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Probing protein dynamics and function under native and mildly
denaturing conditions with hydrogen exchange and mass spectrometry
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Abstract

A combination of hydrogen exchange and mass spectrometry emerged in recent years as a powerful experimental tool capable of probing
both structural and dynamic features of proteins. Although its concept is very simple, the interpretation of experimental data is not always
straightforward, as a combination of chemical reactions (isotope exchange) and dynamic processes within protein molecules give rise to
convoluted exchange patterns. This paper provides a historical background of this technique, candid assessment of its current state and
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imitations and a discussion of promising recent developments that can result in tremendous improvements and a dramatic expa
cope of its applications.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen–deuterium exchange (HDX) is a technique that
ecame in recent decades one of the major experimental tools

o probe both structural and dynamic features of proteins.
he analytical value of HDX as a tool for probing macro-
olecular structure was recognized almost immediately after

he discovery of deuterium[1] and the subsequent develop-
ent of efficient methods of heavy water production[2]. Ini-

ial studies of the exchange reactions between small organic
olecules and2H2O carried out by Bonhoeffer and Klar[3]
stablished that hydrogen atoms attached to carbon atoms
e.g., –CH3 groups) do not undergo facile exchange in so-
ution, while the exchange rates for hetero-atoms (e.g., –OH
roups) are generally high. Nevertheless, even suchlabilehy-
rogen atoms may exchange very slowly if they are not easily
ccessible by solvent, a situation that is rarely encountered
mong small organic molecules, but becomes increasingly
ommon as the physical size of the molecule in question in-
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creases. Hvidt and Linderstrom-Lang[4,5] later used HDX to
measure the solvent accessibility of labile hydrogen atom
a probe of polypeptide structure. While this study was the
attempt to use HDX to probe protein structure in solution
early studies of hydrogen exchange reactions between
and biopolymers preceded this work by more than 15 y
[6].

Replacement of a labile hydrogen atom with deuter
(or vice versa) changes two fundamental parameters, na
nuclear spin and mass. The former can be identified u
NMR spectroscopy, while the latter can be measured u
mass spectrometry. A change in mass also results in
nificant alteration of a vibrational frequency, enabling
use of IR spectroscopy to determine the isotope conten
macromolecule. It is probably fair to say that the tremend
popularity enjoyed by HDX as an experimental techniqu
in large part due to the emergence and spectacular pro
of high-resolution NMR[7–10]. However, mass spectrom
try (MS) is currently enjoying a dramatic surge in popu
ity in this field as well[11–14]. Interestingly, the idea to u
mass measurements as a means to monitor the extent o
E-mail address:kaltashov@chem.umass.edu. within macromolecules actually precedes the use of NMR for
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the same purpose. In the mid-1950s, Burley et al.[15] esti-
mated the extent of2H incorporation into fibrous proteins by
measuring the mass change of the protein sample as a result
of HDX. In these experiments, quantitation of2H content was
carried out gravimetrically, i.e., by measuring the mass of an
entire protein sample prior to and following the completion
of the exchange reactions using a quartz spring. Although
this idea was adopted by several other groups in the late
1950s–early 1960s[16–18], a lack of accuracy afforded by
such measurements limited its use. This shortcoming could
have been addressed by employing mass spectrometry to di-
rectly measure mass changes of macromolecules, however it
took several decades before the dramatic technological ad-
vances in the field of mass spectrometry enabled desorption
and ionization of intact macromolecular species. In the early
1980s McCloskey and co-workers[19] demonstrated that2H
incorporation into a peptide in solution can be accurately de-
termined using fast atom bombardment (FAB) MS. Although
initially this methodology was employed only as a means of
providing an accurate count of labile hydrogen atoms within
a peptide[19], its use has been later expanded to provide
information on HDX kinetics in solution[20].

