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Protein molecules naturally emit streams of information-rich signals in the language of hydrogen
exchange concerning the intimate details of their stability, dynamics, function, changes therein, and
effects thereon, all resolved to the level of their individual amino acids. The effort to measure
protein hydrogen exchange behavior, understand the underlying chemistry and structural physics
of hydrogen exchange processes, and use this information to learn about protein properties and
function has continued for 50 years. Recent work uses mass spectrometric analysis together with
an earlier proteolytic fragmentation method to extend the hydrogen exchange capability to large
biologically interesting proteins. This article briefly reviews the advances that have led us to this
point and the understanding that has so far been achieved. (J Am Soc Mass Spectrom 2006, 17,

1481-1489) © 2006 American Society for Mass Spectrometry

rotein hydrogen exchange (HX) studies focus prin-

cipally on the main chain amide NH hydrogens.

These hydrogens are distributed uniformly at every
amino acid, except proline, in every protein molecule.
They are just the hydrogens that get involved in the
H-bonds that help to stabilize protein secondary and
tertiary structure. Although they are covalently bound to
the amide nitrogen and are often well-protected by their
H-bonding interactions, they engage in continual ex-
change with the hydrogens of solvent water. In any given
protein, HX rates are commonly spread over a very large
dynamic range, many orders of magnitude wide. These
rates encode detailed site-resolved information on protein
structure, physical properties, and biochemical function.
We need but to measure the signals and understand them
in terms of the underlying chemistry and structural phys-
ics of protein HX processes.

The study of protein hydrogen exchange has a long
history, dating back to the pioneering work of Kai U.
Linderstrom-Lang and his coworkers at the Carlsberg
Laboratories in Copenhagen in the 1950s. In the excite-
ment following Pauling’s discovery of the a-helix and
B-sheet, Linderstrom-Lang realized that he might look
for H-bonded structures by measuring protein hydro-
gen exchange. In typical style, Lang and his colleagues
designed entirely new methods, built their own equip-
ment, and pursued a series of ground-breaking HX
studies on a variety of proteins and polypeptides [1]. In
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the early Carlsberg version of HX measurement, one
dissolved the experimental protein in D,O, took sam-
ples as a function of H-D exchange time, transferred the
protein-bound deuterium into pure H,O solvent, and
quantified the deuterium by a sensitive mass technique
that was able to measure the density of tiny water
droplets to about one part in a million using the density
gradient column pictured on the journal cover.

As it turns out, a good fraction of the Carlsberg data
were in some way incorrect due to an artifact that has
never been fully explained. Nevertheless, in a magical
display of scientific insight, Lang inferred the basic dy-
namic mechanisms that underlie protein hydrogen ex-
change processes and wrote the equations that govern
measurable HX, which we still use today. This was 10
years before the first protein structures were solved and 20
years before molecular dynamics came on the scene.
Linderstrem-Lang left us with the extraordinary potential
that hydrogen exchange offers but also with challenges
yet to be overcome. How can we measure HX behavior,
ideally at amino acid resolution, understand how protein
behavior and properties are reflected in measurable HX
rates, and deploy the HX capability, experimentally and
theoretically, to elicit that deeply hidden information?

Efforts to address these challenges have matured
over the last half century. The development of multi-
dimensional NMR methods now provides an efficient
way to measure HX in rather small protein molecules.
Larger, more interesting proteins require other ap-
proaches. The most recent advances implement the
explosively developing capabilities of mass spectrome-
try together with an earlier proteolytic fragmentation-
separation method. This article briefly recapitulates
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Figure 1. HX of the amide group in unstructured polypeptides. At the chemical level, amide HX

rates vary linearly with hydronium and hydroxide ion concentration (eq 1). They depend also on
temperature, neighboring side chains, and isotope effects [5, 6] (see URL HX2.Med.UPenn.edu/
download). The HX halftime for unprotected amides is over 1 h at the pH minimum, between pH 2
and 3 at 0 °C, which makes possible the peptide separation/mass spectrometry technology.

some of the important things that we have learned on
the way to our present most promising vantage point.

