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SUMMARY

Nitrogen is incorporated into various metabolites
by multifunctional glutamine amidotransferases via
reactive ammonia generated by glutaminase hydro-
lysis of glutamine. Although this process is generally
tightly regulated by subsequent synthase activity,
little is known about how the glutaminase is inhibited
in the absence of an activating signal. Here, we use
imidazoleglycerolphosphate synthase as a model to
investigate the mechanism of glutaminase regula-
tion. A structure of the bienzyme-glutamine complex
reveals that the glutaminase active site is in a catal-
ysis-competent conformation but the ammonia
pathway toward the synthase active site is blocked.
Mutation of two residues blocking the pathway
leads to a complete uncoupling of the two reactions
and to a 2800-fold amplification of glutaminase
activity. Our data advance the understanding of
coupling enzymatic activities in glutamine amido-
transferases and raise hypotheses of the underlying
molecular mechanism.

INTRODUCTION

Living organisms have a fundamental requirement to make

reactive nitrogen available for chemical incorporation into key

metabolites by enzyme catalysis. Themostwidespread category

of enzymatic nitrogen donors is represented by multifunctional

glutamine amidotransferases (GAT) (Zalkin and Smith, 1998).

GATs generate ammonia by glutamine hydrolysis, which is

then transported to the synthase active site via a protein tunnel

sequestered from the solvent environment (Mouilleron and Goli-

nelli-Pimpaneau, 2007; Raushel et al., 2003). The glutaminase

activity of most of these multi-enzymes is coupled with their

GAT-specific synthase activity. Whereas the synthase activities

are unrelated in known GATs the participating glutaminase

domains can be categorized as belonging either to the so-called

Ntn-type (class II), characterized by an N-terminal catalytic

cysteine residues, or to the catalytic dyad type (class I) with
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a characteristic active site histidine-cysteine arrangement. While

conformational changes within the glutaminase/synthase during

GAT catalysis have been structurally well characterized for one

member of the Ntn-GAT family, glucosamine-6-phosphate syn-

thase (Mouilleron et al., 2011), little has been known about

possible conformational changes within the analogous interface

of any GAT with a catalytic dyad glutaminase. Because of the

structural diversity observed in known GATs, however, it has

been difficult to identify a generally applicable mechanism of

catalysis coupling, and the molecular details of activity cross-

regulation are only poorly understood for most of the enzymes

investigated to date.

We chose the heterodimeric imidazoleglycerolphosphate

(ImGP) synthase complex from Thermotoga maritima as a model

system to study the regulation of glutamine hydrolysis within

GATases. The synthase subunit (HisF) of this bienzyme complex,

also referred to as the cyclase subunit, catalyzes the addition

of an amino group to N0-[(50-phosphoribulosyl)formimino]-5-ami-

noimidazole-4-carboxamide-ribonucleotide (PrFAR), which is

subsequently cleaved into 5-aminoimidazole-4-carboxamide ri-

botide (AICAR) and ImGP (Klem and Davisson, 1993) (Figure 1;

Figure S1 available online). The amino group originates from

sequestered ammonia generated by the glutaminase subunit

(HisH), which belongs to the family of catalytic dyad glutamin-

ases (Zalkin and Smith, 1998). The two products PrFAR and

AICAR are further used in the downstream purine and histidine

biosynthesis pathways, respectively, thus rendering ImGP syn-

thase a branch-point enzyme in nucleotide and amino acid

metabolism. A remarkable property of the T. maritima bienzyme

is that the glutaminase subunit shows neither measurable

activity in the absence of the cyclase subunit nor in the presence

of the cyclase subunit without active site ligands, making the

ImGP synthase bienzyme one of the most tightly regulated

GATs known to date (Beismann-Driemeyer and Sterner, 2001).

By contrast, the separate cyclase subunit of this bienzyme is

catalytically active in ammonia-containing solutions at high pH

when the NH3/NH4
+ equilibrium is sufficiently shifted toward

ammonia.

Several crystal structures of ImGP synthase bienzymes have

unraveled how the glutaminase docks onto the N-terminal face

of the cyclase (b/a)8-barrel, irrespective of whether the bien-

zyme is formed by two separate, monofunctional subunits or

by a two-domain, bifunctional enzyme (Chaudhuri et al., 2001;
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Figure 1. Scheme Outlining the Processes Involved in the ImGP

Synthase Bienzyme

Our data suggest that the ImGP synthase bienzyme is regulated by gluta-

minase residues, indicated in red as ‘‘ammonia plug,’’ that seal the gluta-

minase active site from the ammonia transfer pathway to the cyclase active

site (red bar) in the absence of an activity-inducing signal from the cyclase

active site (green arrow). Generation of AICAR (A and B, cf. Figures S4A and

S4B), glutamate (Glu; C, cf. Figure S4C), and ammonia (NH3; D, cf. Figure S4D)

weremeasured by different steady-state assays (Table 1). The lower part of the

scheme indicates how the processes match the overall topography of the

heterodimeric glutaminase/cyclase structure (cf. Figure 2).

See also Figure S1.

Chemistry & Biology

Catalysis Uncoupling in a Bifunctional GAT
Douangamath et al., 2002; Omi et al., 2002). The two active sites

are separated by about 25 Å, defining the distance required to

transport sequestered ammonia from the glutaminase to the

cyclase active site (Figure 2A). The glutaminase active site is

near the glutaminase/cyclase interface, which contains four

invariant, charged residues that provide the framework of the

gate to the cyclase ammonia tunnel (Figure 2B). The cyclase

active site is located at the opposite face of the (b/a)8-barrel

and is connected by a tunnel-like structure along the central

barrel axis to the glutaminase/cyclase interface.

To investigate the mechanism of regulated glutamine hydro-

lysis in ImGP synthase and catalysis coupling with the subse-

quent synthase reaction (Figure 1, red bar), we first determined

the molecular parameters of glutaminase substrate binding. A

structure of the ImGP synthase bienzyme in complex with gluta-

mine reveals the glutaminase active site to be in a catalysis-

competent conformation with a properly formed oxyanion hole.

However, in this structure the glutaminase/cyclase interface

and the connecting tunnel appear to be blocked. By removing

the side chains of two plug-forming residues, we were able to

generate up to 2800-fold increased glutaminase activity, which

is uncoupled from synthase activity. Our data thus show that

coupling of the two catalytic activities in the ImGP synthase bien-

zyme critically depend on the proper formation of a specific and

tight protein/protein interface of the two enzyme units involved in

the overall reaction.

