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ABSTRACT

NMR experiments probe protein dynamics across
a broad range of time scales from nsec to sec and
as such, NMR is the gold standard for discovering
and analyzing dynamic allostery in proteins.
The protein ensemble of states reconfigures
upon ligand binding, and NMR alone can assess
which residues have changed their motions and on
what timescales. Amide hydrogen/deuterium
exchange mass spectrometry (HDX-MS) also
often reveals reconfiguration of the protein
ensemble upon ligand binding, but the timescale
of motions that are reflected in the HDX-MS
experiment is more difficult to ascertain. A few
allosteric proteins have now been studied by
both NMR and HDX-MS allowing a direct
comparison of the data from both methods
revealing the complementarity of the results from
these different experiments as well as information
about the timescales of motion reflected in the
HDX-MS results. The insights gained from
comparing NMR and HDX-MS of small
monomeric proteins enable a clearer interpretation
of the allostery revealed by HDX-MS in larger
protein complexes and assemblies that are not
amenable to NMR.
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INTRODUCTION

Allostery

Allostery is remarkably prevalent in regulating
important biological processes and in signal
transduction, and experimental observations of
apparent allostery have increased markedly over
the past 25 years. The concept of allostery in
proteins was first formulated by several groups in
the 1960s. The term allostery comes from the
Ancient Greek allos (GAloc), “other”, and stereos
(otepedc), “solid (object)”. The term was coined
to emphasize the distinction between the
regulatory site which is physically distinct from
the active site. Early models of allostery focused
on multimeric proteins. These include the
pioneering concerted model put forth by Monod,
Wyman, and Changeux (the MWC model) [1] and
the sequential model described by Koshland,
Nemethy, and Filmer (the KNF model) [2]. Both
invoke a two-state conformational model in
which, the relaxed (R) state binds substrate more
readily than the tensed (T) state. These early
models of allostery can now be understood as a
subset of a broad range of phenomena in which
binding at one site perturbs the conformational
ensemble of the protein allowing changes in the
binding thermodynamics at a second site.

In the current view of allostery, the protein is
understood as an ensemble of conformational states
which interconvert with small energy barriers of a
few kgT of energy (eg 2-10 kcal/mol) (Figure 1),
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instead of a purely structural binary model of
coupling between different sites. This view helps
explain observations of allostery that occur without
crystallographic evidence of structural changes,
and reflects the fact that allostery can also occur in
monomeric proteins [3, 4]. A theoretical framework
that unites the various ways of looking at allostery
including thermodynamics, free energy landscape
of population shift, and structure that emphasizes
the importance of communication between binding
sites has been proposed [5].

The timescale of interconversion between the
conformational substates will depend on the height
of the energy barrier. Some substates, such as A
and A’ which interconvert by pathway 1 in Figure 1
cannot be resolved by some techniques or
experimental conditions, because they interconvert
rapidly (on the order of microseconds) and with a
very low energy barrier. For example, experiments
conducted at 25 °C, will measure the average of
the A and A’ states, as these states will both be
populated. In contrast, states A and B interconvert
more slowly because the energy barrier between
them is higher. These states are more likely to be
observed separately. The relative populations of
state A and B depend on their energies according
to Boltzmann’s law. In allostery, ligand binding
shifts the energies of state A and B such that B
becomes the predominant state in the ligand-bound
form. The energy landscape view helps diffuse the
guestion of “induced fit” vs *“conformational
selection”. As can be seen from the diagram, both
states A and B exist, however one may be at such
a low concentration due to its higher energy that it
won’t be observed until the ligand binds leading
to the supposition of “induced fit”. When both
states are observed because their energies are not
that different, or the experiment is sensitive enough
to observe the lowly populated state, “conformational
selection” will be invoked. Clearly these are two
limits of the same physical phenomenon of altered
energies of protein states upon ligand binding.

Besides understanding the energetics of allostery,
it is also important to think about the “pathway”
between the two binding sites. Newton’s cradle
helps visualize the process of allostery, and it
emphasizes an important concept that will be
brought out further in this review. In Newton’s cradle,
momentum and energy are largely conserved and

Energy

Reaction coordinate

Figure 1. Energy landscape diagram showing two states,
A and B that are separated by a large enough energy
barrier that they will have different chemical shifts and
can be observed separately. States A and A’ are close in
energy and though different, most experimental
measurements, particularly at 25 °C, will measure the
average between them.

