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1. Summary

The allosteric mechanism of the heterodimeric enzyme imidazole glycerol phosphate synthase was
studied in detail with solution NMR spectroscopy and molecular dynamics simulations. We
studied IGPS in complex with a series of allosteric activators corresponding to a large range of
catalytic rate enhancements (26 — 4900 fold), in which ligand binding is entropically driven.
Conformational flexibility on the millisecond timescale plays a crucial role in intersubunit
communication. Carr-Purcell-Meiboom-Gill relaxation dispersion experiments probing lle, Leu,
and Val methyl groups reveal that the apo- and glutamine-mimicked complexes are static on the
millisecond timescale. Domain-wide motions are stimulated in the presence of the allosteric
activators. These studies, in conjunction with ligand titrations, demonstrate that the allosteric
network is widely dispersed and varies with the identity of the effector. Further, we find that
stronger allosteric ligands create more conformational flexibility on the millisecond timescale
throughout HisF. This domain-wide loosening leads to maximum catalytic activity.

2. Introduction

The functional implications of direct interactions between enzyme and ligand due to
electrostatic and hydrophobic contacts are often readily rationalized from structural and
kinetic data,(Wolfenden et al., 2001) however an understanding of how these binding
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interactions are propagated to remote sites is often less clear. Nonetheless, an enzyme’s
ability to leverage the free energy of effector ligand binding to coordinate structural and
dynamical changes over long molecular-scale distances is a hallmark of allostery. Given the
central role of allostery in a variety of biological processes, including its functional
regulation of enzymatic reactions, allostery has been the object of scientific inquiry for
decades(Koshland Jr. et al., 1966; Monod et al., 1965; Tsai et al., 2014) and several well-
defined structural,(Daily et al., 2009; Demerdash et al., 2009; Fairman et al., 2011;
Laskowski et al., 2009; Popovych et al., 2009) energetic,(Hilser, 2010; Hilser et al., 2012;
Motlagh et al., 2012; Motlagh et al., 2014) and dynamic (Bahar et al., 2007; Bakan et al.,
2009; Gunasekaran et al., 2004; Ming et al., 2005; Popovych et al., 2006; Rivalta et al.,
2012; Rousseau et al., 2005; Tzeng et al., 2009) models exist to describe this phenomenon.
Additionally, it has also recently been demonstrated that multiple allosteric models can be
operative in a single enzyme.(Freiburger et al., 2011; Freiburger et al., 2014)

The glutamine amidotransferase imidazole glycerol phosphate synthase (IGPS) is an
allosteric enzyme that lies at the branch point of purine and histidine biosynthetic pathways
of bacteria, archea, plants, and fungi.(Chaudhuri et al., 2001; Myers et al., 2005; Sinha et al.,
2004) IGPS from Thermatoga maritimais a 51 kDa heterodimeric complex of HisH (23
kDa) and HisF (28 kDa) enzymes that synchronizes two distinct catalytic reactions in active
sites separated by over 25 A.(Beismann-Driemeyer et al., 2001) HisH catalyzes the
hydrolysis of glutamine (GlIn) to yield glutamate and ammonia after which HisF utilizes the
newly generated NHs in the cyclization of its substrate, N’-[5/-
phosphoribulosyl)formimino]-5-aminoimidazole-4-carboxamide-ribonucleotide (PRFAR) as
shown in Figure 1. The mechanism of PRFAR cyclization to yield imidazole glycerol
phosphate (IGP) and 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) has been
described in detail. (Beismann-Driemeyer et al., 2001; Chaudhuri et al., 2001; Chaudhuri et
al., 2003) PRFAR cyclization is dependent on successful production, sequestration, and
translocation of NHj3 that is generated nearly 30 A from the HisF effector site, and the
glutaminase and cyclization reactions are tightly coupled in a 1:1 stoichiometry (Chaudhuri
et al., 2001) despite occurring in different enzyme subunits.

In the absence of HisF-bound PRFAR, the rate of GIn hydrolysis in the HisH subunit is
negligible (1.2 x 1073 s~1)(Myers et al., 2003) but PRFAR binding stimulates the
glutaminase subunit, enhancing this basal rate of NH3 production by 4900-fold. We have
previously shown by nuclear magnetic resonance (NMR) spectroscopy that PRFAR binding
allosterically activates a network of dynamic amino acid residues in IGPS. This network is
significantly different and strengthened compared to apo IGPS.(Lipchock et al., 2010;
Rivalta et al., 2012) Thus, binding of PRFAR to HisF converts the rigid apo enzyme to one
that undergoes protein-wide conformational exchange motions on the millisecond timescale.
(Lipchock et al., 2009, 2010) A subsequent computational analysis further demonstrated that
molecular motions were involved in propagating allosteric information from the PRFAR
binding site to the HisF/HisH interface.(Manley et al., 2013; Rivalta et al., 2012) In
particular, communication among dynamic clusters determined from network analysis is
more robust when PRFAR is bound compared to the loosely connected communities of the
apo enzyme. The network of dynamic residues identified in NMR and computational studies
represents a putative allosteric pathway involving a-helices within HisF (%2, 73) and HisH
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(ha1)l, extending from the PRFAR binding site to the dimer interface and beyond to the
HisH glutaminase active site. Importantly, this work showed that PRFAR binding causes a
merger of two separate community networks and the location of this merger is adjacent to
the bond in PRFAR that is eventually cleaved upon reaction with NHz.(Rivalta et al., 2012)
Furthermore, NMR and computational studies provided little evidence for large amplitude
ligand-induced structural changes in IGPS, instead suggesting that ligand binding activates
ms molecular motions that enable glutaminase chemistry to occur by allowing sampling of
the active conformation with the appropriate dipolar stabilization of the developing oxyanion
on the glutamine substrate.(Lipchock et al., 2010; Rivalta et al., 2012) The motions induced
by PRFAR are widespread throughout the HisF subunit, however other ligands that bind to
the PRFAR site were shown to activate glutaminase activity, albeit to a lesser amount than
PRFAR. This observation prompted the need to investigate whether a single allosteric
network or multiple delocalized pathways are responsible for allosteric information transfer.