HX Chemistry

We now know that amide hydrogen exchange is cata-
lyzed only by the strong base, OH ™ -ion, and the strong
acid, H;O"-ion. Also, there may be a small contribution
due to catalysis by the H,O molecule (present at 55.5 M
concentration) under conditions where chemical ex-
change is otherwise very slow (eq 1; see Figure 1). These
restrictions stem from the extreme acid and base pKa
values of the amide group as explained by the proton
transfer theory of Manfred Eigen [2, 3]. The pKa value
of the secondary amide (peptide) group is just over 18
for direct deprotonation, about —2 for protonation at
the amide carbonyl, and apparently —11 for protona-
tion at the amide nitrogen. The pKa values for hydrox-
ide ion protonation and hydronium ion deprotonation
are 15.7 and —2, respectively. These parameters come
into play in the equilibrium proton transfer steps that
determine HX rates, which involve direct deprotona-
tion of the amide in the alkaline reaction and a pre-
equilibrium amide protonation step in the acid reaction.
Weaker acids and bases cannot effectively compete with
catalysis by hydroxide ion and hydronium ion [2-4].
The same principles explain why hydrogens on the
polar protein side chains exchange so much faster and
make them less useful, or less interfering, depending on
one’s point of view.

Eq 1 expresses acid and base-catalyzed amide HX
rates in these terms.

ke = King Al H' ]+ Kings[ OH ] 4 e[ H20] M
The terms in eq 1 are the unprotected chemical HX rate,
k4, and the intrinsic second-order rate constants for the
acid-catalyzed (A), the base-catalyzed (B), and the water-
catalyzed (W) reactions. Chemical exchange rates go
through a minimum between pH 2 and 3 and increase
by a factor of 10 per pH unit at higher and lower pH

(Figure 1). The amide chemical exchange rate is also
very sensitive to temperature with activation energies
close to 17 kcal/mol, which produces a factor of 10 in
rate per 22 °C. Also, the rate is significantly influenced
by neighboring side chains to the right and left and is
sensitive to kinetic, equilibrium, and solvent isotope
effects.

All of these factors have been well calibrated [5, 6] so
that it is now possible to predict the unprotected
chemical HX rate for all conditions. Calculations are
based on reference values for the various possible
isotopic conditions and the known effects thereon of
pH, temperature, and neighboring side chains. Figure 1
illustrates the pH-dependent HX behavior for the un-
structured polypeptide reference model, poly-D,L-
alanine. An available spreadsheet handles all of the
necessary calculations (URL is HX2.med.upenn.edu/
download).

The kinetic properties of amide hydrogen exchange
are exceedingly favorable for protein studies. Rates can
be easily targeted onto the most useful time scale,
simply by adjusting pH and temperature through the
normal protein and laboratory range. HX isotope label-
ing experiments can be performed under conditions
most pertinent for the system studied, and the analysis
for carried label can be performed at any other chosen
condition. The fairly slow HX rate for unprotected
amide hydrogens at the pH minimum, over 1 h at pH
~2.5 and 0 °C (Figure 1), makes possible the proteolytic
fragmentation-mass spectrometric analysis (see below).

HX and Protein Dynamics

The chemical HX rate in eq 1 refers to the freely exposed
hydrogen. Protein structure imposes further slowing
that builds on the chemical reference rates in Figure 1.
We now know that hydrogens protected by H-bonding,
whether in small organic molecules or large protein
molecules, cannot exchange at all. Yet they do ex-
change. The modern view of HX rate determination
follows closely the early insights of Linderstrem-Lang.
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Figure 2. HX of protected amides. The additional protection
afforded by H-bonded structure depends on the thermodynamic
and kinetic parameters of transient opening reactions that separate
the H-bond and expose the hydrogen to solvent. Exchange rate
increases linearly with solvent catalyst concentration in the EX2
range but will ultimately limit at the structural opening rate (EX1
limit). In the EX2 region, the reference chemical rate (eq 1, Figure
1) is decreased by the fraction of time that the hydrogen is
exposed, given by ko./(k,, + ko) = K, (from eq 2), therefore can
indicate the free-energy of the responsible structural opening
reaction (eq 3). In the EX1 region, the HX rate becomes equal to,
and therefore provides a way to measure, the rate for the respon-
sible structural opening (eq 4). EX1 behavior can be documented
by its insensitivity to pH as shown here or by correlated MS
behavior when multiple amides experience the same EX1 ex-
change rate so that MS results show a molecular species moving
from the unlabeled mass to the fully labeled mass in one concerted
step.