Figure 2. Newton’s cradle helps us understand the
conservation of momentum and energy with swinging
spheres. When one of the end spheres strikes the stationary
spheres, it transmits a force through the stationary spheres
that pushes the last sphere out. This phenomenon is
similar to what happens in allosteric proteins.

the ramifications of this conservation are that the
middle spheres do not appear to move while the
force is transmitted through them from one end to
the other (Figure 2). Indeed, allostery would not
occur through proteins if the thermodynamic force
induced by ligand binding to the allosteric site
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was dissipated through the interior of the protein
structure before impacting the active site. We see
this in an analysis of frustration in allosteric proteins.
Frustration refers to whether an amino acid side
chain is making preferred interactions or not.
Generally, the core of folded proteins is minimally
frustrated whereas highly frustrated residues occur
in patches on the surface that correlate with allosteric
sites [6] (Figure 3). Thus, a minimally-frustrated
protein core is optimized for transducing an allosteric
signal between highly frustrated sites. An analogy
to soft matter has been made to describe hydrophobic
core segments involved in allosteric propagation [7].

NMR reveals the timescale and populations of
allosteric transitions

One of the earliest reports of dynamic allostery
was from Mildvan’s group in 1996 [8]. By
performing *°N relaxation studies of the enzyme
4-oxalocrotonate tautomerase both free and bound
to the inhibitor, cis,cis-muconate, they were able
to show that ps — ns motions decreased in seven
backbone NH groups and increased in eight
backbone NH groups upon inhibitor binding. Such
N relaxation experiments combined with
heteronuclear nuclear Overhauser effects (NOES)
can be analyzed to obtain order parameters for the
protein backbone. Motions on the ps-ns timescale
are also readily predicted by conventional
molecular dynamics simulations and the predicted
order parameters from such simulations correlate
well with order parameters measured by NMR
[9]. In addition, regions with low order parameters
were strongly correlated to regions containing

highly frustrated residues (Figure 4) [10]. In 4-
oxalocrotonate tautomerase chemical exchange,
reflecting ps-ms time scale motions, increased at
the active site and at the subunit interface (far
away from the inhibitor binding site) upon inhibitor
binding. These authors pointed out that it is the ps-
ms time scale motions that are likely to be linked
to binding (ko, ~ 106 M™s™) and catalysis (ke ~ 10°s™)
[8]. Since this early report, NMR has become the
gold standard experimental approach for studying
allostery. It affords single residue resolution and
allows for measurement of both backbone and

Figure 3. Frustratometer output for thrombin showing
the minimally frustrated core of the protein (green lines
indicate contacts that are energetically preferred) and
highly frustrated surface patches (red lines indicate
contacts that are energetically unfavorable). The triangle
marks the allosteric site and the oval marks the active site.
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Figure 4. Comparison of residual frustration with NMR-derived order parameters shows a strong correlation
indicating that mobile regions are likely to also contain frustrated residues. The bars above the graph mark the

thrombin surface loops.
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side chain motions. The general consensus now
seems to be that ps-ns backbone motions usually
do not reflect allostery, because these motions are
too rapid.

Chemical exchange between the ground state and
an “invisible state” or a low populated state occurs
on the us-ms time scale and can be measured by
Carr-Purcell-Meinboom and Gill-type (CPMG or
relaxation dispersion) experiments [11]. In this
experiment, backbone NH groups that are exchanging
between states have broadened signals due to
slightly different chemical shifts of the NH group
in each state. By applying refocusing pulses, the rate
of interconversion between the two states can be
measured. In addition, the populations of each
state can be ascertained. Typically, one state will
be ~95% populated while the “invisible state” or
the low populated state accounts for only 5%. It is
impossible to cite all of the different proteins in
which allostery has been observed using relaxation
dispersion experiments, but we will point the reader
to a few recent reviews [12-14].