In order to further elucidate pathways in this intricate allosteric network, we examined the
effects of the binding of a series of small molecule allosteric activators on the
conformational motions in IGPS. These allosteric ligands stimulate glutaminase activity in
IGPS to varying degrees, with PRFAR being the most activating followed by the
combination of IGP and AICAR, IGP alone, and AICAR alone.(Myers et al., 2003) The
enhancement of glutamine catalysis over the basal level is 4900, 330, 110, and 26 fold for
PRFAR, AICAR & IGP, IGP, and AICAR, respectively. Here, we detail the effects of the
binding of these ligands on the structure and dynamics of IGPS. We studied binary
complexes of IGPS with each of these effectors and ternary complexes that mimic the
catalytic state of GIn- and PRFAR-bound IGPS by utilizing the covalently bound Gin
analogue, acivicin.(Chittur et al., 2001) NMR analysis of the individual IGPS-ligand
complexes highlight a widely dispersed and effector-dependent allosteric network in this
enzyme and show that each of these ligands is capable of stimulating ms motions in the HisF
domain and beyond, however the number and location of these dynamic residues is variable.
Interestingly, the degree to which each allosteric ligand induces conformational flexibility is
intertwined with its ability to activate the enzyme.

3. Results

Allosteric Ligand Binding is Entropically Driven

Isothermal titration calorimetry (ITC) experiments demonstrated that PRFAR binding is an
endothermic and entropically driven process AH = 6.3 = 0.04 kcal/mol and -TAS=-14.5

+ 0.06 kcal/mol at 298 K.(Lipchock et al., 2010) Endothermic ITC binding profiles for the
other activating ligands, IGP and AICAR, are also observed (Figure 2). The ITC-derived Kq4
for IGP is 0.5 mM and is within a factor of 3 of its apparent activation constant.(Myers et al.,
2003) The unfavorable binding enthalpy of IGP (AH = 1.34 kcal/mol) is compensated by an
entropic gain (-TAS = -5.89 kcal/mol) that drives the spontaneous process. The binding of
AICAR yields reproducible isotherms with minimal enthalpy change, complicating
quantitation of the integrated heat. However, previous kinetic reports(Myers et al., 2005;

I\We use lower case, italicized Fand /7 when specifically referring to residues or secondary structure elements in the HisF or HisH
subunits, respectively.
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Myers et al., 2003) as well as NMR data from this work conclusively show that AICAR
binds to IGPS. The Kj for AICAR obtained from NMR lineshape analysis (Fig. S2) is 1.5
+ 0.2 mM, and based on this value and an estimated calorimetric AH~ 0, —-TAS for AICAR
binding is approximately —3.5 kcal/mol. The lineshape derived Ky value for AICAR is
similar to its apparent activation constant, K.t (1.3 mM) obtained from kinetic data.(Myers
et al., 2003) Interestingly, these ITC data show a correlation between degree of glutaminase
activation by a particular allosteric ligand and the magnitude of the increase in TAS.

Allosteric Ligands Cause Small but Measurable Chemical Shift Changes

The NMR chemical shift parameter is exquisitely sensitive to the three-dimensional structure
of proteins. To assess changes in the structure of IGPS caused by the formation of binary
(IGPS and various effector ligands) and ternary (IGPS, effector ligand and the covalent GIn
analogue, acivicin) complexes with AICAR, IGP, AICAR & IGP, and PRFAR, the chemical
shifts of Ile, Leu, and Val (ILV) methyl groups as well as IH-15N backbone amide
resonances were monitored in a series of 1H-13C HMQC (Tugarinov et al., 2004; Velyvis et
al., 2009) and 1H-1°N TROSY (Pervushin et al., 1997) NMR spectra, respectively, during a
titration with the ligands until IGPS was saturated. PRFAR and IGP cause the most
substantial changes in HisF chemical shifts (Figure 3) yet the majority of shifts are less than
25 parts per billion (ppb). AICAR binding has an even smaller effect. Interestingly,
somewhat larger chemical shift perturbations reappear when AICAR is titrated together with
IGP.

Combined chemical shift differences (A81q13¢c) reporting the magnitudes of perturbations
following formation of the IGPS ternary complexes were determined from

Ab o= \/A63H+(0.251A513C)2, where A1 and AS13C are the chemical shift
differences between the effector-saturated and apo IGPS. Significant perturbations
determined from the 10% trimmed mean of the AS81H13¢ values are mapped onto the HisF
structure for each ternary complex (Figure 3), highlighting regions of IGPS that are most
sensitive to the presence of allosteric ligands. Several residues in close proximity to the HisF
binding pocket experience the largest chemical shift changes in the presence of these
effectors. The .50 methyl groups located in the HisF binding pocket and are within 3.5 A
of PRFAR, appear particularly sensitive to ligand binding, as these chemical shifts are
perturbed in the presence of every effector tested with the exception of AICAR (Fig. S4).
Further, effector binding poses obtained from 100 ns MD simulations detail the effect of
HisF ligands on the A/48, .50 and 7A52 cluster at the B2 strand, as previous results have
indicated that these hydrophobic contacts are part of the IGPS allosteric pathway originating
at the HisF binding pocket. Here, PRFAR binding induces disruption of the A.48-1.50
interaction, which is present in the apo enzyme, in favor of a new A.50-7A52 contact (Fig.
S4c), thereby altering hydrophobic interactions with the nearby Loop 1 and %2 helix
(Rivalta et al., 2012). The MD trajectories indicate that IGP is strongly bound to IGPS via
the glycerol phosphate moiety and its motion does not interfere with those of the B2
hydrophobic residues (Fig. S4b). AICAR, however, is also mobile at the HisF active site,
weakening the A.50-7A52 contact and imposing a configuration of these residues different
from that of PRFAR. This outcome is consistent with NMR data (Fig. S4d) indicating that
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the /.50 resonance is not affected by the AICAR titration while it is sensitive to IGP,
AICAR & IGP, and PRFAR titrations, which alter the hydrophobic 2 cluster upon binding.