RESULTS

TheGlutaminase Active Site Is in a Catalysis-Competent
Conformation
We first carried out a structural analysis of the ImGP synthase

bienzyme from T. maritima in the presence of the glutaminase
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substrate glutamine, to gain insight into the atomic glutaminase

active site-substrate interactions and to investigate whether

substrate binding leads to conformational changes in the gluta-

minase active site. Because the previously reported apo crystal

form was unsuitable for these experiments owing to the high

salt concentration used for crystallization (Douangamath et al.,

2002), we identified a crystal form with a distinct morphology

that grew from polyethylene glycol and glutamine (Table S1).

The structure revealed well-defined density in the glutaminase

active site in two of the three ImGP synthase bienzyme com-

plexes that could present either glutamine or glutamate (Figures

2A, 3A, and 3C). Because the constitutively active ImGP syn-

thase variant crystallized under the same conditions did not

show such density in the glutaminase active site (details below),

we interpreted the density to represent the substrate glutamine,

confirming that there was no substrate turnover under crys-

tallization conditions in the absence of cyclase ligands as ex-

pected from previous biochemical data (Beismann-Driemeyer

and Sterner, 2001). The reactive side chain of glutamine is

oriented toward the previously identified ammonia transfer

pathway to the cyclase active site (Douangamath et al., 2002).

In the glutaminase active site with bound glutamine, the cata-

lytic dyad residues, Cys84(HisH) and His178(HisH), are found in

positions relative to each other and in an orientation towardgluta-

mine that requires only minor conformational changes to reach

a catalytic Michaelis complex (Figures 3A, 3C, S2A, and S2C).

The Cys84 sulfhydryl group is within 3.8 Å of the reactive carbon

atom of the glutamine side chain and is polarized by the imid-

azole ring of His178(HisH). His178(HisH) in turn interacts with

Asp98(HisF) from the cyclase subunit via a solvent-mediated

hydrogen bond. The nonreactive main chain end of glutamine

forms a hydrogen bond with the side chains of Gln88(HisH) and

the invariant Glu96(HisH), and engages in additional interactions

with the polar main chain atoms of Gly52(HisH), Thr142(HisH),

and Tyr143(HisH). The reactive amido group of the glutamine

side chain is connected by a weak hydrogen bond (3.6 Å) with

Gln123(HisF) from the cyclase. Together with the contribution

of Asp98(HisF), this observation indicates a direct structural

involvement of the cyclase subunit in the glutaminase active site.

In addition, the main-chain amido group of Gly52(HisH) forms

a short hydrogen bond with the carbonyl group of the reactive

glutamine side chain, allowing its polarization to facilitate gluta-

minase catalysis (Thoden et al., 1999) (Figures 3C and S2C).

Gly52(HisH) is part of the conserved PGVG motif (residues 49–

52) that provides the oxyanion hole, which is common to many

hydrolases and proteases (Ollis et al., 1992; Zalkin and Smith,

1998). Thus, in the ImGP synthase-glutamine complex, the ‘oxy-

anion strand’ of the glutaminase subunit is in a catalytically

competent conformation (Mouilleron and Golinelli-Pimpaneau,

2007; Myers et al., 2005). A comparison with the apo structure

of the same cyclase-glutaminase complex and of the separate

glutaminase subunit (Douangamath et al., 2002) revealed no

evidence for a potential reorientation of the glutaminase oxyan-

ion hole (Figures 3 and S3).

The Glutaminase Active Site Is Sequestered from the
Glutaminase/Cyclase Interface
The structure of the glutamine-bound glutaminase active site has

also allowed a more precise characterization of the ammonia
Elsevier Ltd All rights reserved



Figure 2. Ammonia Pathway in the ImGP

Synthase Bienzyme from T. maritima

(A) Relevant parts of the cyclase (HisF) and

glutaminase (HisH) surfaces, including the active

sites, the glutaminase/cyclase interface, and the

cyclase ammonia tunnel, are shown in orange

(cyclase) and cyan (glutaminase). The ribbons of

the structures of these subunits are shown

in corresponding lighter colors. The glutamine

bound to the glutaminase active site (cf. Figure 3)

is shown by solid spheres with atom-specific

colors. The dimensions of the overall structure are

indicated to the left.

(B) Zoom into the glutaminase active site plug,

established by Tyr138(HisH), Met121(HisH), and

several other residues (not shown for reasons of

clarity). This plug seals the remaining part of the

ammonia path from the glutaminase active site

toward the cyclase active site. The four cyclase

residues (Arg5, Glu46, Lys99, Glu167) that estab-

lish the gate into the tunnel are also shown.
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pathway toward the cyclase active site. The glutaminase active

site is sealed off from the glutaminase/cyclase interface. The

bulky side chain of Tyr138(HisH) acts like a plug, effectively

blocking the gate into the ammonia tunnel, which is defined by

the cyclase residues Arg5(HisF), Glu46(HisF), Lys99(HisF), and

Glu167(HisF) (Figures 2B, 3A, and 3B) (Douangamath et al.,

2002), from the glutaminase active site. The gate is further

blocked by a few neighboring glutaminase residues, including

Met121(HisH), Trp123(HisH), and Lys181(HisH). A comparison

of the glutamine-bound and the apo structure of the ImGP

synthase bienzyme shows the presence of the plug, irrespective

of whether glutamine is bound to the glutaminase active site

(Figure S3).

These findings suggest that glutamine hydrolysis, which

occurs as a consequence of substrate binding to the cyclase

active site, could be based on unblocking of the glutaminase

active site (Figure 1, green arrow). Although themolecular details

of the conformational changes required for such mechanism

have not yet been determined, our structures indicate that the

site of unblocking is centered on the invariant Tyr138(HisH)

and neighboring residues from the glutaminase subunit (Fig-

ure 2B). We subsequently hypothesized that unblocking of the

wt enzyme could be mimicked by the removal of bulky side

chains in these residues, allowing a subsequent functional char-

acterization of the respective enzyme mutants.