Newer NMR methods monitor side chain methyl
groups and also reveal hidden/higher energy
conformational states. Kay’s group used methyl
transverse  relaxation-optimized  spectroscopy
(TROSY) NMR to study the cooperativity between
catalytic sites and effector binding sites in aspartate
transcarbamoylase, which has six catalytic and six
regulatory subunits [15]. Although only the T
state could be observed for the unliganded enzyme,
clear signals were observed at different chemical
shifts indicating population of the R state upon
active site binding. Because ligand binding and
the R-T equilibrium are linked, they were able
to measure the equilibrium constant between
unliganded R and T forms, despite the fact that
the R state is “invisible”. This paper is well-worth
reading as a beautiful description of how NMR
can be used to measure the various equilibrium
constants required for the MWC model of
allostery. Two recent papers have used state-of-
the-art NMR methods to show that kinases have
more than one inactive state and how mutations and
binding of various drugs and effectors shift the
conformational equilibrium between these states
[16, 17]. In the latter example, the experiment that
is analogous to CPMG, called chemical exchange
saturation transfer or CEST [18], was used and

measurement of the temperature dependence of the
activation barrier between states revealed a very
high barrier of 36 kcal/mol.

Finally, NMR has the capability of reporting
directly on conformational entropy and it is now
becoming clear that dynamic allostery is strongly
related to changes in conformational entropy. One
of the first examples of this phenomenon was in
the catabolite activator protein (CAP) which
displays strong negative cooperativity towards
cyclic adenosine monophosphate (CAMP) binding.
Kalodimos’ group showed that when cAMP binds
to one subunit, the pus-ms time scale motions
increase in the associated subunit causing a larger
entropy cost for binding the second cAMP [19].
Remarkably, although the motions changed in the
second subunit, no changes in chemical shift were
observed indicating that the structural ensemble of
the second subunit wasn’t affected by the allostery,
only the dynamics of the second subunit were
affected when cAMP bound to the first subunit.

Amide hydrogen-deuterium exchange reveals
allostery

As with NMR, there are too many publications to
count in which HDX-MS reveals allostery, and
this review will focus on a few salient examples.
In an HDX-MS experiment, proteins are diluted
into deuterated buffer (here “H,0O will be designated
D,0) and the exchange of amide hydrogens with
deuterium is monitored over time using mass
spectrometry after protease (typically pepsin)
digestion. HDX-MS experiments monitor whether
or not an NH group can exchange its proton. Proton
exchange is a very different property from the nuclear
chemical shift which is monitored by NMR. As
such, NMR and HDX-MS give complementary
information about allostery. Often, dynamic regions
of a protein will exchange within minutes, and if
their dynamic motions allow them to sample
many conformational states, these NH groups will
not be observed in the NMR experiment. Here we
will try to compare and contrast the data obtained
on a few proteins which have been studied both
by HDX-MS and NMR in order to understand
how the two experimental approaches differ. We
note that NMR requires isotopic labeling of proteins,
which requires heterologous expression that is not
always feasible; it typically requires approx. 1 mg
of protein dissolved at a concentration of 200 uM.
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Interpretation of NMR data requires resonance
assignments and as protein systems get larger this
becomes something only experts can accomplish.
HDX-MS does not require labeling during protein
expression, it requires much less protein, typically
a few hundred microliters of a 5 uM solution, and
larger proteins and protein complexes are not a
problem for the mass spectrometer to deconvolve.

Detection of allostery requires the study of a
protein-ligand complex. We first showed in 1998
that when a ligand binds to a protein there can be
local decreases in amide exchange that are due to
the decreased solvent accessibility of surface
amides (which may or may not be participating in
H-bonds to other protein groups) [20]. In addition,
both increases and decreases in amide exchange
may be observed away from the ligand binding
site that are due to changes in dynamics, i.e.
rebalancing of the ensemble of states (several
examples of this phenomenon will be described
below). Before discussing the observation of
allostery, one important issue must be dealt with,
which is how to set-up the experiment. In
HDX-MS analysis, the Kkinetics are traditionally
described by Equation (1) where kg, is the
chemical exchange rate for the NH in question —
values of which have been tabulated [21] and can
be calculated using a program such as SPHERE
(https://protocol.fcec.edu/research/labs/roder/sphere/)
[22]. Allostery involves a protein-ligand interaction,
and then there are two equilibria, the protein-
ligand equilibrium and the equilibrium of the
conformations which may or may not exchange
(traditionally denoted as P for closed or not
exchanging or P, for open conformations that can
exchange) (Equation (2)).