Lang’s view was that the exchange process requires the
transient separation of H-bond donor and acceptor
groups in some unspecified dynamic exposure reaction,
which clears the way for attack by solvent catalyst. In
the absence of information on the dynamic exposure
reaction, we refer to this behavior noncommittally (eqs
2-4) as structural opening (op) and reclosing (cl).

Lang pictured that when opening occurs, a kinetic
competition ensues between the chemical exchange rate
and structural reclosing. If reclosing is faster than
chemical exchange (k, > kg,), then opening must occur
many times before a successful exchange event. In this
case, the opening reaction enters the kinetic expression
as a pre-equilibrium step as in eq 2. The approximation
shown in eq 2 holds for any significant degree of
structural protection (k,,/kq = Ko, < 1). The equilib-
rium constant (K,,) and the free-energy for the respon-
sible opening reaction (eq 3) can then be directly ob-
tained from the measured HX rate (k. ) and the
expected kg,. In this so-called EX2 region (bimolecular
exchange) HX rate depends sharply on pH, changing by
a factor of 10 per pH unit as in eq 1. When the chemical
rate is made progressively faster, for example by raising
the pH (Figure 1), it may come to outpace the structural
reclosing rate. HX rate will then ultimately limit at the
structural opening rate (k,,) (eq 4), known as the EX1
limit (monomolecular exchange) [1, 3]. This behavior is
illustrated in Figure 2.

kex = kop kch/ (kop + kch + kcl) = Kop kch (2)

AG,, = —RT InK,, = —RT Ink,/k, 3)
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Kex = kop (4)

These equations apply to the usual steady-state situa-
tion where the protein is stable (k,,< k) and in
dynamic equilibrium with solvent and with its own
higher energy transiently open states. The more general
solution was given by Hvidt [7] (more accessible in [8]).

An alternative view of the physical basis for protein
HX behavior gained prominence in the 1970s and 1980s,
and has been convincingly disproved, but tends to
re-emerge whenever a new cadre of workers enters the
field. This happened in the 1990s with the development
of 2D NMR-HX technologies and is repeating with the
emergence of mass spectrometry-HX methods. The
intuitively seductive picture is that slowly exchanging
hydrogens are slow because they are buried within the
protein and that the HX process requires penetration
into the protein by water and/or solvent catalysts. One
now knows that many highly protected hydrogens are
in fact fully exposed to solvent at the surface of proteins
and even in small, organic molecules, where burial is
not an issue (e.g., [9, 10]. Mere contact with water is not
enough. The hydrogens exchange slowly because they
are involved in H-bonding interactions that sterically
block normal HX chemistry. Pre-existing H-bonds must
be separated to allow attack by and H-bonding to HX
catalysts. EX1 HX behavior (Figure 2), seen for some
well-buried amides, is inconsistent with a penetration
mechanism, which would irrevocably produce EX2-like
behavior. The dependence of HX rate on temperature
and on degree of burial are against any penetration
mechanism [3, 11, 12]. The enthalpy for entry of charged
HX catalysts into the protein interior would be ex-
tremely large due to the desolvation penalty, and this is
not seen. Partial desolvation would require the inser-
tion of a large complex, still bearing a net charge.
Direct studies of the ability of small molecules to
penetrate into proteins and quench the fluorescence
and phosphorescence of buried tryptophans show
that small apolar diatomic and triatomic molecules
can penetrate into proteins at some reasonable rate,
but that charged species like hydroxide and hydro-
nium ions cannot [13, 14].