These small chemical shift perturbations caused by the allosteric ligands extend beyond the
HisF binding site, reaching the HisF/HisH interface in all cases. Even the weakest
glutaminase activator, AICAR, perturbs ILV chemical shifts that are >15 A away from the
effector site. These data suggest the allosteric network of IGPS is widely dispersed and
illuminate ligand-specific pathways that may be essential for propagation of the allosteric
signal. Interestingly, IGP perturbs the chemical shifts of more residues than PRFAR, even
though it is a weaker allosteric activator, indicating that chemical shift effects alone do not
provide the entire picture of IGPS allostery (Figure 3). For example, the number residues
that experience significant ligand-dependent chemical shift changes are 2, 36, 23, and 15 for
AICAR, IGP, AICAR & IGP, and PRFAR, respectively. Thus the two most activating
allosteric ligands perturb the chemical shifts of fewer residues than lesser activating ligands.
However, the allosteric pathways outlined by these chemical shift data differ with each
effector, suggesting that a potential ‘PRFAR-specific’ pathway is still the most preferable for
allosteric communication.

To obtain additional insight into ligand-induced chemical shift changes, we calculated the
synergistic chemical shift changes upon formation of the IGPS ternary complex. These shifts
(A3) were determined by comparing the chemical shift change between the apo (8apo) and
ternary (8ternary) complex versus the sum of the difference between apo and the two binary
acivicin-bound (8 acivicin), and effector-bound (Sgffector) COMplexes as given by AAS =
Adternary-Apo — (A8gffector-Apo + ASAcivicin-Apo)- Thus, values of AAS that are larger than the
defined cutoff value (1.5 times greater than the standard deviation of the 10% trimmed mean
value) are indicated as ‘synergistic’ chemical shifts. This analysis shows that the PRFAR-
bound IGPS enzyme undergoes a greater number (A/12, A/48, A.50, A/126, A.153, 168,
1222, /226, /234, and A.237) of synergistic chemical shifts in HisF than do the other
ligands (Fig. S5). Analysis of AAS for AICAR-bound IGPS shows only four ILV resonances
with significant synergistic shifts, (1.2, A/12, A/79, and A.169). The next most activating
ligand, IGP, produces synergistic shifts in the resonances of eight ILV residues (1.2, .10,
A/12, 15081, A.5082, A.65, A/126, 1.179, 1.222) as does the simultaneous binding of both
AICAR and IGP (.10, A44, V69, V79, 193, V125, A/134, and A/226) shown in Fig. S5.
Formation of the PRFAR ternary complex induces synergistic perturbations in ten ILV
residues, only half of which show significant AAS in the analysis of other effectors. Thus,
synergistic changes in the chemical shifts of A/48, A.153, 1168, A/234, and A.237 are
exclusive to PRFAR-bound IGPS, suggesting they or residues nearby may be particularly
important for allostery in the formation of the most enzymatically active complex. In support
of this, mutagenesis of residues D98, /K99, /Y138 and /K181, which are adjacent to these
residues cause a varying degree of allosteric defects in IGPS, presumably through disruption
of the interfacial salt bridges proposed to regulate NH3 transport to HisF.(List et al., 2012)
Further, the significant number of ligand-dependent differences in this synergy, especially
those found in comparison to the PRFAR-bound ternary complex, indicates there are likely
multiple allosteric networks within IGPS. Thus, the best allosteric activator does not cause
large chemical shifts changes in the most residues in comparison to other ligands; but
PRFAR binding does result in the largest number of residues with synergistic chemical shift
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changes. Moreover, the number of synergistic chemical shift changes correlates well with
the activating power to the allosteric ligands.

The Allosteric Signal Travels to the HisH Active Site

The allosteric signal resulting from ligand binding in HisF must travel more than 25 A to the
glutaminase active site of HisH. Previous work suggested that PRFAR, rather than cause
large amplitude structural changes, induces millisecond motions that result in temporal
sampling of the catalytically active HisH structure without large deviations from the most
populated, inactive solution structure. It is possible that sampling of the active conformer
occurs more readily when PRFAR is bound compared to the other allosteric effectors.
Crystallographic(Chaudhuri et al., 2001; Chaudhuri et al., 2003; Douangamath et al., 2002),
NMR(Lipchock et al., 2010), and molecular dynamics(Manley et al., 2013; Rivalta et al.,
2012) studies suggest a rotation of the HisH active site /Pro49-/Gly50-/AVal51-/Gly52
(PGVG) loop, which lies adjacent to the HisH catalytic triad, is required for proper
formation of the oxyanion hole during catalysis, although double-mutant studies suggest
additional factors are essential for HisH catalysis.(List et al., 2012) To examine long-range
perturbations at the glutaminase site caused by effector binding, we monitored the amide
backbone chemical shifts of the AG50 and /G52 resonances of the PGVG loop during
allosteric ligand titration into 2H,1°N-labeled HisH-IGPS (Figure 4).