Glutaminase Activity Requires the Presence of Cyclase
Residues in the Composite Glutaminase Active Site
As a prerequisite for the subsequent experiments, we first tested

whether there are residues from the cyclase subunit that are

specifically involved in glutaminase activity of the ImGP synthase

bienzyme, irrespective of glutaminase activation. To address this

question, we selected three residues from the cyclase subunit

that are remote from the cyclase active site: one of them

(Lys99) contributes to the ring-shaped gate of the previously

postulated ammonia tunnel (Douangamath et al., 2002), and

the other two residues Asp98(HisF) and Gln123(HisF) were

chosen because of their proximity to the glutaminase active

site (Figure 3).
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When these residues were individually mutated to alanine,

two of the three ImGP synthase complexes, K99A(HisF) and

Q123A(HisF), exhibited moderate catalytic efficiency effects in

both the cyclase and glutaminase reactions of the bienzyme (Fig-

ure 4A; Table 1). In contrast, we measured only residual or no

glutaminase activity in the D98A(HisF) bienzyme variant, de-

pending on the type of assay used. Moreover, whereas we could

detect only slight glutamine-dependent cyclase activity, as ex-

pected from the lack of glutaminase activity, the ammonia-

dependent cyclase activity of this variant was not affected.

These results show that Asp98(HisF) is involved in glutaminase

rather than in cyclase activity, thus supporting previous data

concerning the analogous mutant of the yeast ImGP synthase

bienzyme (Myers et al., 2005). In subsequent work, we used

this mutant bienzyme to distinguish the effects on glutaminase

activity—originating from the structural requirement to establish

a complete functional glutaminase active site irrespective of its

state of activation—from effects on other residues directly

involved in glutaminase activation (see below).

Unblocking of the Glutaminase Active Site Generates
Constitutive Glutaminase Activity
To investigate any glutaminase activity-inducing effects

from ligand binding to the cyclase active site, we used the

closely related substrate analog N0-((50-phosphoribosyl)formi-

mino)-5-aminoimidazole-4-carboxamide-ribonucleotide (Pro-

FAR) because of its higher stability rather than the more labile

cyclase substrate PrFAR (Beismann-Driemeyer and Sterner,

2001). In all experiments we measured substrate turnover (kcat)

and, where possible, substrate binding (KM) as well, allowing

to determine catalytic efficiencies (kcat/ KM). For further details,

see the Methods section and Table 1.

To test the functional role of the glutaminase active site plug

observed in the structure of the ImGP synthase bienzyme (Fig-

ure 2), we mutated two glutaminase residues from the plug,

Tyr138(HisH) and Lys181(HisH), into alanines. In these variants,

the glutaminase catalytic efficiency in the presence of the cy-

clase ligand ProFAR was increased 77-fold and 50-fold, respec-

tively, when compared towt ImGP synthase (Figure 4A; Table 1).
9, December 21, 2012 ª2012 Elsevier Ltd All rights reserved 1591



Figure 3. Glutaminase Active Site and

Active Site Plug in the ImGP Synthase

Bienzyme

(A and C) wt bienyzme; (B and D) [Y138A(HisH),

K181A(HisH)] double mutant. Several residues are

highlighted by stick representation of their side

chains and are labeled. Color codes are as in

Figure 2. Ordered solvent molecules are displayed

by solid spheres. Hydrogen bonds of less than

3.6 Å distance are shown by dashed lines. The

glutaminase approximate location of the gluta-

minase active site plug is indicated by boxes in (A)

and (B). Mutated residues are labeled in red in (B).

The final electron density of bound glutamine is

shown at 1.5s in (C).

A stereo version of this figure is shown in Fig-

ure S2. See also Figure S3.
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Moreover, the glutaminase turnover rates of these mutants

were increased 45-fold and 86-fold in the absence of ProFAR,

thus generating a bienzyme system with significant constitutive

glutaminase activity. The observed effect of the exchange

K181A(HisH) is in agreement with a previous finding on the

type of mutation in the corresponding lysine in the yeast ImGP

synthase bienzyme (Myers et al., 2005). In the double mutant

[Y138A(HisH), K181A(HisH)], constitutive substrate turnover in

the absence of ProFAR was further amplified, resulting in

glutaminase turnover that was 2800-fold higher than that of the

wt ImGP synthase bienzyme. The catalytic efficiency of this

mutant in the presence of ProFAR was 115-fold increased over

that observed for the wt enzyme. The glutamine turnover

numbers of this double mutant in the presence or absence of

ProFAR were quite similar at 2.4 s�1 and 1.4 s�1, respectively,

indicating that any activity-inducing effect by ProFAR is negli-

gible. Remarkably, these turnover numbers are more than

tenfold higher than the kcat value of the wt enzyme in the pres-

ence of ProFAR.

Neither the glutamine- nor the ammonia-dependent cyclase

activities of the ImGP synthase variants are compromised signif-

icantly (Table 1), indicating that the mutations do not affect the

integrity of the cyclase active site. Since the absolute synthase

turnover numbers are, however, lower than that of the gluta-

minase, it is likely that some of the ammonia produced by the

glutaminase subunit leaks from the ammonia transfer path in

those ImGP synthase mutants with synthase-independent con-

stitutive glutaminase activity.

Our data demonstrate that the removal of the bulky side chains

of the residues that plug the glutaminase active site—Tyr138

(HisH) and Lys181(HisH)—abolishes the requirement for cyclase

substrate binding to stimulate glutaminase activity in the ImGP
1592 Chemistry & Biology 19, 1589–1599, December 21, 2012 ª2012 Elsevier Ltd All rights re
synthase complex (Figure 1, green arrow)

and unleashes the intrinsic glutaminase

activity in the ImGP synthase bienzyme.

In contrast, the separate glutaminase

subunit Y138A(HisH) and K181A(HisH)

variants remained inactive (data not

shown), confirming that glutaminase/

cyclase complex formation is a prerequi-

site for glutaminase activity of the ImGP
synthase bienzyme. However, when combining the exchanges

Y138A(HisH) and D98A(HisF), the resulting ImGP synthase

variant showed only residual glutaminase activity in the presence

of ProFAR (<1%) and strongly reduced activity in its absence

(3%), using the glutaminase activity of Y138A(HisH) as a refer-

ence (Table 1). These data confirm that Asp98(HisF) is involved

in glutaminase catalysis, independent of the requirement for

cyclase catalysis.