The advent of electrospray ionization (ESI) MS dramati-
cally expanded the range of biopolymers for which the extent
of 2H incorporation can be measured directly under a vari-
ety of conditions[21]. As a result of these developments,
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Fig. 1. The pH dependence of intrinsic exchange rates of several types of
labile hydrogen atoms calculated based on data compiled by Dempsey[50].

or near-native conditions are usually transient, and it is the
lifetime of suchexchange-competent statesthat determines
the extent of the exchange reactions occurring during a single
opening event. A mathematical formalism that is often used
to describe HDX kinetics was introduced several decades ago
and is based upon a simple two-state kinetic model[22]:

N iH(incompetent)
kop

�
kcl

N iH(competent)

kint−→ N jH(competent)� N jH(incompetent), (1)

wherekop andkcl are the rate constants for the opening (un-
folding) and closing (refolding) events that expose/protect a
particular amide hydrogen to/from exchange with the solvent,
andiH andjH represent a pair of hydrogen isotopes (typi-
cally, 2H and1H, although radioactive3H was also used in
the past). The rate constant of intrinsic exchange of an unpro-
tected hydrogen atom (from the exchange-competent state)
kint depends on both solution pH and temperature and can be
estimated using short unstructured peptides[23] (Fig. 1). The
NiH → NjH transition is essentially irreversible, as HDX
experiments are carried out in a significant excess (10–1000-
fold) of exchange buffer. A general expression for an ob-
served exchange rate constant for a single amide in this model
is given by[22]:

k
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DX MS has now become a powerful experimental too
robing protein higher order structure. The number of a
ations of the HDX MS methodology to probe both archi
ure and dynamics of biomolecules continues to expand
ffers several important advantages over HDX NMR. Th

nclude tolerance to paramagnetic ligands and co-facto
ell as much more forgiving molecular weight limitatio
nd superior sensitivity, which often allows the experim

o be carried out at concentrations close to or even belo
ndogenous levels.

. Protein structure and dynamics reflected in HDX
S patterns

The concept of HDX experiments is very simple,
hough the interpretation of experimental data is not alw
traightforward. Indeed, a combination of chemical reac
isotope exchange) and dynamic processes within a pr
olecule often give rise to convoluted exchange patt
abile hydrogen atoms exchange slowly if they are shie

rom solvent (e.g., reside in a hydrophobic core of a pro
r involved in a hydrogen-bonding network. In order for
xchange to occur, such hydrogen atoms must becomeunpro-
ected(e.g., by exposing the protein interior to the solv
reaking the hydrogen bond, etc.). Most protein HDX stu

arget backbone amide hydrogen atoms, since they are c
ient intrinsic reporters of backbone dynamics that are ev
istributed throughout the entire polypeptide chain. The
amic processes leading to the loss of protection under n
-

HDX =
kop + kcl + kint −

√
(kop + kcl + kint)2 − 4kopkint

2
.

(2)

n most HDX studies, the exchange-incompetent state o
rotein is in fact its native state. Since most HDX meas
ents are carried out under conditions that favor the

ive state (i.e., the effective unfolding equilibrium cons
op =kop/kcl � 1), the expression forkHDX can be simplified
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Fig. 2. Dependence of the rate of observed hydrogen exchange of back-
bone amide hydrogen atoms upon pH calculated with the assumption that
the kop/kcl remains constant throughout the entire pH range. Dashed lines
indicate expected deviations from the calculated dependence when the as-
sumption ofkop/kcl constancy is unreasonable.

to

kHDX = kopkint

kcl + kint
. (3)

The latter expression is intuitive, as it presents the exchange
rate as a product of the frequency of opening events
(kop) and the fraction of hydrogen atoms at a particular
position that undergo exchange during a single opening
event (kint/(kcl +kint)). Two extreme situations are usually
considered, commonly referred to as EX1 and EX2 exchange
mechanisms[24]. If the protein refolding rate constantkcl
is much higher than the intrinsic exchange ratekint, only a
small fraction of the exposed amide hydrogen atoms will
be exchanged during each opening event. As a result, the
exchange will proceed in small increments, following the
kinetics with an apparent rate constantkHDX =kint·kop/kcl

(a situation known as EX2 regime). HDX under native
conditions almost always proceeds via EX2 mechanism. If,
on the other hand,kcl � kint (which can be achieved by car-
rying HDX reactions under denaturing conditions or at high
pH), all exposed amides will be exchanged during a single
opening even. The exchange rate in this case will actually be
equal to the rate of transition from the closed to the open state
of the protein, i.e.,kHDX =kop (the so-called EX1 exchange
regime).