To be sure, hydrogens that are buried within pro-
teins must, in addition, be brought into contact with
solvent. HX patterns shown by near-neighbor hydro-
gens, some buried and some not, show that this occurs
by protein distortional motions that break H-bonds and
bring the hydrogens out into solvent contact rather than
by allowing charged HX catalyst to enter [11]. Struc-
tural openings that can bring protected hydrogens out
into contact with solvent may involve segmental un-
folding reactions, which can reach from small local
unfoldings to whole molecule global unfolding. Recent
work has tested the validity of protein stability param-
eters obtained by using eqs 2 to 4. The equilibrium and
kinetic parameters of global and subglobal unfolding
reactions appear to be accurately obtained [15, 16].
Alternatively, the dominant opening often depends on
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Figure 3. HX results for hemoglobin (Hb) illustrating the pro-
gression of HX technology. (a) Whole Hb initially labeled to
exchange equilibrium in tritiated water, then exchanged-out in
oxy (red) and deoxy (blue) forms, measured by the early tritium-
gel-filtration method [36]. Some allosterically sensitive sites are
faster in oxyHb. When O, is added to exchanging deoxy Hb, the
sensitive sites are made faster and the separate curves merge. (b)
Functional labeling results for whole Hb with exchange-in for only
1 min (pH 7.4, 0 °C [37]). The functional labeling method selec-
tively labels some allosterically sensitive sites, making it possible
to characterize their number and HX rates in both forms, and
therefore the allosteric free-energy that they carry. (c¢) and (d) HX
of functionally labeled Hb (35 min, 0 °C exchange-in) measured by
the proteolytic fragmentation method with peptide separation by
HPLC alone [38]. Two sets of allosterically sensitive amides are
located at the segment level. They exchange by way of a local
unfolding mechanism. (e) and (f) The integration of these ap-
proaches with mass spectrometric analysis which more closely
defines some allosterically sensitive positions. (e) and (f) include
MS data obtained with the same exchange-in as for the tritium
experiments (open triangles), and more intensively (20 min, 20 °C,
closed triangles) [35].

smaller distortional motions known noncommittally as
local fluctuations [17], which can expose to exchange as
little as one hydrogen at a time [11]. The relationships
that connect HX rate with the parameters of local
fluctuations are still unclear. A significant issue is
whether the k;,,, values obtained for unstructured pep-
tides (eq 1) are pertinent in this case [18]. More gener-
ally, the factors that determine which dynamical mode
will dominate (global unfolding, subglobal unfolding,
local fluctuations) have not been well defined.

J Am Soc Mass Spectrom 2006, 17, 1481-1489

HX Measurement: Functional Labeling, Proteolytic
Fragmentation, and HPLC Separation

Progress in HX measurement over the years has de-
pended on technological innovation and commercial-
ization at every step along the way. The advance of
technology can be illustrated by the sequential panels in
Figure 3.

In the 1960s, shortly after the Linderstrom-Lang era,
the radioactive isotope, tritium, and its measurement by
liquid scintillation counting, became easily available as
a result of ongoing fusion and hydrogen bomb research.
These advances, together with the development and
commercialization of gel-filtration media, led to the
accurate artifact-free tritium-gel-filtration HX technique
[19], which dominated HX work for the next 20 years. A
range of HX studies on proteins, nucleic acids, oligo-
saccharides, their synthetic analogs, and their multimo-
lecular complexes followed.

Figure 3a shows some results for the archetypal
regulatory protein, hemoglobin (Hb). When O, is added
to T-state deoxy Hb, causing it to switch to the R-state
oxy Hb form, significant structure changes occur [20].
The exchange of some hydrogens is seen to be acceler-
ated (Figure 3a), as might be expected from the more
relaxed nature of oxy Hb. However, this undifferenti-
ated global measurement cannot tell how many hydro-
gens are affected, what their rates are in either form, or
where in the protein they might be. All straightforward
whole molecule determinations share this limitation.
Similar, although less extreme, uncertainties occur even
when the experimental analysis can be focussed down
onto submolecular peptides, as is possible by using the
modern MS methods described below.

A functional labeling technique can provide more
specific information by placing HX label selectively on
just the sites that sense the allosteric transition [21]. For
Figure 3b, tritium was initially exchanged-in to the
faster exchanging oxy form for only a limited time, 1
min in this case. Allosterically sensitive and insensitive
sites that exchange on this time scale are indiscrimi-
nately labeled. Hb was then switched to its slower
exchanging deoxy form and exchanged out for a some-
what longer time. Label on allosterically insensitive
sites is soon lost because, by definition, insensitive sites
exchange at the same rate in both forms. But label on the
allosterically sensitive sites is now much slower, and it
survives the chase period. One is then left with a sample
that has label selectively placed on just (some of) the
sites that change in the function being studied. The
number of sensitive sites and their rates in both forms
can then be directly determined. Figure 3b kinetically
distinguishes two sets of sensitive hydrogens that
change in rate by almost 1000-fold and 10,000-fold
between the T and R forms, indicating a change in
stability of 3.7 and 5.0 kcal/mol in free-energy at these
two positions (eq 2 and 3). Selectivity for the sensitive
sites and accuracy of the HX determination increase
with the rate difference, i.e., with the energetic impor-
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tance of the structure change. Still, one cannot tell
where in the protein these sensitive sites are.

