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Abstract IGPS is a 51 kDa heterodimeric enzyme com-

prised of two proteins, HisH and HisF, that catalyze the

hydrolysis of glutamine to produce NH3 in the HisH active

site and the cyclization of ammonia with N0-[(50-phos-

phoribulosyl)formimino]-5-aminoimidazole-4-carboxamide-

ribonucleotide (PRFAR) in HisF to produce imidazole

glycerol phosphate (IGP) and 5-aminoimidazole-4-car-

boxamide ribotide (AICAR). Binding of PRFAR and IGP

stimulates glutaminase activity in the HisH enzyme over

5,000 and 100-fold, respectively, despite the active sites

being [25 Å apart. The details of this long-range protein

communication process were investigated by solution

NMR spectroscopy and CPMG relaxation dispersion

experiments. Formation of the heterodimer enzyme results

in a reduction in millisecond motions in HisF that extend

throughout the protein. Binding of lGP results in an

increase in protein-wide millisecond dynamics evidenced

as severe NMR line broadening and elevated Rex values.

Together, these data demonstrate a grouping of flexible

residues that link the HisF active site with the protein

interface to which HisH binds and provide a model for the

path of communication between the IGPS active sites.

Keywords Allostery � Protein dynamics �
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Abbreviations

AICAR 5-Aminoimidazole-4-carboxamide ribotide

CPMG Carr-Purcell-Meiboom-Gill

HisF-IGPS Isotopically labeled HisF in complex with

HisH

IGP Imidazole glycerol phosphate

IGPS Imidiazole glycerol phosphate synthase

(a heterodimer of HisF and HisH)

PRFAR N0-[(50-Phosphoribulosyl)formimino]-5-

aminoimidazole-4-carboxamide-

ribonucleotide

Introduction

The source of nitrogen for use in biosynthetic pathways is

commonly supplied in the form of ammonia produced by the

hydrolysis of glutamine by a class of enzymes known as

glutamine amidotransferases (Massiere and Badet-Denisot

1998; Zalkin and Smith 1998). Imidazole glycerol phos-

phate synthase (IGPS) is one such enzyme located at the

metabolic branch point of histidine and nucleotide biosyn-

thesis (Scheme 1). IGPS is found only in bacteria, some

plants and fungi, making it a potential therapeutic target

(Chaudhuri et al. 2001; Sinha et al. 2004). IGPS catalyzes

two reactions in two distinct and spatially separated active

sites (Fig. 1) (Chaudhuri et al. 2001; Douangamath et al.

2002; Omi et al. 2002). The first reaction is the hydrolysis of

glutamine to yield glutamate and NH3 by the glutaminase

domain of IGPS (also known as HisH) (Klem and Davisson

1993; Klem et al. 2001). The second reaction occurs in the

cyclase domain (also known as HisF) and involves the

incorporation of NH3 produced by HisH into the nucleotide

N0-[(50-phosphoribulosyl)formimino]-5-aminoimidazole-4-

carboxamide-ribonucleotide (PRFAR) to form imidazole
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glycerol phosphate (IGP) and 5-aminoimidazole-4-carbox-

amide ribotide (AICAR) (Klem and Davisson 1993; Klem

et al. 2001). After production, IGP continues along the his-

tidine biosynthetic pathway and AICAR is recycled in the de

novo synthesis of purines. In some species, such as S. ce-

revisiae, the cyclase and glutaminase activities reside on a

single 60 kDa polypeptide chain (Kuenzler et al. 1993;

Chittur et al. 2000); whereas in bacteria, including the

thermophile T. maritima, IGPS is a heterodimer composed

of two separate proteins, HisH (23 kDa) and HisF (28 kDa)

(Fig. 1).

The HisH glutaminase enzyme is a member of the type I

glutamine amidotransferase (GAT) family and possesses a

flavodoxin-like tertiary structure (Zalkin and Smith 1998).

The active site of HisH is comprised of three residues that

form a conserved catalytic triad of Cys84-His178-Glu180.