Similar to our observations in HisF, we detected very small chemical shift changes in the
hG50 and AG52 resonances during titration with PRFAR and no changes during titration
with IGP or AICAR. However, a significant amount of exchange broadening is observed
(Figure 4), indicative of enhanced ms motions at these residues. These ligand-induced
motions at the HisH active site are consistent with MD simulations that showed greater
flexibility in the PGVG loop residues in the presence of PRFAR.(Manley et al., 2013;
Rivalta et al., 2012) The extent of the broadening is effector dependent for /G50 and /G52,
where saturation with PRFAR, results in a 76% and 46% decrease in peak intensity relative
to that in apo IGPS. The combination of AICAR & IGP has a greater effect than either
ligand alone, most notably on AG50, which is broadened by 36%. IGP broadens /G50 by
28%, but has minimal effect on AG52. AICAR binding decreases the intensities of the AG50
and /AG52 resonances by 19% and 28%, respectively. Interestingly, the degree of exchange
broadening found in these HisH PGVG loop residues correlates with effector strength,
especially for AG50. More importantly, these data demonstrate that all allosteric ligands can
induce motional changes that span the dimer interface, reaching the HisH active site. Thus,
these data indicate that PRFAR alters the motions at the HisH active site more significantly
than all other activators and the degree to which motions are altered is loosely correlated
with the effectiveness of allosteric activation.

Allosteric Ligands Induce Millisecond Motions in HisF

Formation of IGPS ternary complexes results in ligand-induced exchange broadening of
HisF resonances in the IH-15N TROSY HSQC spectra of each effector-bound IGPS
complex (Figure 5). Binding of AICAR to a preformed complex of acivicin-IGPS causes
broadening of four amide resonances, although two of these, .10 and A.253, lie at the
PRFAR binding site and at the HisF/HisH interface, respectively (Figure 5B). Ternary

Structure. Author manuscript; available in PMC 2017 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lisi et al.

Page 7

complexes containing IGP and AICAR & IGP show similar but amplified effects on the
HSQC spectrum of HisF-IGPS, as 32 and 34 resonances are broadened beyond detection,
respectively (Figure 5C,D). Both effectors induce broadening near the ligand site as well as
the dimer interface. Additional broadening is observed in Loop 1, adjacent to the effector
binding site, and the /1 and 3 helices. The combination of AICAR & IGP also broadens
small clusters of resonances belonging to 7.2, 74 and f6. Most strikingly, PRFAR binding
causes 65 (25% of HisF) residues to be broadened beyond detection (Figure 5A). Clusters of
broadened resonances in the PRFAR complex correspond to amino acids near the ligand
binding site, Loop 1, the dimer interface, and smaller subsets of resonances from fal-77
(Figure 5A,E).

A lesser degree of exchange broadening was observed in the IH-13C TROSY HMQC spectra
monitoring ILV residues of each effector-bound IGPS complex allowing additional
investigation into these effects using NMR relaxation methods. To better quantitate ligand-
induced millisecond motions, we compared ILV-based NMR CPMG relaxation dispersion
experiments on binary and ternary complexes of AICAR-, IGP-, AICAR & IGP-, and
PRFAR- bound HisF-IGPS.

Millisecond Motions Occurs in All Effector-Bound Complexes

A comparison of the millisecond motions in binary and ternary IGPS complexes show a
number of similarities. Below, focus is restricted to the differences among the ternary
complexes given its particular relevance to the active form of an allosteric enzyme.(Kimmel
et al., 2000) A summary of the NMR results for all binary and ternary complexes is provided
in Tables 1 — 6 in the Supporting Information.

Formation of each ternary complex results in changes in the ms motions at numerous amino
acid sites. Figure 6 shows distinct CPMG relaxation dispersion profiles caused by the
different allosteric activators for residues located throughout IGPS. Non-linear fitting of the
dispersion curves results in unique rate constants (Key) for motion of each residue, with the
PRFAR-bound ternary complex being the exception where the motion of all residues are
better represented with a single key value = 225 + 30 s71,

Formation of the ternary PRFAR complex induces millisecond motion in 36 ILV methyl
groups, eight of which are unique to this ternary complex: A/12, /17, A/48, .63, A116,
A140, /190, and A.196. As noted above, all 36 methyl groups in the PRFAR ternary
complex are well described by a single ke value, suggesting concerted motions in this most
catalytically active ternary complex. All other binary and ternary complexes exhibit ms
motions with large ranges of ke values (Figures 6, 7). A number of the motions detected in
the PRFAR ternary complex result from the presence of both acivicin and PRFAR, and these
motions are not detected in their respective binary complexes.

Similarly, millisecond mations occur for a unique subset of residues in IGPS ternary
complexes containing AICAR, IGP, and AICAR & IGP when compared to their
corresponding binary state (Tables S1 — S7). In the ternary complex fewer ILV methyl
groups undergo conformational exchange in AICAR-, IGP-, and AICAR & IGP enzyme
forms compared to those in the PRFAR complex. However, these motions remain
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interspersed throughout the HisF agpg barrel (Figure 8). PRFAR induced motions are
widespread in IGPS whereas dynamic residues within the other ternary complexes are
primarily located in the B-strands of the HisF barrel. No ms motions were detected for
residues in the HisF helices a4, a5, a6, or a7 surrounding the p-barrel in the IGP and
AICAR & IGP complexes, unlike those observed for PRFAR. Thus, the left side of the HisF
subunit (as oriented in Figure 8) in which the ribonucleotide portion of PRFAR binds,
appears more static in ternary complexes with weaker effectors. A lack of flexibility in this
region of HisF becomes more evident in the AICAR ternary complex, where even fewer
secondary structural elements contain dynamic ILV residues. Millisecond motions are absent
from the al, a4, a5, a6, a7, and a8 helices and the B4, 5, p6, and 7 strands, confining the
18 dynamic methyl groups to a small region of HisF when AICAR is bound. Interestingly,
there is a linear correlation between the number of flexible residues induced by a particular
ligand and the enhancement of kq./Kp, for glutaminase activity (Figure 8A).