The ability to clearly identify the exchange regime is im-
portant, since such knowledge is crucial for correct quan-
titative interpretation of the experimental data (EX1 mea-
surements provide kinetic information, while measurements
under EX2 conditions yield thermodynamic information). In
some cases, the exchange regime can be identified by deter-
mining the pH dependence of the rate constantkHDX (Fig. 2),
assuming thekop/kcl ratio stays nearly constant within a cer-
tain pH range. HDX MS measurements can often identify
the EX1 exchange regime directly, as it often yields acorre-
latedexchange pattern, while the EX2 regime always results
in uncorrelatedexchange. In the case of a two-state protein,
correlated exchange results in characteristic bimodal isotopic
distributions, a feature that is notably absent from uncorre-
lated exchange patterns (Fig. 3). It must be noted, however,
that the uncorrelated exchange component is almost always
present even under EX1 exchange conditions. For example,
i
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ig. 3. HDX MS patterns of a small two-state protein chymotrypsin i
A), pH 11, 60% methanol at 8◦C favoring correlated exchange (B) and
ach panel indicates the position of the centroid of an isotopic cluster
t is seen inFig. 3B as a gradual shift of the higher-m/z iso-
opic cluster, and is often attributed to uncooperative dyn
vents leading to a loss of protection by one amide (suchlo-
al structural fluctuations[25]). Furthermore, the EX1 lim
epresents only an extreme situation, which is not alw
chieved if HDX MS measurements carried out under m
enaturing conditions. As a result of that, convolutedsemi-
orrelatedexchange patterns can be observed, signaling
cl ∼ kint and, therefore, each opening even leads to a
iderable, but not complete exchange of amides that be
nprotected (Fig. 3C).

r 2 acquired under near-native conditions favoring fully uncorrelatedhange
70% methanol at 8◦C favoring semi-correlated exchange (C). A dotted lin
ein ions whose2H content is identical to that of solvent.
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Fig. 4. Computer-simulated HDX patterns of a model three-state protein, in which transitions among all states (N → I , I → U andN → U) proceed under
conditions favoring EX1 exchange regime (A) and only one transition (N → I ) favors Ex1 regime, producing semi-correlated exchange pattern (B). (C) HDX
MS profiles of a three-state protein ubiquitin acquired under conditions when all three states are populated in solution (pH 7, 60% methanol). The inset illustrates
resolution of isobaric protein ions:2H-rich, 23Na-free (©) and2H-depleted23Na-adducts (�).

Although HDX MS measurements of two-state proteins
considered above are instructive and often provide valuable
information on protein dynamics, it is the studies of multi-
state proteins that benefit most from HDX MS experiments
carried out under EX1 conditions. In an ideal case, such mea-
surements may provide a means to map and characterize dis-
tinct protein conformers differing by their exposure to solvent
(Fig. 4A). The ability of HDX MS to reveal the presence and
characterize the behavior of distinct intermediate states based
on their2H content is quite unique, as HDX NMR generates
exchange data averaged across the entire ensemble of states,
thus complicating the detection of distinct conformations.
Although in some instances certain information about the in-
termediates may be obtained by grouping amides with similar
exchange kinetics into cooperative unfolding-refolding units,
or foldons[26], this approach may result in artifacts[27,28].
It must be mentioned, however, that an idealized correlated
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exchange pattern similar to that presented inFig. 4A is rarely
observed in practice, particularly under mildly denaturing
conditions. The exchange patterns are often complicated due
to the fact that while some transitions (e.g., from the native
to the intermediate states) favor the EX1 exchange mecha-
nism, others (e.g., from the intermediate to the fully unfolded
states) might give rise to exchange occurring in the EX2
regime (Fig. 5). As a result, some protein states may escape a
straightforward detection or else their protection levels may
be misread. Two examples of such behavior are presented
in Fig. 4B and C. Nonetheless, multiple protein conformers
co-existing at equilibrium under mildly denaturing conditions
can often be directly observed in carefully executed HDX MS
experiments[29].