P,-He=2 P, -H—X2»PD (1)

P-He=2LP, - He==LP, -H—*251P-D (2)

In order for the HDX-MS experiment to be
interpretable, the Kp of the ligand must be known
and the quadratic binding equation must be used
to determine how to shift the equilibrium towards
LP.-H so that essentially the only species being
sampled in the HDX-MS experiment is LP [23].
This is not trivial since todays experiments typically
dilute a 5 uM protein-ligand sample 10-fold resulting

in a 0.5 uM sample during the deuteration. While
not intuitively obvious, even a Ky of 5 nM of ligand
for protein will be only 90% bound if they are
present at a 1:1 ratio. A 2:1 ratio of ligand:protein
suffices to achieve 99% bound in this situation,
but over time the ligand and protein will dissociate
resulting in substantial amounts of protein (~50%)
in the unbound conformation if deuteration is carried
out for longer than 10 min. It is also important to
note that interface protection will occur immediately,
at the earliest timepoint, and will not build-up over
time. Therefore, the informative time window for
deuterium exchange in order to observe allostery
is between 0 and 10 min. Note that when the ligand
is at an appropriate concentration to achieve >99%
bound, then Equation (2) reduces to Equation (1)
and only the LP-H state need be considered in
the HDX reaction.

Kinases were one of the first protein classes to be
analyzed by hydrogen-deuterium exchange mass
spectrometry (HDX-MS) [20, 24]. Both HDX-MS
and NMR have been extensively used to probe
allostery in protein kinase A (PKA). HDX-MS
showed that the N-terminal small lobe is dynamic
and highly exchanging in the apo state of the kinase.
Binding of ATP decreased exchange throughout
the N-terminal lobe and in regions of the C-
terminal lobe previewing the later NMR results.
HDX-MS analysis of the PKA Tyr204Ala mutant
revealed that this mutation alters the dynamics of the
kinase and disrupts the allosteric network that
connects substrate binding to catalysis. Wild type
(WT) PKA and the Tyr204Ala mutant have also
been studied extensively by NMR which revealed
synchronous motions of the N-terminal lobe of
PKA, which are responsible for nucleotide binding
and release, and are desynchronized by the Tyr204Ala
mutation, rendering the mutant enzyme catalytically
inefficient [25]. Recent NMR experiments using
methyl group motions allows for quantitative
measurements of conformational entropy [26],
and use of this method allowed for the analysis of
the changes in conformational entropy. These
experiments revealed positive cooperativity for
substrate and nucleotide binding and negative
cooperativity for ADP and phosphosubstrate binding
[27]. HDX-MS has also contributed a large body
of information on how the regulatory subunits of
PKA engage and inhibit the catalytic subunit [28, 29].
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Abl kinase has also been extensively studied by
HDX-MS [30]. The HDX-MS work also revealed
several different states of Abl kinase but focused
more on the full-length (containing an SH2 and
SH3 domain as well as the kinase domain) and C-
terminally myristylated protein [31], which also
stabilizes some states over others. This is the case
for the A-loop and nearby residues of the aC helix
in the Abl kinase. The A-loop is a critical region
of Kkinases because it contains the DFG motif,
which forms the docking site for substrate binding,
as well as the tyrosine residue(s) that needs to be
phosphorylated for activation. HDX-MS reports
on this loop and its conformational changes much
more readily than NMR, and the many states
adopted by this region of the Abl kinase were,
indeed, observed [30]. In the NMR work cited above,
Xie et al. were able to observe these regions of the
Abl kinase by decreasing the temperature of their
NMR experiments. By collecting chemical shift
information on many inhibited states as well as
measuring through-space NOEs the structures of
the various states could be solved. While HDX-
MS reveals dynamic changes, attempts to use
amide exchange information to predict structure
have not been very successful.