The development of a proteolytic fragmentation/
HPLC separation method [22] was able to locate the
positions of some of the allosterically sensitive sites at
intermediate resolution [23]. The method is made pos-
sible by the fact that the HX halftime for unprotected
amides is over 1 h at pH 2 to 3 and 0 °C (see Figure 1).
One takes samples in time from the exchanging Hb
experiment and plunges the protein into 0 °C solution
at pH 2.5. Hb unfolds but HX of the now freely exposed
amides is slow enough to allow, with only modest loss
of HX label, a brief proteolysis of the protein into
fragments and their separation by fast HPLC. Scintilla-
tion counting can then locate and quantify the tritium
label at the fragment level. The expected loss of HX
label can be accurately predicted from known rates [5]
and can be checked in trial experiments.

Figure 3c and d show results for the peptide frag-
ment 1-29 at the N-terminus of the Hb a-chain and
130-146 at the C-terminus of the B-chain. Four alloster-
ically sensitive amino acids are found on each terminal
fragment. The hydrogens in each set all exchange at
about the same rate in oxy Hb and they all move in
unison to a new rate in deoxy Hb slower by 9-fold
(a-chain) and 750-fold (B-chain). The indication is that
the two sets of sensitive hydrogens are exposed to
exchange by the concerted unfolding of two different
chain segments that lose interactions worth 1.2 and 3.6
kcal/mol in free-energy, respectively, in the allosteric T
to R transition (eq 2 and 3).

The ability to quantitatively evaluate stability and
change in stability in terms of thermodynamically rele-
vant structural free-energy is particularly valuable be-
cause regulatory proteins function as energy intercon-
verting machines. The four subunits of Hb bind a total
of four oxygens with positive cooperativity; initial oxy-
gens are bound with reduced affinity and later ones
more strongly. Qualitatively, the intra- and inter-
subunit interactions that produce this behavior act
through concerted structure changes. Quantitatively,
the currency of these interactions is free-energy as
codified in the equations of Wyman [24] and Monod et
al. [25]. In Hb, the allosteric machinery is designed to
interconvert oxygen binding free-energy and structure
change free-energy (overall free-energy is conserved).
When Hb binds its initial oxygens, the protein steals
some of the binding energy (affinity is decreased),
transduces it into structure change energy, carries this
energy through the protein in the form of energetic
structure changes, and transduces it back into enhanced
binding energy at distant heme sites (affinity is in-
creased). Thus, the initial ligands are bound with re-
duced energy, and the later ones with enhanced energy,
generating the functionally important S-shaped binding
curve. The HX experiment not only locates some of the
operative segments but, uniquely, can measure how
much allosteric free-energy is carried by each. Site-
resolved changes in structural stabilization free-energy

HX AND MS 1485

can be read out in terms of the stability of the alloster-
ically sensitive segments against the unfolding reac-
tions that govern their measurable HX rates (eq 3).
Structure change can be measured by many methods
but the ability to measure and localize changes in
structural free-energy and thus track the pathways of
energy-transfer through a protein has not been avail-
able before.

However, these methods are still limited. HPLC
alone cannot rapidly resolve the large number of pep-
tides produced by nonspecific acid proteases. Even for
the few proteolytic fragments that could be obtained in
relatively pure form, the results in Figure 3c and d do
not closely specify the sensitive amino acid positions.
For these purposes, it is necessary to obtain many more
peptides.

HX Measurement: The MS Capability

The proteolytic fragmentation/HPLC separation method
can be supplemented with a second dimension of peptide
separation by mass spectrometry [26, 27]. This approach,
when it is successful, can capture a large library of
peptides that covers the entire length of an experimental
protein. Further the need to use acid proteases at the initial
fragmentation step, imposed by the requirement to per-
form the fragmentation-separation analysis at low pH, has
a remarkable benefit. Acid proteases are notoriously non-
specific. With sulfficiently extensive proteolysis, many
overlapping peptides can be obtained. The comparison of
high accuracy data from overlapping peptides can make it
possible to obtain HX structural resolution close to the
amino acid level. Ultimately, one can look forward to the
development of direct MS fragmentation methods that
may efficiently accomplish this purpose, but the difficult
H-D scrambling problem has so far frustrated this effort,
although see [28].