3. Protein dynamics and function under native
conditions: quantitative assessment of protein–ligand
binding

The ability of HDX measurements to detect changes in
the solvent exposure of polypeptide chains has been used
in numerous studies of protein binding processes[30–32].
The basic premise of such analyses is that protein–protein
(or, more generally, protein-large ligand) binding inevitably
l lting
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ig. 5. A hypothetical energy diagram of a three-state protein that is exp
o produce HDX pattern shown in Figs. 4B, C. Separation between
nergy minima (N, global, andI , local) is sufficient to trap protein molecu

n theI -state long enough to result in correlated or semi-correlated exch
ack of energy barrier between theI -state andU-state does not allow prote
olecules to visit the latter long enough, so that only uncorrelated exc

s afforded in theU-state. Sample trajectory of a simulated Brownian mo
long this energy surface is shown at the bottom of the diagram.
eads to solvent exclusion from the interface region, resu
n significant reduction of HDX rates for all amides loca
t the binding interface. In many cases, however, the li

s too small to cause any significant solvent exclusion f
he interface area or else does not form hydrogen b
ith the protein at all (e.g., lipophilic ligands, metal io
tc.). Furthermore, many of these ligands do not even in
ignificant changes in the protein secondary structure
ectable by HDX. Nevertheless, even in such situations H
easurements often reveal intimate details of protein–li

nteraction processes. We will illustrate this point



I.A. Kaltashov / International Journal of Mass Spectrometry 240 (2005) 249–259 253

Fig. 6. Primary, secondary and tertiary structure of CRABP I. Crystal structures of the apo (blue) and holo (purple) forms of the protein are overlaid in panel B.

considering the binding ofall-trans retinoic acid(RA) to its
carrier,cellular retinoic acid binding protein I(CRABP I).

CRABP I is a member of a family of small soluble intra-
cellular proteins that bind hydrophobic ligands such as fatty
acids, lipids, and retinoids. Theraison d’etrefor CRABP I
is binding RA, a major physiologically active metabolite of
vitamin A, although it still is unclear whether the protein
acts as RA transporter to the nuclear receptor site or sim-
ply restricts its availability in the cell by mere sequestration.
The protein contains 136 residues forming two five-stranded
�-sheets (Fig. 6A). The first two strands are connected by
a helix-turn-helix motif, and all others by reverse turns. The
two �-sheets are packed orthogonally to form a solvent-filled
�-barrel. The ligand-binding pocket, which physiologically
accommodates RA is located inside the barrel. RA binding
to CRABP I introduces only minimal changes to the protein
structure (Fig. 6B), yet it is clear that there must be transient
dynamic events that allow RA to enter the cavity inside the
protein. Aportal modelhas been postulated, which invokes
the notion of a highly dynamic segment within the protein
that serves as an opening, which provides ligand access to
the cavity[33]. Recent NMR measurements suggests that in
CRABP I this portal region constitutes the helix-turn-helix
motif and two flanking�-hairpins[33].

It is now generally accepted that protein structure under
native conditions is not a rigid crystalline state, but under-
g side
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c thin

natively folded proteins invoke the notions of a structural
fluctuation (already mentioned in the preceding section) or a
mobile defect(which considers not only the emergence and
dissipation of local disorder, but also the possibility of its
propagation through the protein structure). Alternatively, the
local dynamics can be described using asolvent penetration
model (slow diffusion of the solvent molecules into and out
of the protein interior)[34]. Such description is actually very
similar to the mobile defect model, as applied to the inte-
gral solute–solvent system, instead of the protein molecule
alone.

Above and beyond local structural fluctuations, protein dy-
namics under native conditions is exemplified by transiently
sampling non-native (higher-energy oractivated) conforma-
tions. Such protein states are often functionally important
despite their low Boltzmann weight[35,36]. Transient loss
of structure by a certain segment of CRABP I mentioned
earlier as a requisite event for ligand entry and binding is
consistent with the notion of sampling an activated protein
state (Fig. 7). The second local minimum on the free energy
diagram representing the apo-form of the protein corresponds
to an activated state, whose structure allows unimpeded RA
entry into the cavity. While the native conformation is highly
favored by the protein (and is represented by the global en-
ergy minimum), the free energy difference between the two
states is not too high, so that the protein samples the acti-
v ever,
o o the
p nges
q een
t nif-
i rgy
e l be
oes a range of movements, involving anything from
hain rotation to rearrangement of secondary structure
ents relative to each other. Although the existence of
otions within the native state of a protein can be dete
ith a variety of experimental techniques, their exact

ure remains a subject of discussion in the literature.
ommonly accepted models of the local dynamics wi
ated state frequently in the absence of the ligand. How
nce the ligand is introduced into the system and binds t
rotein in its activated state, the energy landscape cha
uite dramatically. Multiple favorable interactions betw

he ligand and the protein in its native state provide sig
cant “reinforcement” of the latter, making its free ene
ven more negative. As a result of that, the protein wil
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Fig. 7. Hypothetical free energy landscapes of CRABP I in the absence (lest) and in the presence of RA (right).

now much less likely to sample the alternative conformation
(whose structure provides the ligand with an escape route).