Unigue motions in the PRFAR ternary complex extend from the HisF ligand site to the HisF/
HisH interface and are dispersed throughout the domain (Figure 8). The locations of
uniquely flexible residues in the ternary complex containing AICAR & IGP are similar to
those found with PRFAR, occurring near the HisF active site and dimer interface. However,
flexible residues unique to the IGP- and AICAR-bound ternary complexes are concentrated
exclusively near the HisF/HisH interface. Differences in the number and identity of flexible
residues among the ternary complexes points to an allosteric network with multiple
pathways of information relay between the cyclase to glutaminase active sites.

The concerted motions observed in the PRFAR ternary complex are not observed for any
other allosteric ligand. Relaxation dispersion profiles measured for IGPS ternary complexes
containing AICAR, IGP, and AICAR & IGP cannot be described by a single global process,
and non-linear fits of these dispersion data yield a range of key values, many of which are
significantly higher than the exchange rate constant determined for the PRFAR complex.
The fastest rates of conformational exchange are found in the IGP complex, with values of
Key ranging from ~ 1000 — 6000 s~1. Exchange rates measured for ILV methyl groups in the
AICAR & IGP-bound ternary complex are in a slower regime, but some still have a
maximum ke, value of 4900 s~1. Conformational exchange is slowest in AICAR ternary
complex, occurring at a nearly identical rate to that of its corresponding binary complex
(200 — 1500 s71), with the exception of a single residue, A44. These ligand-induced motions
are due to conformational exchange in IGPS and not from binding and dissociation of the
ligands themselves. Values of ky, and k¢ for each ligand obtained by NMR lineshape
analysis indicate that the rates of ligand binding and unbinding are too fast to contribute to
the CPMG dispersion data. Thus, these data reflect motions within the enzyme itself.

The individually determined key values mapped onto the structures of AICAR-, IGP-, and
AICAR & IGP-bound IGPS reveal local clusters of similar exchange rates in all complexes.
With the exception of the IGP ternary complex (Figure 7), most flexible residues experience
motions slower than 1500 s~1 (Fig. S6). Smaller clusters of residues undergoing faster
motions generally occur near the effector binding site and along the a-helices of the HisF
barrel. These clusters, regardless of effector ligand and motional regime, universally form
connective pathways from the HisF binding site to the dimer interface, which in some cases
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involve multiple routes. However, differences in the kinetic regimes of dynamic clusters
could hinder efficient transfer of allosteric information.

Interestingly, nearly every flexible residue in the IGP ternary complex is shifted to a higher
exchange timescale than that of the analogous PRFAR complex (Figure 7). Thus, the rate of
conformational exchange is also not the sole determinant of activator efficiency, suggesting
that a delicate balance exists between the number, location, and timescale of motions in
HisF.

The ability to stimulate concerted conformational fluctuations appears to be unique to
PRFAR, suggesting that non-concerted motions or motions faster than ~ 230 s~ are less
than optimal for catalytic activation and may partially explain the weakened activating
power of IGP and AICAR. Although AICAR and IGP are allosteric activators of IGPS, there
are significant gaps in the abilities of these effectors to enhance glutamine hydrolysis (4900-
fold increase with PRFAR, 110-fold for IGP, 26-fold for AICAR). The differences between
the conformational exchange rates measured for the PRFAR-bound ternary complex and
those containing AICAR, IGP, or AICAR & IGP suggest that enhancement of ms motions
alone are not enough to effectively relay allosteric information to the HisH active site. It
appears that controlled, concerted motion in specific /ocations throughout the HisF domain
provides the proper conformational fluctuations that are essential for efficient glutaminase
activation, which is unique to the PRFAR-bound ternary complex.

4. Discussion

The enhancement of millisecond motions in IGPS is vital to communication between the
HisF and HisH active sites. Numerous experimental studies of IGPS demonstrate a lack of
structural change upon effector binding,(Chaudhuri et al., 2001; Chaudhuri et al., 2003;
Douangamath et al., 2002; Lipchock et al., 2009, 2010; List et al., 2012; Rivalta et al., 2012;
Vanwart et al., 2012) ruling out significant conformational changes as a means of relaying
allosteric information. The X-ray crystal structures of apo and PRFAR-bound IGPS (PDB
10X4 and 10X5) reveal negligible changes in the structure due to PRFAR binding (rmsd =
0.41 A).(Chaudhuri et al., 2003) Further, fluorescence quenching experiments examining
solvent accessibility at the HisF/HisH interface yield the same results for apo, acivicin,
binary PRFAR-bound, and ternary PRFAR-bound complexes, suggesting there are minimal
differences in these structures.(Lipchock et al., 2010) However, a striking difference between
apo IGPS and the allosterically activated enzymes is the ligand-enhanced ms motions. The
extent of line broadening in the 1H-15N HSQC NMR spectrum of HisF-labeled IGPS during
titrations with PRFAR indicate that this ligand causes a change in backbone amide motion
on the millisecond timescale with over 25% of the amide resonances being broadened
beyond detection. NMR relaxation experiments additionally demonstrate enhancement of
conformational fluctuations in the 13CH3 groups of lle, Leu, and Val residues within IGPS,
when bound to PRFAR.(Lipchock et al., 2010)

To more fully understand the role of conformational fluctuations in IGPS allosteric
signaling, we investigated the interactions of additional allosteric effectors, AICAR, IGP,
and AICAR & IGP, with IGPS. These effectors provide a scale of chemical probes that are
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known to activate the glutaminase domain to different extents. Motions of the methyl groups
of lle, Leu, and Val residues within HisF were quantified in both binary and ternary
complexes with AICAR, IGP, and AICAR & IGP with CPMG relaxation dispersion
experiments. Based on these data, we have established a relationship between the
glutaminase activation potential of allosteric ligands and the number of residues
experiencing millisecond conformational flexibility. The increase in conformational
flexibility caused by allosteric ligands also correlates with ITC measurements, which
showed a trend in enthalpy/entropy compensation of AICAR, IGP, and PRFAR binding in
which the more activating ligand is more enthalpically disfavored and more entropically
favored (Figure 2).