The mechanism of ammonia production from Gln involves

(1) thioester bond formation between the Gln substrate and

Cys84 and (2) hydrolysis to release NH3 and glutamate

(Chittur et al. 2001). In order to be an efficient nucleophile

in the cyclase reaction, NH3 must be sequestered from

solvent to prevent rapid conversion to NH4
? in aqueous

solution. To facilitate the necessary transfer of NH3 to the

cyclase active site, the sequential HisH and HisF reactions

are tightly coupled, in part by placing the HisH active site

in close proximity to the HisF/HisH interface (Fig. 1). The

ammonia molecule produced by HisH enters the interface

between HisF and HisH where it encounters a gate formed

by four universally conserved charged side chains from

residues within HisF. The four residues (Arg5, Glu46,

Lys99, and Glu167) are linked by salt bridges, which are

believed to aid in the exclusion of water from the b-barrel

core (Amaro et al. 2005). It is not clear whether these gate

residues move to allow NH3 to pass or if NH3 can simply

go around the gate (Douangamath et al. 2002; Amaro et al.

2005). There is no experimental data regarding the role of

motions in the access of NH3 to the ammonia tunnel.

Nevertheless, computational and structural studies (Chau-

dhuri et al. 2001; Douangamath et al. 2002; Amaro et al.

2007) as well as homology to other amidotransferases with

established NH3 tunneling (Rudolph and Stubbe 1995;

Krahn et al. 1997; Thoden et al. 1997) support a HisF/H

model in which NH3 passes the gate and enters a hydro-

phobic tunnel formed by the b-strands of the HisF (b/a)8

barrel (Fig. 1).

The hydrolysis of glutamine and its subsequent reaction

with PRFAR are tightly coupled chemical reactions despite

the two active sites being separated by [25 Å and residing

on different polypeptide chains (Fig. 1). The kinetic

mechanism is random sequential, indicating no preferred

order for the binding of Gln or PRFAR (Myers et al. 2003).

The tightly coupled nature of the two active sites was

demonstrated by kinetic studies that showed negligible

hydrolysis of Gln by HisH in the absence of bound ligand

at the HisF active site (Klem and Davisson 1993; Myers

et al. 2003). In the presence of the substrate, PRFAR, a

5,300-fold increase in basal Gln hydrolysis is observed

Scheme 1 Enzymatic reaction

catalyzed by the HisH and HisF

subunits of imidazole glycerol

phosphate synthase (IGPS)

Loop 1

HisH

HisF

25 Å

Cyclase Active Site

Glutaminase
Active Site

28 Å

Fig. 1 Structure of IGPS. Ribbon representation of the X-ray

structure of (Left) the HisF subunit of IGPS shown in blue and HisH

shown in gray. The two active sites are circled in magenta. On the

right a close-up view of the loop 1 conformation with (blue) and

without (light blue) inorganic phosphate bound to the HisF active site;

the dashed magenta line shows the 28 Å movement of the Ca carbon

of Asn25. The coordinates were from the 2.40 Å X-ray structure

(1GPW) (Douangamath et al. 2002) and depicted in MacPymol

(DeLano 2005)
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(Myers et al. 2003). This active site synchrony ensures that