The initial confirmation of this view of RA binding to
CRABP I is provided by HDX MS experiments carried out
under native conditions[37]. Hydrogen exchange becomes
significantly slower in the presence of RA (Fig. 8), and such
an efficient deceleration cannot be attributed to the solvent-
shielding action of the ligand. Indeed, RA does not form any
hydrogen bonds to the protein and the reduced rates of ex-
change are fully attributable to the diminished dynamics of
the polypeptide chain. Since the exchange follows the EX2
mechanism under these conditions, we can use measured ki-

netic parameters of HDX reactions to calculate equilibrium
constants of various unfolding processes (vide supra):

kHDX = kopkint

kcl
= kintKop. (4)

Since the slowest phase of the exchange corresponds to global
unfolding, one can use(4) to calculate free energy of the
native conformation as

�G = −RT ln(Kunfolding) = −RT ln

(
kHDX

kint

)
(5)

F otein u nce (bl
t anel ind n w
c

ig. 8. Isotopic distributions of CRABP I ions (charge state +8). The pr
races) and in the presence of RA (gray traces). Dotted line in each p
ontent is identical to that of the exchange buffer (1H/2H = 96:4).
ndergoes HDX in solution at pH 6.8 (A), 3.4 (B) and 10 (C) in the abseack
icates the position of the centroid of an isotopic cluster of a protein iohose2H
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Fig. 9. HDX kinetics of CRABP I measured under native conditions in the absence and in the presence of natural retinoids. Adapted with permission from
Xiao et al.[37].

using the fully unfolded state of the protein as a reference
zero-energy conformation. Since the addition of the ligand
is unlikely to change the energy of the fully unstructured
state of the protein, it is possible to obtain an estimate of the
protein–ligand interaction simply as

��G = RT ln

(
K

apo
unfolding

Kholo
unfolding

)
= RT ln

(
k

apo
HDX

kholo
HDX

)
, (6)

wherekholo
HDX andk

apo
HDX are the measured rate constants for the

slowest HDX phases of CRABP I in the presence and in the
absence of RA, respectively. This allows a fairly straightfor-
ward quantitation of RA binding to CRABP I to be carried
out, yielding a value that is reasonably close to estimates
provided by other biophysical techniques[37].

While RA is a cognate ligand for CRABP I, this protein
also binds a range of other retinoids, particularly RA
isomers, such as 9-cis-RA and 13-cis-RA. The hydrophobic
skeletons of the latter two are altered sufficiently to introduce
significant disruption to the network of native hydrophobic
contacts, thus reducing the stability of the protein–ligand
complex. HDX measurements of CRABP I carried out in
the presence of 9-cis-RA and 13-cis-RA reveal a notable
decrease of protein dynamics as compared to the apo-form
of the protein, although not as significant as in the case of
the cognate ligand (Fig. 9). CRABP I affinity to non-cognate
l HDX
r

4
d

on-
d RA-
C ever,
t ter-
m and
b pro-

ceeds via the EX2 mechanism and, therefore, is uncorrelated.
As a result, HDX MS produces a picture of protein dynamics
averaged across the entire population. Various protein states
can only be distinctly detected if the exchange is correlated
or semi-correlated, which only becomes possible in the EX1
or EXX exchange regime, respectively.