The constitutive glutaminase activity of ImGP variants contain-

ing Y138A(HisH), K181A(HisH), and [Y138A(HisH), K181A(HisH)]

was confirmed by following ammonia production. This was

achieved bymeasuring the glutamate dehydrogenase-catalyzed

NADH/H+ oxidation to NAD+ (Figures 4B and S4D), rather than

the opposite process that was used to measure glutamate

production (Figures 4A and S4C). In the presence of saturating

concentrations of ProFAR and glutamine, the glutaminase vari-

ants Y138A(HisH) and K181A(HisH) generate ammonia at rates

of 2.2 s�1 and 3.3 s�1, which are similar to their rates for gluta-

mate production (3.0 s�1 and 2.4 s�1; Table 1). Similarly, the turn-

over numbers of the double mutant [Y138A(HisH), K181A(HisH)]

in the presence of ProFAR as measured by following glutamate

production (2.4 s�1) and ammonia production (1.9 s�1) are in

good agreement. For comparison, in thewt ImGP synthase bien-

zyme, the measured rate of ammonia production was 0.04 s�1,

which is also similar to the detected rate of glutamate formation

under the same conditions (0.10 s�1) (Table 1).

The Structure of the ImGP Synthase [Y138A(HisH),
K181A(HisH)] Variant Confirms Unblocking of the
Glutaminase Active Site
We further validated our biochemical findings by solving the crys-

tal structure of the ImGP synthase [Y138A(HisH), K181A(HisH)]
served



Figure 4. Glutaminase and Cyclase Activities of ImGP Synthase

Variants

(A) Relative catalytic efficiencies at a logarithmic scale using the rates of the

wt ImGP synthase bienzyme as a reference (ln(kcat/KM) = 0). Values > 0 indicate

gain-of-function, values < 0 indicate loss-of-function. Cyan bars, glutaminase

activity as monitored by glutamate production (Figure S4C), in the presence

of saturating concentrations of ProFAR; orange bars, glutamine-dependent

cyclase activity (Figure S4A). The complete set of kinetic data is listed in

Table 1. (B) Glutaminase activity as monitored by ammonia production (Fig-

ure S4D), in the presence of saturating concentrations of ProFAR and gluta-

mine. Representative curves are shown over 10 min for wt ImGP synthase,

K181A(HisH), Y138A(HisH), and [Y138A, K181A(HisH)].

See also Figure S4.
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double mutant (Table S1; Figures 3B and 3D). The structure

indeed revealed that, in contrast towt ImGP synthase, the gluta-

minase active site was empty, despite glutamine being present in

the crystallization medium for both enzymes. This observation is

in agreement with constitutive glutamine turnover and product

release by the [Y138A(HisH), K181A(HisH)] mutant ImGP syn-

thase complex. Similar to the other ImGP synthase bienzyme

structures, the overall conformation of the glutaminase active

site remains unchanged, indicating a catalysis-competent con-

formation that includes a properly formed oxyanion hole.

However, a comparative analysis with the structures of the wt

bienzyme reveals that the approximately 1100 Å2 heterodimeric

glutaminase/cyclase interface of the wt bienzyme is reduced by

at least 150 Å2 in the [Y138A(HisH), K181A(HisH)] double mutant,

which corresponds to about 15% of the overall interface. In the

mutant structure a large cavity is generated with eight ordered

solvent molecules occupying the space normally required for

the bulky side chains of Tyr138(HisH) and Lys181(HisH) in the

wt bienzyme (Figure 3B). The structure confirms that unplugging

of the glutaminase active site increases the solvent exposure of
Chemistry & Biology 19, 1589–159
the glutaminase active site and opens the entrance to the

ammonia channel leading to the cyclase active site (Figure 5).

DISCUSSION

Here, we have shown that a GAT bienzyme system with con-

stitutive and amplified glutaminase activity can be generated

with an ImGP synthase bienzyme variant, in which the path

between the glutaminase active site, the glutaminase/cyclase

interface, and the cyclase ammonia tunnel is opened, thus effec-

tively uncoupling glutaminase and cyclase catalysis. The 2800-

fold increase in unregulated glutaminase turnover, observed

in the [Y138A(HisH), K181A(HisH)] ImGP synthase mutant, is

without precedence in known GATs. Here, we discuss our

findings in light of previously proposed glutaminase activation

mechanisms.

A common feature of ImGP synthases from different organ-

isms is that their glutaminase activity can be induced by the

cyclase substrate PrFAR, by the substrate analog ProFAR and

by the product ImGP (Beismann-Driemeyer and Sterner, 2001;

Myers et al., 2003, 2005) (Figure 1, green arrow). The homolo-

gous ImGP synthase from yeast has biochemical and structural

properties related to the heterodimeric complex from T. maritima

(Chaudhuri et al., 2003; Myers et al., 2003, 2005). However, in

contrast to the latter enzyme, it comprises both catalytic activi-

ties on the same polypeptide chain. Recent biochemical and

molecular dynamics data from the yeast ImGP synthase favored

an allosteric activation of glutamine hydrolysis (Amaro et al.,

2003; Myers et al., 2005). Based on these findings, a signaling

mechanism was proposed, originating from ligand binding to

the cyclase active site and then transmitted to the glutaminase

active site via several residue segments along the ammonia

transfer pathway of ImGP synthase. In this model, a conforma-

tional change of the oxyanion hole in the glutaminase active

site was considered to be the terminal step that induces gluta-

minase catalysis (Chaudhuri et al., 2003; Myers et al., 2005).

However, our structural data from the ImGP synthase-gluta-

mine complex, a previous apo structure of the same bienzyme

and another structure of the separate glutaminase subunit

(Douangamath et al., 2002) have consistently revealed a catalyt-

ically competent conformation of the oxyanion hole (Figures 3C

and S3). We therefore re-examined all available ImGP synthase

structures with respect to the observed glutaminase active site

conformation. A comparison reveals that the interaction that

was thought to be crucial for oxyanion formation (Gly50) in the

yeast ImGP synthase structure (Chaudhuri et al., 2003) is out

of register by one residue with respect to our observations in

the T. maritima ImGP synthase-glutamine complex structure

(Figures 6A and 6B). The structure of the T. maritima ImGP syn-

thase bienzyme shows that the next residue (Gly51) is in an

active conformation and interacts via itsmain-chain amido group

with the carbonyl side chain group of bound glutamine (Figures

3C and S2C), thus polarizing the reactive amido group and

increasing its susceptibility for hydrolysis. Most likely, the lack

of a functional oxyanion hole identified in the previous structure

of the yeast bienzyme was because it was determined in the

presence of the glutaminase inhibitor acivicin (Chaudhuri et al.,

2003) rather than the native glutaminase substrate glutamine.