Finally, our lab has extensively studied thrombin
by both HDX-MS and NMR. Allosteric regulation
of thrombin is provided by the protein cofactor
thrombomodulin (TM), which converts the catalytic
activity of thrombin away from fibrinogen and
towards protein C instead, effectively switching
thrombin from pro-coagulant to anticoagulant
activity. As with the kinases, HDX-MS and NMR
have provided complementary results. In addition,
knowledge of the timescale of the dynamics from
NMR as well as enhanced sampling accelerated
molecular dynamics (aMD) simulations have
provided insights into what is actually being
observed in the HDX-MS experiments. TM
interacts with thrombin with rapid kinetics (k, = 2
x 10" M s, kq = 0.037 s) and a Kp, of 2 nM [32].
HDX-MS revealed that TM caused decreased
exchange at anion binding exosite 1, the known
allosteric regulatory binding site on thrombin
[23]. In addition, several active site loops showed
decreased exchange even though they were far
from the TM binding site and could not be in
contact with TM [33]. NMR relaxation dispersion

experiments allowed us to measure the kinetics of
visitation to a higher energy “invisible state” in
apo thrombin. In our work on thrombin, we
measured a minor population of 4.1 £ 6% and the
exchange rate, ke = 1770 s* + 60 s’ The
measured exchange rate, ke, is the sum of the
forward and reverse rates for the conformational
transitions between the ground state (~95%) and
the excited state (~5%); so ke represents a
transition rate of ~1/1600 s or a transition time
from excited state to ground state of ~600 pus and
a transition rate of 1/177 s or a transition time
from ground state to excited state of ~6 ms [34].
We recently studied the thrombin-TM complex by
NMR as well, and TM completely rearranges
which residues in thrombin are moving on the ps-
ms time scale, but there are nearly an equivalent
number of backbone NH groups that are moving
in both apo thrombin and thrombin bound to TM
(Peacock et al., submitted). Although we could
not extract a single transition rate, CPMG
experiments measure motions in the pus-ms time
regime and therefore the timescale of motions in
the thrombin-TM complex must be similar.

Can the rate of exchange to the lowest populated
“invisible” state be related to the rate of amide
exchange? This is an interesting question because
in allostery, ligand binding is shifting the
equilibrium between states that should be
energetically accessible (cf. Figure 1); ~2-10
kcal/mol higher in energy than the ground state.
Let’s assume that the “open” state in the HDX-MS
experiment is that energetically accessible state that
is also observed by NMR. In that case, we can assign
rates to the equilibrium in Equation (1). The range
of chemical exchange rates for the amides in thrombin
is 0.2 — 10 st at 25 °C and pH 6.5 (SPHERE
(https://protocol.fcee.edu/research/labs/roder/sphere/)
[22]. Equation (3) thus expresses the HDX
reaction in terms of rates, which can be rearranged
to solve for the exchange rate, ke, according to
Equation (4).

Py-H 2P, -H— 222, p.D (3)
— kopkch (4)
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We can then solve for ke, for the two limits of kg,
to solve for the range of exchange rates we can
expect to be observing in the HDX experiment.
For a kg, of 0.2 5%, key is 0.02 s and for a kg, of
10 s, kex is 1 5™ These exchange rates in minutes
are 1.2 — 60 min™. Translating these exchange
rates into half-life yields 0.58 — 0.11 min
indicating that half of the amides will exchange
within 0.1 to 0.5 min and 5 half-lives will occur
within 0.5-3 min. Thus, in order to be sure to
sample exchange to the lowest accessible higher
energy states, the time window that should be
sampled for HDX-MS is 0.1 to 5 min. This is
exactly the time window in which changes in
thrombin HDX due to TM binding is observed
[35]. Note that the equation for k., is dominated
by the ratio of the opening and closing rates and
therefore by the ground state populations of the
closed and open states. Since allostery requires an
energetically accessible higher energy state, the
exchange between states is expected to occur with
an exchange rate in the us-ms time regime,
explaining why CPMG and/or CEST is the NMR
experiment of choice. Similarly, if the allosteric
change involves transitions from a closed,
exchange inaccessible state to an open, exchange
accessible state, then the time window in which
amide exchange will reveal allostery is 0 - 10 min.
Although an exhaustive search is impossible, we
point the readers to several other reports of
allostery observed by HDX-MS and note that the
maximal difference in exchange between the
ligand-bound state and the apo state is always
manifested in the first 10 min of deuterium
exchange [36-42].