Gln is not wasted by needless hydrolysis in the absence of

PRFAR and results in a 1:1 stoichiometry for the HisH:-

HisF reactions. Additionally, it has been found that the

product IGP has a reduced, but significant, effect on the

basal levels of Gln hydrolysis, resulting in a 110-fold

increase in kcat/Km (Myers et al. 2003). Together these data

suggest a model in which conformational changes propa-

gate from one active site to the other upon substrate

binding in HisF to enable catalysis. One such necessary

rearrangement identified in HisH is a proposed flipping of

the backbone carbonyl oxygen of Gly50 to stabilize the

oxyanion tetrahedral intermediate that forms after nucleo-

philic attack of Cys84 and prior to hydrolysis (Chaudhuri

et al. 2001; Sinha et al. 2004). Several mutations in HisF

have also been identified that alter active site coupling and

yield reaction stoichiometries ranging from 2:1 to greater

than 100:1 ratios for Gln hydrolysis:IGP/AICAR produc-

tion. A conformational change that could be involved in the

allosteric coupling between active sites is hinted at from

X-ray crystallography experiments in the presence and

absence of PO4
3-, a competitive inhibitor that mimics the

effects of PRFAR binding due to the two phosphate moi-

eties present in the substrate (Scheme 1). In the presence of

phosphate, loop1 in HisF (residues 19–31) occupies a

closed conformation (Fig. 1); however, in the absence of

active-site ligand the Ca of Asn25 moves 27 Å in a

direction away from the PRFAR binding site creating an

open loop conformation. Flexibility in this region is further

supported by a lack of electron density for regions of loop

1. Additionally, mutation of a universally conserved resi-

due located in loop 1, Lys19, to an arginine or alanine

results in an increase in the reaction stoichiometry to 3:1

and 43:1, respectively (Myers et al. 2003). The details of

how ligand binding at the HisF active site activates the

chemical reactivity of the HisH active site, which is over

25 Å away, are unknown.

Here we use solution NMR to begin to address these

questions. We focus on IGPS from T. maritima for four

primary reasons. (1) This enzyme is highly homologous to

those from bacteria and fungi. (2) Initial structural and

kinetic analysis has been completed on the system and

provides a framework for a more detailed study of the

mechanism of long-range communication in proteins. (3)

IGPS from T. maritima is particularly stable at higher

temperatures resulting in narrower NMR resonances. (4)

The proteins HisF and HisH can be expressed, purified, and

isotopically labeled individually to produce simplified

NMR spectra compared to their single-polypeptide chain

counterparts. Here we investigate the details of allosterism

in IGPS by NMR methods on monomeric HisF and hete-

rodimeric HisF (HisF-IGPS) in both the apo and IGP bound

forms.

Materials and methods

Protein expression and purification

HisF from T. maritima was expressed, purified and pre-

pared for NMR study as previously described (Lipchock

and Loria 2008). The full length gene for HisH was cloned

from T. maritima genomic DNA into the pET43.1b(?)

vector between the NdeI and XhoI restriction sites to yield

a C-terminally histidine tagged HisH construct. For routine

preparations, the C-His-HisH plasmid was transformed into

Rosetta(DE3) cells (Novagen) and 1.0 mL of a 20 mL LB

overnight culture was used to inoculate 1.0 L of LB with

100 lg/mL ampicillin. Cells were allowed to grow at 37�C

until the OD600 reached 0.9, at which point protein

expression was induced with 1.0 mM IPTG. Cells were

harvested by centrifugation after 4 h and lysed by sonica-

tion in 5 mL lysis buffer (10 mM Tris pH 7.5, 10 mM

CAPS, 0.3 M NaCl, 1 mM b-mercaptoethanol) per gram of

wet cells. The cell debris was removed by centrifugation at

10,5009g for 30 min. The supernatant was applied to a

Ni/NTA (Qiagen) gravity column and was washed with

10 mM Tris pH 9.5, 10 mM CAPS, 0.3 M NaCl, 1 mM

b-mercaptoethanol and 10 mM imidazole. Purified HisH

was eluted with 10 mM Tris pH 9.5, 10 mM CAPS, 1 mM

b-mercaptoethanol and 250 mM imidazole and dialyzed

into 10 mM HEPES pH 9.5 and 10 mM glycine. The iso-

lated HisH protein was complexed with HisF immediately

after dialysis. Complex formation was achieved by binding

an excess of purified HisH to a Ni gravity column and then

adding purified labeled HisF. The column was then sealed

and allowed to rotate at 4�C for 30 min. Bound protein was

washed and eluted as above. NMR samples were dialyzed

into 10 mM HEPES pH 9.5, 10 mM KCl, 0.5 mM EDTA,

1 mM DTT, 5% D2O and concentrated to *1 mM and

carefully adjusted to pH 7.3 with 1 M HCl to precipitate

excess HisH, which was subsequently removed by

centrifugation.