Our structure of the ImGP synthase-glutamine complex also
9, December 21, 2012 ª2012 Elsevier Ltd All rights reserved 1593



Table 1. Steady-State Kinetics of ImGP Synthase from T. maritima

Glutamine-Dependent Cyclase Activity (Figure S4A)a

KM
PrFAR [mM] kcat [s

�1] kcat/KM
PrFAR [M�1s�1] (kcat/KM)mutant / (kcat/KM)wt

Wild type 2.0 ± 1.2 3 10�3 1.1 ± 0.1 5.5 ± 0.3 3 105 1.0

D98A(HisF)b >> 5 3 10�2 < < 4.0 3 10�3 8 3 101 < < 1.5 3 10�4

K99A(HisF) 1.5 ± 0.1 3 10�3 1.0 ± 0.3 3 10�1 6.7 ± 3.0 3 104 0.12

Q123A(HisF) 1.3 ± 0.4 3 10�3 1.0 ± 0.2 3 10�1 7.7 ± 5.0 3 104 0.14

Y138A(HisH) 2.0 ± 0.6 3 10�4 8.0 ± 0.6 3 10�1 4.0 ± 0.7 3 106 7.3

K181A(HisH) 6.0 ± 0.6 3 10�4 9.0 ± 1.0 3 10�1 1.5 ± 0.3 3 106 2.7

D98A(HisF), Y138A(HisH) 2.6 ± 0.3 3 10�3 1.0 ± 0.01 3 10�1 3.8 ± 0.3 3 104 0.07

Y138A(HisH), K181A(HisH) not determined 1.3 ± 0.1 3 10�1 not determined

Ammonia-Dependent Cyclase Activity (Figure S4B)c

KM
PrFAR [mM] kcat [s

�1] kcat/KM
PrFAR [M�1s�1] (kcat/KM)mutant / (kcat/KM)wt

Wild type 3.6 ± 0.6 3 10�3 1.2 ± 0.1 3.3 ± 0.1 3 105 1

D98A(HisF) 1.9 ± 0.7 3 10�3 2.3 ± 0.1 1.2 ± 0.5 3 106 3.6

K99A(HisF) 6.2 ± 1.8 3 10�3 2.0 ± 0.2 3 10�1 3.2 ± 1.1 3 104 0.10

Q123A(HisF) 3.3 ± 1.5 3 10�3 6.0 ± 1.0 3 10�1 1.8 ± 0.7 3 105 0.55

Y138A(HisH) 1.8 ± 0.8 3 10�3 1.4 ± 0.2 7.8 ± 0.4 3 105 2.4

K181A(HisH) 9.0 ± 1.1 3 10�4 1.7 ± 0.2 1.8 ± 0.4 3 106 5.5

D98A(HisF),Y138A(HisH) 2.2 ± 1.0 3 10�3 2.5 ± 0.1 1.1 ± 1.0 3 106 3.3

Y138A(HisH),K181A(HisH) 2.4 ± 1.4 3 10�4 8.5 ± 1.3 3 10�1 3.6 ± 2.3 3 106 10.9

Glutaminase Activity (Glutamate Production; Figure S4C) (ProFAR Added at Saturating Concentrations)d

KM
Gln [mM] kcat [s

�1] kcat/KM
Gln [M�1s�1] (kcat/KM)mutant / (kcat/KM)wt

Wild type 8.0 ± 3.0 3 10�1 1.0 ± 0.1 3 10�1 1.3 ± 0.4 3 102 1

D98A(HisF)e <1.6 ± 0.8 3 101 <0.12

K99A(HisF) 1.0 ± 0.2 2.0 ± 0.3 3 10�2 2.0 ± 0.2 3 101 0.15

Q123A(HisF) 1.0 ± 0.7 2.0 ± 0.4 3 10�2 2.0 ± 0.6 3 101 0.15

Y138A(HisH) 3.0 ± 0.3 3 10�1 3.0 ± 0.4 1.0 ± 0.3 3 104 77

K181A(HisH) 3.7 ± 0.5 3 10�1 2.4 ± 0.2 6.5 ± 0.9 3 103 50

D98A(HisF),Y138A(HisH) 6.0 ± 3.0 3 10�1 1.0 ± 0.4 3 10�2 1.6 ± 0.8 3 101 0.12

Y138A(HisH),K181A(HisH) 1.6 ± 0.7 3 10�1 2.4 ± 0.4 1.5 ± 2.3 3 104 115

Glutaminase Activity (Glutamate Production; Figure S4C) (No ProFAR Added)f

kcat [s
�1] (kcat) mutant / (kcat) wt

Wild type 3.3 ± 1.7 3 10�4 1

Y138A(HisH) 1.5 ± 0.6 3 10�2 45

K181A(HisH) 2.8 ± 0.5 3 10�2 86

D98A(HisF),Y138A(HisH) 5.0 ± 3.3 3 10�4 1.5

Y138A(HisH),K181A(HisH) 1.4 ± 0.8 2800

Glutaminase Activity (Ammonia Production; Figure S4D) (ProFAR Added at Saturating Concentrations)g

kcat [s
�1]

Wild type 4.4 ± 1.8 3 10�2

D98A(HisF) not detectable

K99A(HisF) 8.5 ± 2.2 3 10�3

Q123A(HisF) 1.1 ± 0.3 3 10�2

Y138A(HisH) 2.2 ± 0.3

K181A(HisH) 3.3 ± 0.2

Y138A(HisH),K181A(HisH) 1.9 ± 0.02

aReactionconditions:50mMTris-acetatebuffer, pH8.0,25�C,0.2–2.0mM.HisHorHisHvariant, 0.1–1.0mMHisForHisFvariant, 5–50mML-glutamine, 0–40mMProFAR.
bWithin the tested range of substrate concentration, the initial velocity was a linear function of PrFAR concentration.
cReaction conditions: 50 mM Tris-acetate buffer, pH 8.5, 25�C, 0.2 mM HisH, 0.1 mM HisF, 100 mM NH4CH3CO2 corresponding to 17.4 mM NH3, 0–40 mM ProFAR.
dReaction conditions: 50 mM tricinehydroxide buffer, pH 8.0, 25�C, 2–8 mMHisF, 1–4 mMHisH, 40 mM ProFAR, 0–5 mM L-glutamine, 3.8–6.7 mg/ml GDH, 11–20 mM

NAD+.
eThe glutaminase activities were too low to be quantified. The catalytic efficiency is therefore below the one determined for the [D98A(F),Y138A(H)] double mutant,

which defines the detection limit for the assay.
fReaction conditions: 50 mM tricinehydroxide buffer, pH 8.0, 25�C, 0.15–15 mM HisF, 0.25–10 mM HisH, 10 mM L-glutamine.
gReaction conditions: 50mM tricinehydroxide buffer, pH 8.0, 25�C, 2 mMHisF, 1 mMHisH, 40 mMProFAR, 10mML-glutamine, 2.1mg/ml GDH, 10mM a-ketoglutarate,

300 mM NADH/H+.
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Figure 5. Sequestration of the Glutaminase

Active Site from the Ammonia Pathway to

the Cyclase Active Site in the ImGP Syn-

thase Enzyme

(A) Although the substrate glutamine can be bound

to the glutaminase active site (cf. Figure 3C), there

is no measurable glutaminase activity in wt ImGP

synthase (HisH active site in red).

