H515, E517 $520 H314 D303
FGAR-amidotransferase S. typhimurium C1135, H1260, E1262 R1263 R1263 E648

Carbamoyl phosphate synthetase is not included in this table because the interface in CPS includes an additional N-terminal domain that introduces an additional level of

complexity into the domain interactions.
2 A previous form of this table was published in [34].

Fig. 6. Glutaminase domain indicating loops proposed to modulate glutaminase
activity. (A) E. coli GMPS crystal structure 1gpm. (B) Catalytic model. Loop 1:
residues 59-65 in red, Loop 2: residues 142-147 in yellow, Loop 3: residues 100-
108 in blue. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

the binding site for the substrate. In this way, the conformational
changes initiated by nucleotide substrate binding observed
through tryptophan fluorescence analyses [38] may lead to the
activation of the distal glutaminase active site by unblocking of
the glutamine binding site.

Allosteric control in triad glutamine amidotransferases

The kinetic analyses described support the unified theory of
triad glutamine amidotransferase allosteric control as being con-
ferred in part through a conserved interdomain salt bridge. Direct
contact between the two active sites in this family of proteins is
achieved at the subdomain interface through ionic interactions be-
tween two highly conserved residues (Table 3). Disruption of these
interactions results in diminished allostery. The results described
here explain many of the features of GMPS that were unobtainable

Fig. 7. (A) Catalytic model, showing R106 pointing towards intermediate (11 A
away). (B) Release model, showing R106 hydrogen-bonding with GMP.
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with crystallographic techniques. Biochemical data support a mod-
el of large-scale, substrate-induced conformational change that
culminates in the fully active enzyme, capable of glutamine hydro-
lysis and intramolecular ammonia transfer.
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