NMR assignments

All NMR data were collected on Varian 600 and 800 MHz

spectrometers at 30�C equipped with pulsed field gradients

and triple resonance probes. Spectra were processed using

NMRPipe (Delaglio et al. 1995) and analyzed with Sparky

(Kneller and Kuntz 1993). Backbone resonances for per-

deuterated 15N HisF complexed with unlabeled HisH (HisF-

IGPS) were assigned by comparing 1H–15N two-dimen-

sional TROSY spectra for the assigned HisF enzyme with

IGPS (HisF/HisH complex). Ambiguities were resolved by

collecting a TROSY-based HN(CA)CB experiment (Per-

vushin et al. 1997) on a perdeuterated 15N, 13C HisF sample

complexed with unlabeled HisH. 97 and 87% of the
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backbone resonances were assigned in the HisF and HisF-

IGPS forms, respectively.

R2 measurements

Transverse relaxation rates (R2) were measured using the

TROSY-detected R2 experiment (Zhu et al. 2000).

Experiments for perdeuterated 15N HisF were collected at

14.1 T at 30�C in 10 mM MES pH 6.7 with 10 mM KCl,

1.0 mM EDTA, 1.0 mM DTT and 5% D2O. The 1H

spectral width was set to 10,000 Hz and the 1H carrier

frequency centered on the water resonance. The 15N

carrier frequency was centered at 120 ppm with a 15N

spectral width of 2,400 Hz. 24 transients were collected

for each of 128 t1 points. The recycle delay was set to

2.0 s. R2 values were measured from the mono-expo-

nential decay of peak heights collected with eight dif-

ferent relaxation delays: 0.0, 9.5, 19.0, 38.0, 57.0, 76.0,

114.0 and 190.0 ms. Error analysis was achieved by

collecting duplicate spectra with relaxation delays of 9.5

and 76.0 ms. Peak heights were measured using a modi-

fied Sparky ‘rh’ command which utilizes a 3 9 3 grid

placed on the peak center.

Experiments for perdeuterated 15N HisF-IGPS were

performed at 14.1 T at 30�C in 10 mM KH2PO4 H 7.2 with

1.0 mM EDTA, 1.0 mM DTT and 5% D2O. The 1H fre-

quency was centered at the water resonance with a spectral

width of 7,500 Hz. The 15N carrier frequency was centered

at 120 ppm with a 15N spectral width of 2,600 Hz. 32

transients were collected for each of 128 t1 points. The

recycle delay was set to 2.0 s. R2 values were measured

from peak heights measured in spectra collected with two

relaxation delay times: 0.0 and 18.9 ms. Experiments were

collected in an interleaved fashion for a total of 10 spectra

(3 9 0.0 ms, 7 9 18.9 ms). R2’s were calculated using the

constant time approximation

R2 ¼
�1

T

� �
ln

IT

I0

ð1Þ

in which T is the total relaxation time, 19.8 ms in this case

and IT/0 are the NMR peak intensities, measured as above

with a modified Sparky ‘rh’ command, for relaxation times

T ms and 0 ms (reference spectrum), respectively.

Detection of ls–ms motions

Microsecond–millisecond protein dynamics were identified

and characterized using an interleaved pseudo-four-

dimensional TROSY relaxation-compensated CPMG

(rcCPMG) experiment (Loria et al. 1999a, b) with a heat

compensation pulse train during the recycle delay. To

quantitate the contribution of ls–ms motions to the trans-

verse relaxation rate, R2 was measured as a function of scp,

the interpulse delay in the CPMG pulse train. Because only

a single static magnetic field strength was used and no

attempt was made to quantitate chemical shift differences

(Dx) or populations (pA/B) of conformationally exchanging

sites the simplified, fast-limit expression was used to fit to

the relaxation dispersion data (Luz and Meiboom 1963).