Lowering solution pH to 3.4 results in a significant de-
crease ofkint and, therefore, is often expected to keep the
exchange in the EX2 regime (seeFig. 2). Very often, how-
ever, low pH results in a significant destabilization of the pro-
tein, which affects refolding rateskcl even more significantly
than the intrinsic exchange ratekint. In many instances, it is
possible to find conditions under whichkint ≥ kcl, a situation
leading to semi-correlated exchange (vide supra). An exam-
ple of such behavior can be seen inFig. 8B, which shows
HDX MS profiles of CRABP I acquired at pH 3.4 in the ab-
sence and in the presence of RA. The isotopic distribution
of CRABP I ions is clearly bimodal, with the highm/zclus-
ter corresponding to a highly protected form of the protein.
The lowerm/zcluster is likely to contain contributions from
several states of the protein (including a fully unfolded one,
as well as one or more intermediates, which cannot be re-
solved under conditions favoring semi-correlated exchange).
The observed exchange profiles clearly show that partial or
full unfolding of the protein is significantly slowed down
when RA is present in the exchange buffer. However, these
d een
t

olu-
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k its
a -
r n as
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i -
s ially
r shes
d ex-
c r
igands can also be estimated based on the measured
ates[37].

. Protein dynamics and function under mildly
enaturing conditions: a glimpse at the mechanism

HDX MS measurements carried out under native c
itions allow the thermodynamic parameters of the
RABP I interaction to be quantitatively assessed, how

hey do not provide direct information on the putative in
ediate states of the protein and their involvement in lig
inding. Indeed, the exchange under these conditions
ata provide very little information on transitions betw
he non-native states of the protein.

In order to distinctly see the non-native states, the s
ion pH must be sufficiently high, so that the EX1 criter
int � kcl is met. At pH 10, the apo-form of CRABP I exhib
clearly bimodal character, where the lowerm/zcluster cor

esponds to the fully unfolded state of the protein (as soo
t becomes visible in the spectra, the2H content of this stat
s identical to that of solvent). The higherm/z cluster repre
ents a partially structured intermediate state, which init
etains 30 deutrons, although this number slowly dimini
ue to local structural fluctuations. Addition of RA to the
hange buffer results in the disappearance of the lowem/z
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cluster, indicating a dramatic increase of the protein refolding
rate caused by the presence of the ligand. When coupled with
the analysis of protein ion charge state distributions[37,38],
these studies provide conclusive evidence that partially un-
folded states of CRABP I play a crucial role in binding its
cognate ligand.

5. Understanding how proteins work: site-specific
HDX MS measurements and protein ion
fragmentation

While HDX MS unequivocally establishes the functional
importance of partially unstructured protein states and even
affords their detection, it provides little information on their
structure. Indeed, site-specific assignment of2H incorpora-
tion is a challenging task due to the reversible character of
HDX. Still, there are conditions (pH 2.5–3,T= 0◦C) under
which the exchange of backbone amide hydrogen atoms is
relatively slow (Fig. 1). Coupling of HDX carried out un-
der native conditions with proteolysis under suchslow ex-
change conditionscan provide valuable information on the
spatial distribution of2H along the polypeptide chain[11].
The proteolytic step (with pepsin) is followed by fast chro-
matographic separation and MS identification of the fragment
peptides, and measurement of their2H content. Noticeable
b ing
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Fig. 10. Local conformational stability maps of CRABP I measured with
HDX CAD MS under native conditions in the absence (left) and in the
presence of RA (right).

lisional energy[45]. HDX CAD MS measurements carried
out under rapid collisional heating conditions provide correct
information on the backbone protection of protein segments
(structural elements spanning several amino acid residues).
While the rate of ion activation appears to be a major de-
terminant of the extent of scrambling, diminished flexibility
of the polypeptide chain in the gas phase limits the extent
of scrambling even if it is favored energetically (if a slow
heating method of ion activation is employed, e.g., sustained
off-resonance irradiation, SORI)[45]. At the same time, lo-
cal hydrogen transfer reactions associated with peptide bond
cleavages do take place regardless of the ion activation rate,
making it impossible to accurately measure the protection of
each individual amide group and, therefore, providing realis-
tic limits as far as the spatial resolution that can be achieved
with this method[45].