The idea that motions in the ps-ms timescale are
responsible for observations of differences in
exchange was tested by comparing predictions
from aMD simulations of thrombin and a single
site mutant of thrombin, Trp215Ala, with HDX-
MS data collected in this “fast-limit” time regime
of 0 - 10 min. The enhanced sampling approach of
aMD allows much more extensive exploration of
the energy landscape to states that are separated
by larger barriers such as states A and B in Figure 1.
The simulations, which accounted for approximately
1 ms of motion were analyzed for H-bonding and
solvent accessibility and then differences in these
parameters were determined for the wild type

thrombin and the mutant. The experimental HDX-
MS differences and the simulation results accurately
predicted the allosteric changes upon mutation
when both H-bonding and solvent accessibility
were accounted for [43].

It is important to note that whereas NMR
chemical shift changes typically report on the
pathway of allostery from one site to another,
NMR can miss the endpoints, particularly if they
are dynamic surface loops which adopt a range of
conformations and have an ensemble of chemical
shifts that are then not observed. In contrast, it is
unlikely that the H-bonding state of the pathway
residues (recall that these are minimally frustrated
and well-folded regions of the protein) will
change and so HDX-MS typically reveals the
endpoints of the allosteric pathway because it
captures the changes in H-bonding and solvent
accessibility of the loops at the ends of the
pathway. Harkening back to the Newton’s Cradle
example, then, we see that NMR reports on the
middle balls whereas HDX-MS reports on the two
balls at either end of the device.

HDX-MS has the capability of revealing allostery
in systems that are not amenable to NMR
spectroscopy. In the last few years, complexes
such as E3 ligases that contain upwards of 10
different proteins have been analyzed by HDX-
MS revealing that allostery can be transmitted
through several proteins into others far away in
the complex (Figure 5) [44, 45]. Allostery was
also observed in AAA+ complexes [46] and even
in whole viruses [47]. Finally, HDX-MS can also
reveal allostery in membrane proteins [48].

We have been discussing situations in which the
alternative conformation is a minor component and/or
its deuterium exchange differs by 1-2 deuterons
from the major state. These situations result
in normally distributed mass envelopes that
monotonically increase in mass over time of
deuteration. HDX-MS can uniquely also identify
alternative conformations which are major components
of the ensemble, differ by at least 3 deuterons, and
exchange on the minutes timescale. These states,
which are said to be in EX1 exchange, show up as
bimodal mass envelopes in which the less
deuterated state eventually catches up with the
more highly deuterated state over some minutes.
A very interesting example of this was seen in
P-glycoprotein. In one study, two different lipid
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Figure 5. Long-range allostery in the cullin 5 ubiquitin E3 ligase induced by substrate (creatine kinase) binding
(marked by the +/-) is observed as decreased exchange in specific regions of the cullin molecule extending to the

RBX2 protein that holds the E2 subunit.

environments were compared and EX1 Kkinetics
(i.e. motions that are slow enough to show two
separate deuteration envelopes that convert to the
more deuterated species over time) were observed
in the more rigid nanodisc environment, but much
of the “EX1 behavior” was lost when the protein
was embedded in more flexible detergent micelles
[49]. We also studied P-glycoprotein in detergent
micelles and did not observe significant EX1
behavior. Remarkably, we were able to demonstrate

long-range allostery from the intracellular nucleotide
binding domains through the transmembrane region
to the extracellular domain [50].

As new methodologies developed, our conception
of the thermodynamic mechanisms that drive
allostery has also evolved, making it necessary to
expand beyond the models originally constructed
to describe the structural changes observed. NMR
and HDX-MS experiments are unique in their
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abilities to experimentally report on the
conformational fluctuations relevant to protein
allostery. Despite this similarity, the chemical
phenomena measured by these two techniques are
fundamentally distinct, and therefore their information
content overlaps but is also complementary. Thus,
the advancements being made in both the fields
of NMR and HDX-MS enable allostery to be
described in numerous protein systems that would
not otherwise fit the traditional models, revealing
multiple ways for modulation of energy landscapes
of proteins and protein complexes to elicit diverse
functions and regulatory mechanisms.
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