(B) Unplugging of the glutaminase active site in

the ImGP synthase [Y138A(HisH), K181A(HisH)]

double mutant generates a bienzyme with un-

coupled and amplified glutaminase activity (HisH

active site, green).

(C) Cyclase substrate binding (PrFAR, or related

ligands, see text for details) to the cyclase active

site (HisF active site in green) induces glutaminase

activity (HisH active site in green) by a mechanism

that is probably also based on glutaminase active

site unplugging.
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does not confirm a previously postulated reorientation of gluta-

mine upon glutaminase activation (Myers et al., 2005), as gluta-

mine is in an orientation expected to be competent for the

release of ammonia into the glutaminase/cyclase-connecting

tunnel.

Our finding of a mostly rigid and catalysis-competent active

site conformation with a properly formed oxyanion hole in

the glutaminase subunit is, however, in agreement with the

structures of at least three other glutaminase-glutamine sub-

strate complexes, including those of carbamoyl phosphate

synthetase (Thoden et al., 1999), pyridoxal 50-phosphate syn-

thase (Strohmeier et al., 2006), and cytidine triphosphate synthe-

tase (Goto et al., 2004). We illustrate this by a comparison with

the carbamoyl phosphate synthetase-glutamine complex struc-

ture (Figures 6C and 6D). In the catalytic dyad glutaminase

domain of this enzyme, the function of Gly241 is identical to

that of Gly52 in the ImGP synthase complex; namely, to activate

the reactive side chain group of glutamine (Thoden et al., 1999).

In reference to these comparisons, we argue that cyclase

substrate-induced glutaminase activation most likely occurs

through unblocking of the glutaminase active site (Figure 5)

rather than leading to activating conformational changes of

essential glutaminase active site residues.

We finally wondered how unblocking of the ammonia gateway

in the glutaminase/synthase interface could lead to the activation

of synthase-independent glutaminase activity. Probably the

most detailed analysis of a catalytic dyad type glutamine amido-

transferase, to date, has been carried out in carbamoyl phos-

phate synthetase (Thoden et al., 1998). Assuming that the

mechanistic findings apply to the ImGP synthase bienzyme as

well, in principle, any glutaminase catalysis step—active site

cysteine-mediated attack of glutamine, thioester intermediate

formation, and thioester hydrolysis—could be affected by gluta-

minase active site unplugging. Characterization of a separate

glutaminase mutant with constitutive activity from another

GAT—anthranilate synthase—showed that a single amino acid

exchange close to the active site leads to the activation of

the catalytic cysteine. As a consequence, the formation of the

thioester, which was shown to be rate limiting for the overall

glutaminase reaction, was substantially accelerated (List et al.,

2012).
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Although we cannot exclude that the activating effect of the

Y138A and K181A exchanges is based on a similar mechanism,

the crystal structure of the [Y138A(HisH), K181A(HisH)] ImGP

synthase mutant suggests alternate activation mechanisms.

One option could be that unblocking of the glutaminase active

site facilitates access of bulk water to the glutaminase active

site, thus promoting hydrolysis of the thioester intermediate. A

second option could be an improved positioning of Asp98

(HisF) to participate in the glutaminase active site, due to removal

of the side chains of Tyr138 (HisH) and Lys181 (HisH). As Lys181

(HisH) is involved into a salt bridge with Asp98 (HisF), one could

speculate that removal of this interaction specifically leads to

increased conformational flexibility of Asp98 (HisF). However,

the effect of mutating Lys181 is actually weaker than that of

mutating Tyr138 (HisH). Alternatively, presenting a third option,

the opening of the channel gate might allow for a more efficient

transport of ammonia to the cyclase active site. Such mecha-

nism, favored by our observations, would be in agreement

with early studies, postulating that ammonia sequestration in

GATs would lead to product inhibition of glutaminase activity

in the absence of synthase activity (Messenger and Zalkin,

1979; Milman et al., 1980; Raushel et al., 1978), supporting clas-

sical and well-establishedmechanisms of catalysis regulation by

product inhibition (Frieden and Walter, 1963; Rudolph, 1979).

Whereas there is no doubt about the effect of cyclase

substrate binding (or related compounds) to induce coupled

glutaminase/cyclase catalysis, questions remain on the role of

specific cyclase residues that are remote from the cyclase active

site in this allosteric activation mechanism. Molecular dynamics

simulations and recent nuclear magnetic resonance (NMR) data

indicate that this signaling mechanism could be a rather

delocalized process with slow time scales (Amaro et al., 2007;

Liebold et al., 2010; Lipchock and Loria, 2010; Rivalta et al.,

2012). However, plugging/unplugging of the cyclase ammonia

tunnel gate, comparable to our findings, has not been discussed

in these contributions.

In addition, it remains unknownwhether the gate to the cyclase

ammonia tunnel (Figure 2B) forms a bottleneck in the transfer of

ammonia from the glutaminase to the cyclase active site (Amaro

et al., 2003; Douangamath et al., 2002; Myers et al., 2003) and

whether conformational changes of these tunnel residues can
9, December 21, 2012 ª2012 Elsevier Ltd All rights reserved 1595



Figure 6. Comparison of the Glutaminase

Active Sites of ImGPSynthase fromSaccha-

romyces cerevisiae, ImGP Synthase from

T. maritima, and Carbamoyl Phosphate

Synthetase from E. coli

The active site structures of the glutamine

complexes of ImGP synthase from T. maritima

(this contribution) and of CPS from E. coli (PDB

code: 1C3O) are shown. In the absence of an

available glutamine complex, the structure of the

covalent ImGP synthase-acivicin adduct from the

S. cerevisiae enzymewas used (PDB code: 1OX5).

(A) Glutaminase active site of ImGP synthase from

T. maritima.

(B) Glutaminase active site of ImGP synthase from

S. cerevisiae.

(C) Superposition of the glutaminase active sites of

ImGP synthase from T. maritima and S. cerevisiae.