Comparison of ms motions in AICAR-, IGP-, AICAR & IGP-, and PRFAR-bound ternary
complexes reveals that better glutaminase activators cause a larger number of amide and ILV
methyl groups to undergo millisecond conformational exchange (Figure 8). The location of
these dynamic residues is also important as PRFAR, the native allosteric ligand, imparts the
greatest degree of flexibility to the a-helices and B-strands of the agfg barrel at the center of
HisF. AICAR & IGP and IGP alone are significantly weaker allosteric activators and
although motions present in each of these ternary complexes are also spread around the HisF
agPg barrel, they occur primarily on the B-strands. The weakest allosteric activator, AICAR,
is capable of enhancing flexibility of only one half of the agPg barrel reminiscent of motions
observed in apo and acivicin-bound IGPS. Millisecond motions are enhanced in f1, a2, 2,
(33, and 8 of every ternary complex (Figure 8), suggesting that these regions of HisF are
fundamental to relaying allosteric information. However, optimal allosteric signaling
requires domain wide flexibility that includes additional structural elements within the agfg
barrel, namely in the a-helices. Flexibility around the entire HisF barrel is presumably
necessary for the highest level of glutaminase activation because it promotes fluctuations in
the distances of the charged gate residues (/R5, /£46, /K99, and /E167), which are proposed
to regulate passage of NHs across the interface.

There have been a number of biochemical studies that have identified amino acids that are
critical for relaying allosteric information between the PRFAR binding site and the
glutaminase site in HisH (Amaro et al., 2007; Beismann-Driemeyer et al., 2001; Chaudhuri
et al., 2003; Chittur et al., 2001; Klem et al., 1993). Many of those residues also show ms
motions in the IGPS complexes studied here. There are four residues that comprise the salt
bridge gate noted above. Of those, the amides of /K99 and /E167 are not assigned but
adjacent residues /D98, G96, A/100, and A/102 are assigned, as are 1.169 and A.170.
PRFAR stimulates ms motions for all of those gate residues or residues adjacent to the gate
(A3, 6, /48, 1596, D98, A/100, A/102, 1169, and A.170). AICAR & IGP, IGP, and
AICAR only activate ms motions in a subset of these residues. Notably, residues near /K99
are only flexible when PRFAR is bound.

Mutation of Loop 1 residue /K19 results in reduced allosteric communication in IGPS. /K19
is a critical component of the flexible region of Loop 1 that may interact with allosteric
ligands in the cyclization site, consistent with significant increase in the normal 1:1
stoichiometry of glutamine hydrolysis:PRFAR cleavage in /K19 mutants.(Beismann-
Driemeyer et al., 2001) The *H-1°N amide of /19 is not assigned. Nonetheless, binding of
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PRFAR results in enhanced motions in fT21, /G20, A/18, A/17, and A/12 all located in
Loop 1. The other ligands again only enhance ms motions in a subset of these residues.
Thus, these ligands result in enhanced flexibility in amino acid residues that are known to be
critically important for allostery.

The B-strands in IGPS are more conserved than are the a-helices (Fig. S8). The two weaker
allosteric ligands, AICAR and IGP, primarily enhance motions in the conserved p-strands of
the agPg barrel, while PRFAR and to a lesser extent AICAR & IGP, induce conformational
flexibility throughout all secondary structural elements of HisF. Thus, ligand-induced
motions within the highly conserved B-strands of HisF may be an intrinsic property of IGPS,
regardless of effector, while additional flexibility in the a-helices of the HisF barrel more
strongly influences the ability of allosteric ligands to activate 7. maritima |GPS.

The extent of motions in a number of B-strands and several other localized regions of HisF in
response to AICAR, IGP, AICAR & IGP, and PRFAR binding indicates that the allosteric
network of IGPS is disperse. These data are consistent with several investigations of IGPS
mutants, which have primarily concentrated on the HisF binding pocket and the HisF/HisH
interface. Smaller numbers of mutants affecting the HisF agpg barrel were reported to
disrupt glutaminase activity.(Beismann-Driemeyer et al., 2001; List et al., 2012)Our NMR
chemical shift titrations and CPMG relaxation dispersion measurements indicate that
numerous residues along the agpg barrel, such as A_.eu50, A/al126, and A_eu222 undergo
significant changes in chemical shifts and millisecond dynamics, lending support to the
importance of mutational studies in the barrel region of HisF (Figs. S4,S5).

In addition to the effects of allosteric ligands on the HisF domain of IGPS, NMR line
broadening also indicates ms motional changes in the HisH PGVG loop during chemical
shift titrations, consistent with a dynamic mechanism involving loop rearrangement to the
catalytically competent form of the enzyme.(Rivalta et al., 2012) The ability of allosteric
effectors to induce broadening provides evidence that binding information in HisF is relayed
across the dimer interface.

The obvious difference between PRFAR and the lesser activating ligands is the chemical
linkage at the C7 position joining the AICAR portion to the uncyclized glycerol phosphate
moiety. Interestingly, the site of bond cleavage and cyclization near C7 is positioned next to
two HisF residues (G145 and T171) that only demonstrate flexibility when PRFAR is bound.
The backbone amide of /5145 interacts with PRFAR through a bound water molecule and
the hydroxyl side chain of fT171 is within H-bonding distance of N8 and the 2” carbony! of
PRFAR. Simultaneous binding of AICAR and IGP only increase the flexibility of G145,
whereas only T171 is flexible when IGP binds. Thus it is possible that these two residues
‘sense’ the presence of PRFAR and are the initiators of the concerted ms motions only
observed in this complex.