We have recently used the top-down HDX CAD MS strat-
egy to produce conformational stability maps of CRABP I
under native and mildly denaturing conditions. A series of
abundant fragment ions are observed in CAD mass spectra
of the protein, providing relatively even coverage of its entire
sequence (Fig. 6C). Time evolution of2H content of each of
these fragment ions allows the amide protection of the key
structural element of CRABP I to be calculated as a function
of exchange time.Fig. 10presents a color-coded protection
map of the protein following 60 min of exchange (when the
f has
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t
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ack-exchangeoccurs even under such conditions, limit
he resolution afforded by these site-specificbottom-upHDX
S measurements.
Fragmentation of protein ions in the gas phase in m

ases offers an attractive alternative to site-specific mea
ents of2H content using a traditional bottom-up appro

29,39,40]. Protein ion fragmentation is typically induc
y its collisional activation in the ESI interface (CAD),

hough alternative methods (such as infrared multi-ph
issociation, IRMPD) are occasionally utilized as well[41].
DX CAD MS does not require that the measurement
arried out in a slow exchange mode. Therefore, suchtop-
ownexperiments can be carried out on-line, allowing
ack-exchange to be avoided. A major experimental
ern in HDX CAD MS is the possibility ofhydrogen scram
ling, i.e., redistribution of2H atoms within the protei

on prior to its dissociation. Indeed, an average lifetim
rotein ions undergoing collisional activation can be q
ignificant, exceeding in some cases hundreds of mill
nds. Such metastable ions may potentially exhibit signifi

ntra-molecular hydrogen exchange in the gas phase (w
e term long-distance internal exchange), which would
er the results of top-down HDX CAD MS measureme
eaningless. In addition, charge-directed cleavages of

ide bonds in the gas phase often involve local proton tr
er and may cause selective alteration of2H content of som
ypes of fragment ions without affecting others[42–44].

Our recent study demonstrated that the extent of hydr
crambling by internal long-distance proton exchange w
ultiply charged protein ions is controlled largely by c
ast phase of HDX due to local structural fluctuations
een completed and the major contributors to the exch
re transitions to partially unstructured intermediate stat

he protein). The map clearly identifies three high-mob
egions within the protein, namelyα-helix II (αII ), β-strands
/5 (β4/5) andβ-strand9 (β9). The two least flexible stru
ural elements of the protein are strandsβ8andβ10. It is these
wo segments that contain amino acid residues Arg111 and
rg131, which make direct contacts to RA via a salt-brid

46]. The remarkable stability of these two strands eve
he absence of the ligand suggests that they form a bin
emplate, or a scaffold, which is likely to be an important
f the putative ligand-binding intermediate state of the

ein. It has the ability to provide unobstructed ligand entr
he binding site (by lacking a structuredαII segment, whic
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Fig. 11. Isotopic distributions of fragment ionsy11
+ (A), y20

2+ (B) andy33
3+ (C) derived from CRABP I ions (CAD in the trapping hexapole region of a 4.7 T

FT ICR MS). The protein undergoes HDX in solution at pH 3.4 in the absence (gray traces) and in the presence of RA (black traces). The bottom trace in each
panel represents isotopic distribution of an unlabeled (essentially2H-free) fragment ion. Dotted line in each panel indicates the position of the centroid of an
isotopic cluster of a fragment ion whose2H content is identical to that of the exchange buffer (1H/2H = 96:4).

normally restricts access to the cavity) and is also capable of
guiding the ligand into the binding site and retaining it there
efficiently (due to the presence of structurally stableβ8 and
β10segments).

The presence of RA in the exchange buffer reduces local
dynamics within every single segment of the protein, most
dramatically inαII andβ4/5. Reduced flexibility of these seg-
ments essentially eliminates the “escape routes” of RA from
the protein cavity, in full agreement with the binding scenario
presented earlier in the paper (seeFig. 7). These results are
in good agreement with a recent study that utilized1H NMR
to evaluate local dynamics of CRABP I[33]. However, nei-
ther HDX CAD MS carried out under native conditions, nor
HDX NMR can characterize the individual structural scaf-
folds whose presence is clearly detected in such experiments.
For example, the observed remarkable stability ofβ8andβ10
tells us nothing on whether these two segments form a sin-
gle core state or represent two different intermediate states
of the protein. An unequivocal conclusion can be reached
only if HDX CAD MS experiments are carried out under
conditions favoring correlated or semi-correlated exchange.
Fig. 11 shows the time evolution of the isotopic distribu-
tions of several fragment ions (y11