R2 s�1
cp

� �
¼ R2 scp !1

� �
þ Rex

1� 2 tanh
kexscp

2

kexscp

" #
ð2Þ

In Eq. 2 kex is the sum of the forward and reverse

exchange rate constants, Rex ¼ pApBDx2

kex
, scp is the delay

between 1808 refocusing pulses, and R2 scp !1
� �

is the

transverse relaxation rate in the limit of infinitely fast

pulsing. Transverse spin-relaxation data using the rcCPMG

experiment for the apo and IGP bound forms of monomeric

HisF were acquired at 600 MHz with interpulse delays, scp,

of 0.0, 0.625, 0.714 (92), 1.0, 1.25, 1.67, 2.0, 2.50 (92),

3.33, 5.0, and 10.0 ms during the nitrogen relaxation period

for a constant, total relaxation time of 40 ms (Mulder et al.

2001). Data for the apo and IGP-bound forms of HisF-

IGPS were acquired at 800 MHz with the relaxation period

as described above for monomeric HisF. Due to reduced

signal-to-noise, additional relaxation data for IGP-bound

HisF-IGPS were collected at 800 MHz with interpulse

delays of 0.625 and 6.25 ms for a total relaxation delay of

25 ms. Dispersion analysis was completed for the

monomeric and apo-complexed forms of HisF by fitting

Eq. 2 to the relaxation data using in-house processing

scripts as described previously (Beach et al. 2005).

IGP titrations

IGP (Toronto Research Chemicals) was dissolved in the

appropriate NMR buffer and the pH adjusted to 6.7 for

titration to monomeric HisF and 7.3 for HisF-IGPS. For

HisF, 1H–15N two-dimensional TROSY spectra were col-

lected at the following concentrations: 0.1, 0.2, 0.5, 1.0,

2.0, 5.0 and 10.0 mM IGP. For HisF-IGPS, spectra were

collected at 0.6, 1.4, 2.8, 4.1, 6.8, 9.3 and 11.8 mM IGP.

IGP titrations for both HisF and HisF-IGPS were pre-

formed at 308 C at 14.1 T. For 2H, 15N HisF, 32 transients

were collected for each titration point. For 2H, 15N HisF-

IGPS, 48 transients were acquired due to the reduced sig-

nal-to-noise of the larger HisF-IGPS molecule. In both

HisF and HisF-IGPS, saturation by IGP was noted by

monitoring the shift of NMR resonances upon increasing

[IGP] until no further shift was observed. Dissociation

constants for IGP were estimated from the NMR titration

series with IGP. This value was determined for HisF and

HisF-IGPS by a global fitting of data from multiple amino

acid residues that experience chemical shifts greater than

1r from the protein-wide average value.
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Results

NMR assignments and HisF-IGPS formation

The amino acid assignments for 97% of the backbone
1H–15N resonances of HisF haven been determined as pre-

viously published (Lipchock and Loria 2008) (Fig. 2). The

heterodimer HisF-IGPS complex was formed as described in

‘‘Methods’’ and was confirmed by tryptophan fluorescence

spectroscopy and gel filtration (not shown). As shown in

Fig. 3a, the 90% trimmed mean R2 for 15N-HisF increases

from 13.93 ± 2.06 to 33.43 ± 8.23 s-1 in the presence of

stoichiometric amounts of HisH, indicative of an increased

rotational correlation time and formation of HisF-IGPS. The

resonances for 87% of the backbone 1H–15N resonances of

HisF-IGPS have also been assigned as described in

‘‘Methods’’ (Fig. 2). Mapping of chemical shift perturba-

tions upon formation of IGPS yields a patch of residues with

DdC.S. [ 0.4 ppm localized at the proposed HisF/HisH

interface (Fig. 3b–c). However, residues as far as 25 Å from

the HisH/HisF interface experience DdC.S. greater than one

standard deviation from the average. Of particular interest is

residue Lys19, which has a Ddc.s. = 0.18 ppm and has been

demonstrated by mutagenesis and X-ray crystallography to

be involved in a ligand binding-induced conformational

change. Chemical shift data suggests that the HisH binding

platform is comprised primarily of residues in the loop

connecting a2/b3 and the N- and C-terminal tails of HisF.