The NMR data in this work are not consistent with a two-site population shift between
inactive (apo) IGPS and an active structure. If this were the case, it would be expected that
the ligand-induced shifts would follow a linear trend with PRFAR causing the largest shifts
and the magnitude of other ligand-induced shifts would be commensurate with their

Structure. Author manuscript; available in PMC 2017 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lisi et al.

Page 12

activating power. This is not what is observed (Fig. S5). In some cases the shifts are linear
and PRFAR does cause the largest change. But in the majority of cases the largest chemical
shift perturbation is caused by IGP binding (Fig. S5). In addition, for a number of residues
there is no linear trend among the ligands. Although the data are consistent with a ligand-
induced effect it does not support a two-state T-to-R like transition between distinct
structures.

The Rey parameter (Rex = paPpAoHA®C) determined from relaxation dispersion experiments
contains useful structural information about the lowly populated conformer in solution.
(Beach et al., 2005; Grey et al., 2003; Massi et al., 2006) Previous studies (Beach et al.,
2005; Boehr et al., 2006) have noted a correlation between Rgy and Aw that provides
supportive evidence for the so-called conformational selection model. In this work, we
observe no correlation between the ligand induced chemical shift changes and Rey (Table
S7). Moreover, the magnitude of Ry is not correlated with the activating power of the
ligands. For example, on a per-residue basis, Ry for the IGP ligand is greater than that for
PRFAR. These data seem to support a broadening of the ensemble of enzyme conformations
while the average solution conformation does not change significantly. Within this ensemble
it seems likely that multiple active states exist and PRFAR allows for more efficient
sampling of these active conformations.

Concluding Remarks

We have used several small molecule effectors with varying abilities to activate the IGPS
glutaminase domain to gain insight into the allosteric mechanism of this enzyme,
specifically, the role that ms motions play in allosteric communication between the HisF and
HisH active sites. Enhancement of ms motions in the highly conserved 1, 2, 3, and p8
strands of HisF are fundamental for allosteric signal transmission, but flexibility around the
entire agPg barrel appears necessary for the most efficient glutaminase activation.
Conformational fluctuations around the HisF barrel hint at an allosteric mechanism that
relies on ‘unplugging’ the gated path at the HisF/HisH interface, allowing transportation of
NH3 between domains. We also find that the number of ILV methyl groups undergoing
conformational exchange in binary and ternary effector-bound IGPS complexes correlates
with the activating power of the ligand. This conformational exchange is a concerted
motional process in PRFAR-bound IGPS; however, residues in ternary complexes containing
AICAR, IGP, and AICAR & IGP undergo asynchronous motions that generally occur much
more quickly (> 1000 s™1). Thus, the concerted motion measured in the PRFAR-bound
ternary complex sets it apart from other effectors and may contribute significantly to its high
activating power. The results presented in this work reveal an intricate balance of
contributions from the number, location, and rate of motions within HisF and outline
important differences among these complexes that provide insight into the allosteric
mechanism of IGPS.
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5. Experimental NMR Procedures

Materials

5-Aminoimidazole-4-carboxamide ribotide (AICAR) and the glutamine analogue acivicin
were purchased from Sigma (St. Louis, MO). D-erythro-imidazole glycerol phosphate (IGP)
was purchased from Santa Cruz Biotechnology (Dallas, TX). Antibiotics used in protein
expression and other analytical grade chemicals were purchased from AmericanBio (Natick,
MA). PRFAR was synthesized as previously described.(Lipchock et al., 2010)

Acivicin labeling

Covalent modification of IGPS with the non-hydrolyzable GIn analogue acivicin was
achieved by incubating IGPS with two molar equivalents of acivicin for 8-10 hours.(Chittur
et al., 2001; Lipchock et al., 2010) A reduction in free thiol (Cys) content was confirmed
with a DTNB assay. Excess acivicin was removed by dialysis against 10 mM HEPES (with
10 mM KCI, 0.5 mM EDTA) buffer at pH 7.3, and IGPS was subsequently concentrated
using an Amicon centrifugal cell.

Isothermal Titration Calorimetry

ITC measurements were carried out using a MicroCal iTC 200 using 19 x 2.0 pL injections
of ligand after an initial 0.2 pL injection, with 250 second spacing between injections. IGPS
was prepared by dialysis against 2x 4.0 L of 50 mM HEPES (pH 7.6) with 10 mM KCI.
Final IGPS concentration was measured by UV absorbance at 280 nm (e = 29005
M~1ecm~1). Experimental concentrations of IGPS were 0.15 mM (stoichiometrically
modified with acivicin) while effector concentrations were 1.14 mM, 13 mM, and 20 mM
for PRFAR, IGP, and AICAR, respectively.

NMR Titrations

NMR titrations were performed on a 14.1 T Varian Inova NMR spectrometer at 30 °C by
collecting a series of 1H-13C TROSY HMQC and 1H-15N TROSY HSQC spectra with
increasing ligand concentration. The 1H, 13C, carrier frequencies were centered at 0.75, 19.5
in the HMQC while the 1H and 1°N carrier frequencies were set to the water resonance and
120 ppm, respectively. Saturation of HisF-IGPS was monitored by following resonance
shifts until additions of ligand produced no further perturbation. PRFAR was titrated to a
concentration of 0.9 mM, IGP to a concentration of 12 mM, and AICAR to a concentration
of 14 mM. The NMR observed ligand saturation point is consistent with the expected values
based on prior ITC experiments.