+, y20
2+ andy33

3+, from
which 2H content ofβ8, β9 andβ10 segments can be cal-
culated) acquired under conditions favoring semi-correlated
exchange. All distributions are clearly bimodal, although not
w ocal
2 al-
m
1 ns),
w e
d

Similar results (high protection withinβ8 andβ10 and
poor protection withinβ9) were obtained under conditions
favoring correlated exchange, providing strong evidence that
stableβ8 andβ10 form a single binding template within a
partially unstructured state of CRABP I. These experiments
allow us to begin to reconstruct the architecture of the par-
tially unfolded states of CRABP I that are so crucial for lig-
and binding. Understanding what makes these flexible ligand
traps so efficient in catching their specific prey will undoubt-
edly contribute to our ability to engineer “smart” drug de-
livery systems for precisely targeted therapeutic uses in the
future.

6. Conclusions

Functional importance of transient non-native protein
structures can be seen in processes as diverse as recognition,
signaling and transport. However, characterization and even
distinct detection of such states is a challenging experimen-
tal task. Selected examples presented in this paper clearly
demonstrate that HDX MS and HDX CAD MS carried out
under native or mildly denaturing conditions often provide a
unique opportunity to detect and characterize these elusive
species in great detail. Despite being a relative newcomer to
the field of biophysics, HDX MS has already made a plethora
o on-
t hen
c rad-
i ally
e y with
t

ell resolved in the case of smaller ions. Calculations of l
H content within the highly protected conformer indicate
ost complete amide protection withinβ8andβ10following
min of exchange (both retain ALL of their amide deutro
hile β9 is highly flexible (retaining only half of its amid
eutrons).
f important contributions to the field, and this number c
inues to grow. We are witnessing a very exciting time w
ontinuous improvements in both MS hardware and new
cal developments in experimental methodology dramatic
xpand the scope of problems that are amenable to stud
his technique.
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Fig. 12. ESI mass spectrum of a 17 kDa CRABP I variant acquired 10 min after a 1:50 dilution of the deuterated protein in1H2O/C2
1H5O1H solution. Higher

charge states (+17 through +25) represent less structured protein conformations and lower charge states (+12 through +14) correspond to compact (tightly
folded) protein states.

Despite the early success of HDX MS as a biophysical
tool, there is certainly great room for both improving the
experimental methodology and extending the scope of its ap-
plications. One of the challenges facing HDX MS is limited
time resolution afforded in most experiments reported to date.
Measurements carried out in real time do not allow the ex-
change reactions to be studied in the sub-second time scale.
However, the temporal resolution can be improved quite dra-
matically by using a rapid mixing apparatus interfaced with
the ESI source[14]. Another challenge that often compli-
cates interpretation of HDX MS data is the presence of a
large number of natural isotopes in protein molecules. The
isotopic distributions of both intact protein ions and their
fragments have significant width even if no exchange reac-
tions are taking place. The finite widths of isotopic clusters
pose a serious problem if HDX occurs in the EX1 regime,
since the closely spaced peaks can overlap and make a dis-
tinct detection of respective intermediate states rather difficult
(see, for example,Fig. 11). This problem may be solved by
removing “irrelevant” isotopes from the protein, e.g., by ex-
pressing the protein in13C-, 15N-depleted media[47]. HDX
CAD MS methodology can also benefit greatly from utiliz-
ing charge-selected fragmentation of protein ions. Indeed,
co-existence of several protein states in solution often leads
to the appearance of bimodal charge state distributions in the
mass spectra. The low charge density ions represent tightly
f tates
c
c roups
i the
E on
o er-
p li-
fi m
t the
l s of

the low charge density protein ions will contain contribu-
tions from all protein states (Fig. 12). Finally, the spectacu-
lar expansion of the range of proteins, from which abundant
structurally diagnostic fragments ions can be generated using
various gas-phase ion dissociation techniques[49], contin-
ues to broaden the scope of potential applications of HDX
CAD MS.

Both hydrogen exchange and mass spectrometry have long
histories, and their happy union seems to be a very recent
event on this time scale. This relationship is obviously a syn-
ergistic one and is clearly poised to bring about a wealth of
new exciting discoveries in biophysics and greatly advance
our understanding of how biological macromolecules carry
out their duties in living systems.
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