(D) Glutaminase active site of CPS. Atom-type

colors are used (oxygen, red; nitrogen, blue;

carbon, blue, except for ligands [glutamine bound

to ImGP synthase from T. maritima, green; acivicin

bound to ImGP synthase from S. cerevisiae, cyan;

glutamine bound to CPS, magenta]). In (C), for

clarity of superposition, the carbon atoms of ImGP

synthase from S. cerevisiae are in dark blue.

Hydrogen bonds of the reactive side chain amido

group of bound glutamine (ImGP synthase from

T. maritima, CPS) are shown by dashed lines. The

oxyanion hole is properly formed in both gluta-

mine-bound structures, as indicated by the active

site-exposed main-chain amido groups of Gly52

(ImGP synthase from T. maritima) and Gly241

(CPS), which are marked by asterisks, thus es-

tablishing a catalytically competent conformation

of both glutaminase active sites. However, there

is no hydrogen bond provided by the oxyanion

hole nitrogen atom of Gly51 of ImGP synthase

S. cerevisiae, which is equivalent to Gly52 of the

T. maritima enzyme, as there is no functional

carbonyl group in acivicin (C and D). In a previous study (Chaudhuri et al., 2003), which compared inhibitor-bound structures of ImGP synthase from S. cerevisiae

and CPS, the preceding residue (Val50) was considered to provide its main-chain amido group for the formation of the oxyanion hole. Some additional key active

site residues are shown and labeled. In the CPS glutaminase active site there is no residue equivalent to Glu96 of ImGP synthase (T. maritima). In CPS, the

glutaminase active site cysteine was mutated into a serine (Ser261).
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be induced by glutaminase residues such as Tyr138(HisH), as

proposed previously (Chaudhuri et al., 2001). This is in agreement

with available biochemical data from various cyclase variants of

the T. maritima and yeast ImGP synthase, none of which indi-

cated increased and/or uncoupled glutaminase activity (Amaro

et al., 2005; Beismann-Driemeyer and Sterner, 2001; Myers

et al., 2003, 2005). However, the structural proximity of several

ammonia gate residues to the cyclase subunit (Figure 2B)

suggests that they may play a role in triggering conformational

changes of Tyr138(HisH) to unplug the glutaminase active site,

as part of the previously suggested allosteric mechanism of glu-

taminase activation by cyclase substrate binding. This hypoth-

esis, however, still needs to be further experimentally validated.

In conclusion, our findings, together with previous data

from several other laboratories, show that besides the general

purpose of ammonia transfer, each GATase system differs

substantially in terms of specific mechanism for glutaminase

regulation and ammonia transfer (Goto et al., 2004; Guédez

et al., 2012; Strohmeier et al., 2006). Taking our data together,
1596 Chemistry & Biology 19, 1589–1599, December 21, 2012 ª2012
a mechanism emerges for ImGP in which glutaminase activity

is induced by the unplugging of its active site (Figures 1 and 5).

A complete understanding of the underlying molecular mecha-

nism of ImGP synthase activity coupling, and possibly those of

related GATs, will require a precise tracing of the glutaminase

products, ammonia and glutamate, during the bienzyme catal-

ysis steps subsequent to glutaminase hydrolysis. Understanding

and having control over these parameters could ultimately

allow engineering of GATs with optimized glutaminase activities

that enable incorporation of nitrogen into novel heterocyclic

compounds.

SIGNIFICANCE

Living organisms have a fundamental requirement to

generate reactive nitrogen for incorporation into various

metabolites. The family of multifunctional glutamine amido-

transferases presents the most widespread category of

in situ nitrogen donors. These enzymes generate reactive
Elsevier Ltd All rights reserved
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ammonia by glutamine hydrolysis, followed by ammonia

transport via a sequestered tunnel and consumption by

enzyme-specific synthase activities. To avoid wasteful loss

of glutamine, its hydrolysis by the glutaminase needs to be

tightly linked with the synthase reaction. However, the

molecular mechanism of glutaminase/synthase catalysis

coupling has remained enigmatic. We chose the imidazole-

glycerolphosphate synthase as a model to investigate how

glutaminase activity could be induced in the context of

such multifunctional enzyme by a combined biochemical

and structural biology approach. Contrary to several

hypotheses in the field, we found that the active site of the

glutaminase subunit is in a catalysis-competent conforma-

tion in all conformational states we captured structurally

but bound substrate glutamine is not hydrolyzed to gluta-

mate and ammonia. Remarkably, when removing the bulky

side chains of two key residues in the glutaminase/synthase

interface, we observed a complete decoupling of the two

catalytic activities and an increase of constitutive glutamine

turnover by more than three orders of magnitude. Our find-

ings provide insights into catalysis coupling in glutamine

amidotransferases specifically andmultifunctional enzymes

in general. Our tools to control the amount of ammonia

production in imidazoleglycerolphosphate synthase could

be applicable to the efficient synthesis of other nitrogen-

containing compounds, and thus may lead to important

new applications in biotechnology and chemistry.

EXPERIMENTAL PROCEDURES

Materials

All chemicals, buffers, enzymes, and resins were purchased from commercial

sources. The synthesis of ProFARwas performed as previously described (Da-

visson et al., 1994).

DNA Manipulation and Sequence Analysis

Preparation of DNA, digestion with restriction endonucleases, and DNA liga-

tion were performed as described (Beismann-Driemeyer and Sterner, 2001).

Oligonucleotides were purchased from Metabion. DNA was amplified by

PCR using Taq or Pwo polymerase (Roche Diagnostics, Fermentas), extracted

from agarose gels using the QIAquick gel extraction kit (QIAGEN), and

commercially sequenced (Geneart) with standard methods.