Interestingly, five of the twelve residues at the interface for

which significant chemical shift perturbations are measures

are charged (Lys4, Glu41, Asp74, Asp98, Arg249). Addi-

tionally, Gln123, which has been implicated in a hinging

mechanism for the glutaminase activation in HisH, experi-

ences a Ddc.s. = 0.38 ppm, despite being over 15 Å from the

region where the residues with the largest chemical shift

perturbations are concentrated.

IGP titration

The effects of ligand binding on glutaminase activity in

IGPS have previously been studied and revealed increased

glutamine hydrolysis in the presence of PRFAR, as well as

the two reaction products AICAR and IGP (Myers et al.

2003). While the increase in glutaminase activity for HisH

is greatest for PRFAR binding (kcat/KM increases 5,300-

fold relative to basal levels), AICAR and IGP increase

kcat/KM for glutamine hydrolysis relative to basal levels by

2.6 and 110-fold, respectively. To probe the structural and

dynamic effects that ligand binding has on HisF-IGPS, IGP

was titrated into perdeuterated 15N-labeled HisF and HisF-

IGPS. For monomeric HisF, a global fit of 25 residues with

Dd values greater than 1r from the average yielded an

estimate of the IGP dissociation constant of 2.8 ± 0.3 mM.

For HisF-IGPS, 19 residues were fit globally to obtain a Kd

estimate = 0.5 ± 0.1 mM.

As shown in Fig. 4, significant line broadening occurs in

HisF upon titration with IGP, preventing the observation of

55 backbone resonances previously present in the apo form

(Fig. 4). These residues are not solely localized to the IGP

binding site (loops 7 and 8), but rather spread throughout the

cyclase active site with nearly all of loop 1 experiencing

severe broadening. Additionally, in rather striking fashion

resonance broadening extends from the cyclase active site

into the b-sheets that comprise the core of the protein with

significant broadening in b1-4, b7 and b8. This path of

broadened residues provides a direct network that connects

the cyclase active site of HisF with HisH. Figure 4 also

shows that, like the case for complex formation, chemical

shift perturbations upon binding of IGP are not localized to

the expected binding site, but rather extend to opposite ends

of the protein with two of the four largest shifts occurring

for residues Arg5 and Val234 located at the HisF/HisH

interface. Of additional significance is the fact that Arg5 is
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Fig. 2 1H–15N TROSY NMR spectrum of HisF in a as a monomer

and b in 1:1 complex with HisH to form HisF-IGPS. Selected amino

acid assignments are shown on each. The spectra were acquired at

14.1 T, 303 K at pH = 7.3. Each spectrum is the result of 128 t1 and

512 t2 points with spectral widths of 2,500 and 10,000 Hz,

respectively
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one of the four universally conserved residues that form salt

bridges at the opening of the HisF b-barrel believed to

function as a gate for ammonia tunneling.

Titration of IGP into 15N-labeled HisF-IGPS yields a

similar result with 38 residues becoming broadened beyond

detection (Fig. 5). Similarly, resonances in loops 1 and 7

are lost to exchange broadening, however, b1 and b4

experience reduced broadening effects. Broadening effects

to b2 and b8 are largely unknown due to a lack of

assignments for these amino acid sites in 15N-HisF-IGPS.

Chemical shift perturbations are similar to HisF, however,

and extend beyond the cyclase active site to the protein

interface.

Protein dynamics

Transverse relaxation rates (R2 ¼ 0:5R2;in þ 0:5R2;antiþ
Rex) with a scp value = 0.625 ms have been measured for

HisF and HisF-IGPS in the presence and absence of IGP

(Fig. 6). In these measurements R2,in and R2,anti are the

in-phase 15N and antiphase 1H/15N transverse relaxation

rates and Rex is the additional contribution due to

conformational exchange effects. Elevated R2 values are

observed for numerous residues suggesting the possible

presence of ls–ms motions in these regions for apo HisF,

IGP-bound HisF, apo HisF-IGPS and IGP-bound HisF-

IGPS. To further investigate the possibility of ls–ms

motions in IGPS, R2 values were measured at short and

long spin-echo pulse delays (Loria et al. 1999a, b) to reveal

any differences between the two and thereby identify res-

idues involved in a conformational exchange process

(Fig. 7). For apo HisF five residues exhibit significantly

elevated DR2: Thr21, Lys37, Lys99, Ala200 and Phe229

(Fig. 7a). Of particular note, are Thr21 and Lys99. Thr21 is

located in loop 1, believed to be involved in a ligand

induced conformational change. Lys99 is one of four uni-

versally conserved residues that form salt bridges at the

entrance into the HisF b-barrel at the HisF/H interface.