In this method, the trace tritium label used before is
replaced by labeling in D,O and the liquid scintillation
analysis for tritium label is replaced by mass analysis
for carried deuterium. The H-D exchange/MS capabil-
ity can be deployed to measure exchange at the whole
molecule level, analogous to the early work in Figure 3a
or, more selectively, by functional labeling analogous to
Figure 3b or, at higher structural resolution, by the
proteolytic fragmentation method (Figure 3c—f).

Figure 4 taken from recent experiments with
a-synuclein [29] illustrates the method. The protein was
placed into D,O. Aliquots of exchanging protein taken
as a function of H-D exchange time were injected into
an online flow system that carried them through two
immobilized acid protease columns (pepsin and fungal
protease XIII), then through an HPLC column to obtain
a rough separation (Figure 4a), and then by electrospray
into a QTOF mass spectrometer, which continually
sweeps the mass range (2 s/sweep) as HPLC eluant
enters (Figure 4b). The mass difference between undeu-
terated (Figure 4c) and partially deuterated (Figure 4d)
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Figure 4. H-D exchange/MS experiment. Amyloid (a-synuclein) HX labeled by timed exposure to
D,O was dissociated with chemical denaturant at the condition of minimum HX rate (Figure 1), then
passed through two immobilized acid protease columns, the proteolytic peptides were roughly
resolved by HPLC, and then by on line ESIMS. (a) TIC trace of the HPLC eluant. (b) HPLC eluant was
continually scanned by ESI MS, as shown for the eluant region marked in (a) MS results for the peptide
ion marked in (b) are shown expanded for the protonated (c) and the partially deuterated (d)
condition. Subtraction of the centroid mass of the unlabelled all-H peptide from the D-labeled peptide
yields the number of D-labeled sites recovered on each peptide.

peptide ions yields the number of D-labeled sites recov-  Some Examples
ered for each peptide.

As before, the entire analysis for carried D-label is
done in H,O solvent under conditions chosen to
minimize the loss of label, namely at 0 °C or lower
and at the pH minimum as shown in Figure 1. L~ ) )
Unavoidably, some label will be lost during the time The MS capability has provided peptides that scan the
required for the analysis (“back exchange”). All D-  entire length of the Hb a- and S-subunits, as shown in
label at exchangeable side-chain positions is totally Flg‘}re 5 '[35]' Some of these results are C'OH‘PaYEd with the
lost with the possible exception of the N,H of argi- earlier tritium exchange/HPLC results in Figure 3e and f.
nine [5]. Also, label at the N-terminal amide, which is Good agreement is found. The much more complete
now a free amino group, is fully lost. Label on the results in Figure 5 show where structure change occurs
penultimate amino acid amide is largely lost due to ~ and, importantly, where it does not. The comparison of
an end effect [5]. Through the length of each peptide, ~ data from overlapping peptides more closely places the
calculation using the chemical factors noted before  Ppositions of the allosteric changes. The allosterically sen-

leads one to expect a loss of only about 1% of the sitive pOSitiOI‘Is found in this eXperiment, located at the
carried amide D-label per minute so that a final  @-chain N-terminus, the p-chain C-terminus, and the F

recovery of D-label in the range of 70 to 80% can be  helix and FG corners of both chains, are closely consistent
expected. However, experimental data so far avail-  with the allosteric model of Max Perutz [20]. In addition,
able shows reproducible deviations from this value  these results support a local unfolding HX mechanism at
for any given peptide. Back exchange is generally  the positions of some of the interesting allosteric changes,
dealt with empirically by calibrating and correcting  which makes it possible to measure the allosterically
for the deuterium loss on each peptide using the loss ~ important free-energy that is carried at each of these
factor obtained from trial experiments with fully  sensitive positions.
labeled samples. Results obtained for the soluble a-synuclein monomer
For some recent reviews see references [30-34]. and its amyloid form are shown in Figure 6. Amyloid is a