Methyl-TROSY Multiple Quantum (MQ) CPMG Dispersion Experiments

MQ CPMG experiments probing lle, Leu, and Val methyl groups (:3CHs) were performed
on 14.1 T Varian Inova and 18.8 T Agilent NMR spectrometers at 30 °C. The methyl-
TROSY CPMG pulse sequence was based on the report of Kay and coworkers(Korzhnev et
al., 2004a; Korzhnev et al., 2004b). A constant relaxation delay period of 40 ms was used in
the CPMG sequence, with varied 7., points of 0.0, 0.4167, 0.50, 0.625, 0.7682, 1.0, 1.4286,
2.0, 2.5, 3.333, 5.0, and 10.0 ms, with a recycle delay of 2.0 seconds.
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Data Analysis and Processing

NMR spectra were processed with NMRPipe(Delaglio et al., 1995) and analyzed in
SPARKY (Goddard et al.). Transverse relaxation rates (R,) were determined by measuring
peak intensities of each ILV methyl resonance at multiple 7, delay points with a Perl-based
exponential curve-fitting script. Relaxation dispersion curves were generated by plotting R,
vs. 1/7¢, using RELAX(Bieri et al., 2011; d”Auvergne et al., 20084, b) with the R2eff,
NoRex, and MMQCR?72 (full two-site Carver-Richards) models.(Morin et al., 2014)
Relaxation dispersion data obtained at two static magnetic fields were fit simultaneously
using the fast CPMG Equation and uncertainty values were obtained within RELAX from
replicate spectra.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Allosteric ligand binding is correlated to structural dynamics in a model
enzyme

A widely dispersed allosteric network has been identified
Catalytic rate enhancement varies with the degree of millisecond flexibility

Allosteric ligand binding is communicated over a 25-A distance
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eTOC Blurb

Lisi et al. use NMR and computational methods to probe the allosteric influence of small
molecule activators. Allosteric activator-induced changes in ms motions are responsible
for enhancing the catalytic rate at a distant active site. Interestingly the most activating
ligand results in the largest degree of motions.
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Figure 1.

IGPS Reaction. The 7. maritima |GPS complex contains two enzyme subunits; HisH (blue),
which catalyzes the hydrolysis of glutamine (the Gln analogue acivicin is shown in orange
sticks) near a conserved catalytic triad (green spheres) and HisF (gray), which catalyzes the
cleavage and cyclization of the allosteric activator and substrate PRFAR (purple sticks). The
inverted arrow depicts the path of NH3 travel and key secondary structural elements of IGPS
are labeled.
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Figure 2.
Ligand binding to IGPS by ITC. Changes in free energy (black), enthalpy (red), and entropy

(blue) are shown for the formation of ternary complexes through binding of AICAR, IGP, or
PRFAR to acivicin-conjugated IGPS. The catalytic rate enhancements caused by each
allosteric ligand are shown under the ligand label. See also Figures S1, S2.
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Figure 3.
Ligand-induced chemical shift perturbations. Shown are changes in (A) AICAR, (B) IGP,

(E) AICAR & IGP, and (F) PRFAR effector-bound ternary complexes relative to apo IGPS.
Black lines represent 1.5¢ from the 10% trimmed mean of the four combined data sets.
Significant changes (above the black line) are mapped onto the HisF structure (C,D,G,H)
(PDB 1GPW).(Douangamath et al., 2002) See also Figures S3-S5.
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Ligand-induced exchange broadening of AG50 and /G52 located in the HisH PGVG loop.
(A) The ligand titration ranges from red (apo) to purple (effector-saturated) and percent
decrease in peak intensity is shown in the inset. (B) One dimensional slices of the /G50
resonance showing the decrease in peak intensity from PRFAR binding. Relative peaks
heights of the ligand-bound resonances are shown with arrows in the bottom panel.
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Figure 5.

Ligand-induced exchange broadening in HisF. (A) Representative 1H-15N HSQC spectrum
of apo IGPS (orange) and PRFAR-bound IGPS (purple). Residues that are significantly
broadened in the presence of allosteric effectors are mapped onto the IGPS structure for the
(B) AICAR, (C) IGP, (D) AICAR & IGP, and (E) PRFAR complexes. See also Figure S3.
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Figure 6.

Ligand-induced millisecond motions in IGPS. (A) Representative CPMG curves for effector-
bound binary and (B) ternary complexes of IGPS for apo (black), AICAR (red), IGP (blue),
AICAR & IGP (green), and PRFAR (purple) IGPS. See also Table S1 and Figure S8.
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Figure 7.

Structural clustering of ke, from NMR relaxation dispersion. (A) The magnitudes of kgy are
mapped onto the structure of the IGP (left, middle) and PRFAR (right) ternary complexes for
all residues undergoing ms exchange. Other IGPS complexes are in Sl Fig 7. (B)
Distribution of key values for the apo enzyme (left), IGP ternary complex (middle), and
PRFAR ternary complex (right). Colors in each histogram correlate with the legend in (A).
Optimal bin sizing for these data were determined using the protocol outlined in (Scott,
1979). IGP, PRFAR, and acivicin are represented with blue, purple, and orange sticks,

respectively. See also Tables S2-S7 and Figure S6.
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Figure 8.
Flexible residues and catalytic rate enhancement in IGPS. (A) Correlation of Ko/ K Vs. the

number of ILV residues that experience ms motions as determined from CPMG relaxation
dispersion measurements for AICAR, IGP, AICAR and IGP, and PRFAR ternary complexes.
(B-J) Flexible residues that show ligand induced ILV dispersion curves or amide exchange
broadened (beyond detection) in each of the ternary complexes. (C, E, G, and 1) Rotated
views of B, D, F, H, respectively. Residues are shown as a surface rendering with each active
site labeled. The allosteric ligands are shown as wire mesh. The HisH subunit is shown in
cyan. See also Figures S7, S8.
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