Biochemical studies reveal that mutation of Lys99 leads to

a dramatic alteration in the PRFAR:Gln reaction stoichi-

ometry. In IGP-bound HisF, four out of the five of these

residues become broadened beyond detection, additionally,

several residues near the HisF/H interface and in loop 6

acquire elevated DR2 (Fig. 7c).

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0

20

40

60

80

100

120

0 50 100 150 200 250

IGPS Mean: 33.43 ± 8.23 s-1

HisF Mean: 13.93 ± 2.06 s-1

R
2 

(s
-1

)

Residue Number

b

c

Residue Number

50 100 150 200 2500

a

Q123

A3
D98 E41

K19
D28

L250

A3

D98

A204

L250

E41
D28

K19

D74

Q123

HisH

HisF

K68

I168

G205T178

Fig. 3 Formation of the IGPS heterodimer. a Transverse relaxation

rates (R2) as a function of amino acid sequence for HisF (green) and

HisF in 1:1 with HisH (HisF-IGPS) (blue). In b chemical shift

changes in HisF upon interaction with 1 molar equivalent of HisH

calculated using Dd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDd2

HN þ Dd2
NH=25Þ=2

q
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In the IGPS heterodimer, the majority of apo HisF

backbone amide sites do not exhibit Rex [ 0 s-1 (Fig. 7b).

However, upon binding of IGP the trimmed mean DR2

increases slightly from -0.57 ± 3.54 to 0.47 ± 4.01 s-1

and at least two residues (Val33 and Ala216) have values

elevated above the average. Given that 18% of amide

positions are exchange broadened by IGP binding, this

slight overall increase in DR2 is a lower limit of the total

effect (Fig. 7d).

To provide a more complete view of ls–ms motions in

IGPS, TROSY-CPMG based dispersion analysis was

completed on the apo and IGP bound forms of HisF and

HisF-IGPS as described in the methods (Fig. 8). Data for

IGP bound IGPS proved to have too low a signal-to-noise

ratio and too severe exchange broadening for meaningful

analysis. Measurements on both apo forms revealed no

residues with measurable dispersion; however, the IGP

saturated HisF enzyme yielded 18 residues amenable to

dispersion analysis. These residues are located throughout

the protein, but are concentrated in loop 1, the region

connecting a1 and b2, a3 near the PRFAR binding site, and

a4 at the HisF/H interface. Furthermore, when the Rex term

measured from dispersion analysis using the fast-limit

Eq. 2 is plotted versus the square of the 15N shifts

((2p 9 Dd)2) between apo HisF and IGP bound HisF, a

linear relationship is obtained with a correlation coefficient

of 0.82, excluding residues Thr142, Val17, Leu65, Val190,

and Ala220 (Fig. 9). T142 is located in the cyclase active

site and has a significantly increased value for Dd, relative

to the other residues plotted in Fig. 9. We hypothesize that

Dd is elevated for this value because of direct interaction

with IGP, which precludes its inclusion in this analysis as

the Dd value measured is a combination of conformational

and chemical effects. Val17, Leu65, Val190 and Ala220

were excluded because the Dd values measured were

considered too small (0.017–0.131 ppm) relative to the Rex
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measured to yield physically meaningful populations and

exchange rates relevant to the IGP binding process. We

believe these residues must be reporting on a different

conformational exchange process for which Dx values are

currently unknown. For the remaining 13 residues in

Fig. 9, given that Rex ¼ pApBDx2

kex
, this linear relationship

indicates that papb/kex is constant and the exchange motion

for this set of nuclear spins is a single, global process

(Massi et al. 2006) between an IGP bound conformation

and an apo-like conformation, even in the presence of IGP.