Site-Directed Mutagenesis and Subcloning

The hisF mutant genes D98A, K99A, Q123A, and the hisHmutant gene Y138A

were produced by overlap extension PCR (Ho et al., 1989; Horton et al., 1989)

using the plasmids pET11c-hisF (Thoma et al., 1999) and pDS56/RBSII-hisH

(Beismann-Driemeyer and Sterner, 2001), respectively, as templates. The

hisF-D98A and hisF-Q123A genes were cloned into pET11c (Novagen), hisF-

K99A was cloned into pET24a (Novagen), and hisH-Y138A was cloned

into pDS/RBSII (Stüber et al., 1990). To confirm the introduced base sub-

stitutions and to exclude inadvertent point mutations, all mutated genes

were fully sequenced. The hisA gene, encoding N0-((50-phosphoribosyl)formi-

mino)-5-aminoimidazole-4-carboxamide-ribonucleotide (ProFAR) isomerase

from T. maritima, was amplified by PCR using pDS56/RBSII-hisA (Thoma

et al., 1999) as template and sub-cloned into pET21a (Novagen) using newly

introduced NdeI and NotI restriction sites. The expression of the hisA gene

from pET21a resulted in the addition of a C-terminal His6 tag to the recombi-

nant protein product.

Heterologous Gene Expression and Protein Purification

The HisF variants were produced by heterologous gene expression in Escher-

ichia coli strain BL21(DE3) (Stratagene). The HisH variants were produced in

Escherichia coli strain W3110DtrpEA2 (Schneider et al., 1981) containing the
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helper plasmid pDMI,1 as described for HisA from T. maritima (Thoma et al.,

1999). The recombinant protein products were purified from the soluble frac-

tion of the crude extract by heat precipitation of the host proteins (20 min at

70�C), followed by ion exchange chromatography. To this end, the supernatant

of the heat step was loaded onto a MonoQ column (HR 16/10, 20 ml, Pharma-

cia), which had been equilibrated with 50 mM potassium phosphate (pH 7.5).

The column was washed with the equilibration buffer, and bound protein was

eluted by applying a linear gradient of 0–1.5MNaCl. Fractionswith pure protein

were pooled and dialyzed extensively against 50 mM potassium phosphate

(pH 7.5). The HisF-K99A, HisH, and HisH-Y138A proteins were additionally

subjected to ammonia sulfate precipitation. To remove the ammonium sulfate

from the precipitated protein, the ammonium sulfate pellet was resuspended in

50 mM potassium phosphate (pH 7.5) and extensively dialyzed twice against

the same buffer. HisA from T. maritima was also produced by heterologous

gene expression in E. coli BL21(DE3) (Stratagene). The recombinant protein

was purified from the soluble fraction of the crude extract by heat precipitation

(15min at 73�C) of the host proteins, followed bymetal chelate affinity chroma-

tography. To this end, the extract was loaded onto a nickel Sepharose column

(HisTrap FF crude 5 ml; GE Healthcare) that had been equilibrated with 50 mM

potassium phosphate, 300 mM NaCl, 1 mM imidazole (pH 7.5). The column

was washed with the equilibration buffer, and the bound His6-tagged protein

was eluted by applying a linear gradient of 1–300 mM imidazole. Fractions

with pure protein were pooled and dialyzed extensively against 50 mM potas-

sium phosphate (pH 7.5). Based on SDS-PAGE analysis, the purity of all

samples was at least 90%. Yields were 2–6 mg of protein per gram of wet

cell mass. The proteins were dripped into liquid nitrogen and stored at�80�C.

Steady-State Kinetics

The glutamine- and ammonia-dependent cyclase activities of the ImGP

synthase bienzyme (Figures S4A and S4B) were measured at 25�C as previ-

ously described, using PrFAR produced in situ from ProFAR by HisA from

T. maritima as the substrate (Beismann-Driemeyer and Sterner, 2001; Klem

and Davisson, 1993). The values for Km
PrFAR and Vmax were deduced from

initial velocity measurements performed in the presence of various concentra-

tions of PrFAR. The glutaminase activity of ImGP synthase in the presence of

stimulating ProFAR was measured at 25�C, by following either glutamate (Fig-

ure S4C) (Beismann-Driemeyer and Sterner, 2001), or ammonia production

(Figure S4D), in a coupled enzymatic assay with glutamate dehyrogenase

(GDH) as the helper enzyme, and either NAD+ or NADH as the coenzyme.

The values for Km
Gln and Vmax were deduced from initial velocity measure-

ments performed in the presence of various concentrations of L-glutamine.

To circumvent the stimulating effect of NAD+ on glutaminase activity, gluta-

mate production in the absence of ProFAR was measured at 25�C in a discon-

tinuous assay, in the presence of saturating glutamine concentrations. To this

end, 150 ml aliquots of the reaction mixture were collected after 20, 40, and

60 min (3, 8, 13 min in the case of [Y138A(HisH), K181A(HisH)]), and spun

through a 10 kDa filter to remove ImGP synthase. Vmax was calculated from

the linear increase of produced glutamate with time, which was determined

with the help of GDH and NAD+. The precise reaction conditions are provided

in the Supplemental Experimental Procedures.

Crystallization

All crystallization experiments were carried out by the sitting-drop vapor-diffu-

sion method at 20�C, using drops consisting of protein at a concentration of

23–38mg/ml in a buffer containing 10mMTris-HCl, pH 7.5, 10 mMdithiotreitol

(DTT), and 2 ml reservoir solution (100 mM HEPES, pH 8.5, 15%–19% (w/v)

polyethylene glycol 8000, 45 mM ammonium nitrate/acetate, 5% (v/v)

methyl-2,4-pentane-diol, 10 mM DTT), supplemented with 20 mM L-gluta-

mine. Suitable crystals of the [Y138A(HisH), K181A(HisH)] ImGP synthase

variant were obtained by microseeding pre-equilibrated crystallization drops,

containing 12 mg/ml protein and 11% (w/v) polyethylene glycol 8000. All crys-

tals were cryo-protected in 20% (v/v) glycerol. Details of X-ray structure deter-

mination are described in the Supplemental Experimental Procedures.

Structure Analysis

The structural superpositions of ImGP synthase complexes were carried out

with SSM (Secondary-structure matching) (Krissinel and Henrick, 2004). The

interface areas (complementary colors) were determined with the program
9, December 21, 2012 ª2012 Elsevier Ltd All rights reserved 1597
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AREAIMOL from the CCP4 suite (Collaborative Computational Project,

Number 4, 1994; Lee and Richards, 1971). All structural graphics, including

the tunnel presentations, have been prepared with the Pymol software

(http://pymol.org/).

ACCESSION NUMBERS

The Protein Data Bank (PDB) accession numbers for the atomic coordinates

and structure factor amplitudes for the two complexes described in this paper

are 3ZR4 (glutamine complex) and 2WJZ ([Y138A(HisH), K181A(HisH)] ImGP

synthase variant).
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