The utility of these methods can be illustrated by results
we have obtained in experiments with Hb (Figure 5)
[35] and with a-synuclein amyloid (Parkinson’s dis-
ease) (Figure 6) [29].
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Figure 5. H-D exchange/MS results for allosteric structure change in hemoglobin obtained as in
Figure 4. Some allosterically sensitive amide sites were initially selectively labeled by the functional
labeling method. Exchange-out results are compared for R-state oxy (red) and T-state deoxy (blue) Hb
(obtained by subtracting the background from the raw data, both shown in gray; experimental details
in [35]). HX was measured by the proteolytic fragmentation-separation method with analysis by MS.
The peptides indicated span the entire length of the a- and the B-chains. The results show where
changes occur and where they do not, and evaluate the number of amide sites affected within each
sensitive segment. Several of the measured changes strongly suggest multi-residue segmental
unfolding reactions (local unfolding) in which case the change in structural free-energy deposited at
each allosterically sensitive position can be read out in terms of the change in HX rate between the two

different allosteric forms (eq 3).

massively aggregated and insoluble protein form that
resists the usual structural studies, but not HX. Deuterium
exchange-in was done at pDr 4 and 5 °C where exchange
of even freely exposed amides proceeds on a ~10 min
time scale (Figure 2) and so can be directly measured.
Results for the a-synuclein monomer fairly closely match
the expected unprotected rates, confirming its natively
unfolded structure (compare the monomer data in green
with the dashed black line predictions). Results for the
insoluble amyloid (red in Figure 6) identify a 60 residue
length in the systematically H-bonded cross-8 amyloid
region and place its position in the a-synuclein peptide. A
40 residue C-terminal length is wholly unprotected. An
N-terminal length shows apparent heterogeneity with
about 75% of the population freely exposed and 25%
strongly protected. Overlapping peptides through the two

boundary regions locate a somewhat ill-defined break
from mostly unstructured to structured at residue position
38/39 * 3 and a sharp discontinuity back to nonstructure
at position 101/102 (*1). These results show the parts of
the a-synuclein molecular length that participate in
cross-f amyloid structure, give information on the condi-
tion of the segments that do not participate, imply how the
chain is folded into the amyloid ribbon, and allow infer-
ences concerning the general principles that govern amy-
loid formation and properties. For more extensive discus-
sion see [29].

Perspective

We find ourselves in an exciting time in the develop-
ment of structural biology. Thanks to advanced struc-



1488

ENGLANDER

J Am Soc Mass Spectrom 2006, 17, 1481-1489

Deuterium Label

, [114123 o [11a-124 o [117-124 , [125-132 12 1425.135
6,

4l
4,

21 )

16 16 4 3 6 5;0 160 15;0 200 6 5;0 160 150 200
125-139 125-140 135-140 136-140
3,
5]

24 M "
14 R4

0 50 100 150 200 0 50 100 150 200 0 50

100 150 200 0 50

100 150 200

Exchange in Time (min)

Figure 6. H-D exchange/MS results for a-synuclein obtained as in Figure 4. Results for the soluble
a-synuclein monomer (green) compare well with expected unprotected rates (dashed black curves).
Results for the insoluble amyloid, shown in red, identify the well-protected chain segment that
participates in the amyloid cross-g region and show the degree of protection in other regions.

tural methods, especially X-ray crystallography and
multi-dimensional NMR, we now know a lot about
what proteins look like. But that is just the beginning.
There is a vast amount to learn about how the protein
machines of biology actually work. In this effort it is
fundamental to understand what the machines look like
but one needs to know a lot more. Protein function

depends on dynamics and energetics. This is the proper
domain of hydrogen exchange experimentation. We
now know a lot about hydrogen exchange, how to
measure it and how to interpret it in terms of protein
structure, dynamics, and energetics, and thus track how
these fundamental properties produce protein function.
The ability to obtain structurally resolved HX data and
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to interpret it based on firm knowledge of HX chemistry
and the role of protein structural dynamics seems most
promising for future studies. The coupling of mass
spectrometry with hydrogen exchange provides a spe-
cial entré into these previously hidden avenues. This
article offers a brief overview of where we have been.
H-D exchange/MS experimentation on many proteins
is now being pursued in a rapidly expanding number of
laboratories. One can look forward to continuing ad-
vances that will make routine the HX investigation of
the large biomolecules that make biology work.
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