Discussion

The Monod-Wyman-Changeaux (MWC) (Monod et al.

1965) and Koshland-Nemethy-Filmer (KNF) (Koshland

et al. 1966) models of protein allostery have proven useful

for describing many experimental observations. Nonethe-

less the mechanistic details of allosterism have only been

described for a limited number of proteins (Schachman

1988; Eaton et al. 1999; Kimmel and Reinhart 2000).

Recent advances in solution NMR spectroscopy have

provided further insight into the mechanism of allosterism

(Stevens et al. 2001; Volkman et al. 2001; Velyvis et al.

2007; Boyer and Lee 2008; Bhattacharya et al. 2009;

Bruschweiler et al. 2009), but much remains to be done.

IGPS differs from these previous examples in that the

allosteric activation by PRFAR or IGP essentially ‘turn-on’

an enzyme with negligible catalytic activity and the acti-

vation results in synchronization of the two active sites

such that the net stoichiometry of Gln hydrolysis and AI-

CAR/IGP synthesis is 1:1.
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There are several observations that suggest a possible

role for protein motions in the allosteric properties of IGPS.

(a) Upon formation of heterodimeric IGPS there is an

overall decrease in residues experiencing ms motions and

there are significant protein-wide changes in chemical

shifts. These changes appear to be mainly of dynamic origin

because the X-ray crystal structure for HisF and HisF-IGPS

differ by only 0.67 Å (Lang et al. 2000; Douangamath et al.

2002). (b) The binding of IGP, which stimulates gluta-

minase activity by two orders of magnitude, results in an

increase in conformational exchange for both HisF and

HisF-IGPS as evidenced by severe line broadening of 23

and 18% of assigned residues, respectively. Additionally,

CPMG dispersion analysis reveals an increase in ls–ms
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motions throughout HisF upon IGP binding, including

residues in loop 1 and in the loops comprising the interface

with HisH between a1–b2 and a2–b3. These data establish

a dynamic link between the active site of HisF and its

interface with HisH. Plotting Rex for residues with mea-

surable dispersion curves in IGP bound HisF with respect to

the 15N (2p 9 Dd)2 values for the IGP titration yields a

linear slope, indicative of a single, global process. This

relationship suggests that the Rex measured reflects a two-

state conformational exchange between the apo and a

conformation that resembles the IGP bound state that can

work in a concerted fashion to relay binding in the cyclase

active site to the HisF/H interface, providing a framework

for activation of the glutaminase active site in HisH. The

time scale of these motions as estimated from a global

analysis of the CPMG dispersion data in Fig. 8 is

2,300 ± 160 s-1 (not shown) or based on the slope in

Fig. 9 and an estimate of papb is *500 s-1. In either case,

the time scale is faster than the overall catalytic rate con-

stant indicating that these motions would not present a
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bottleneck to enzyme turnover. Dispersion experiments at a

second static magnetic field will resolve this ambiguity.

Despite this progress, the allosteric mechanism in IGPS

remains to be determined. The observation that binding of

HisH to HisF results in quenching of motions in HisF is

consistent with the KNF model of allosterism that requires

consideration of a subunit–subunit interaction constant, K

(Koshland et al. 1966). However, the CPMG relaxation

dispersion data that suggest a propensity of HisF to

exchange between ligand bound and ligand free confor-

mations is consistent with the MWC model (Monod et al.

1965), though not exclusive of the KNF model of allo-

sterism (Yu and Koshland 2001). Lastly as noted, several

mutations disrupt the 1:1 stoichiometry between the two

active sites. All of these mutations are at or near sites that

exhibit flexibility, either evidenced by CPMG dispersion

profiles or by exchange broadening. To address these

questions additional experiments to examine the effects of

PRFAR and to investigate how ligand binding alters the

physical properties of HisH are required.
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