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During the past decade, numerous investigations have demonstrated that the rate at which
amide hydrogens located at peptide linkages undergo isotopic exchange is a sensitive probe
of the high order structure and dynamics of proteins. The present investigation demonstrates
that microbore high-performance liquid chromatography (HPLC) continuous-flow fast-atom
bombardment mass spectrometry (FABMS) can be used to accurately quantify deuterium
located at peptide linkages in short segments of large proteins. This result is important
because it demonstrates the feasibility of using mass spectrometry as a tool for studying the
high order structure and dynamics of large proteins. Following a period of deuterium
exchange-in, a protein was placed into slow-exchange conditions and fragmented into
peptides with pepsin. The digest was analyzed by continuous-flow HPLC FABMS to
determine the molecular weights of the peptides, from which the number of deuterons
located at the peptide linkages could be deduced. The HPLC step was used both to
fractionate the peptides according to their hydrophobicities and to remove through back
exchange all deuterium except that located at peptide amide linkages. This approach has
been applied to a-crystallin, a lens protein composed of two gene products with monomer
molecular weights of 20 kDa and an aggregate molecular weight approaching 1000 kDa.
Results from this study show that some of the peptide amide hydrogens in «A-crystallin
exchange very rapidly (k > 10 h- 1) while others exchange very slowly (k < 10- 3 h~I). The
ability not only to detect that a conformational change has occurred, but also to identify the
specific regions within the protein where the change occurred, was demonstrated by
measuring changes in the exchange rates within these regions as the deuterium exchange-in
temperature was increased from 10 to 80°C. (J Am Soc Mass Spectrom 1994, 5, 19-28)

(ler the past ten years, mass spectrometry has
ecome an efficient and often essential tool for

determining the primary structures of proteins.
However, protein function is determined primarily by
high order structure, which includes secondary, ter
tiary, and, for some proteins, quaternary structure. In
principle, high order structures of proteins can be
deduced from their primary structures. However, be
cause proteins are made up of as many as 20 different
amino acids whose interactions are not fully defined at
this time, accurate prediction of high order structures
of proteins from their primary structures remains a
distant goal. As a result, x-ray crystallography and
NMR spectroscopy are playing an important role in
linking the primary structures of proteins with their
functions. Very recently, mass spectroscopists have
turned their attention to the high order structures of
proteins. For example, bimodal charge distributions in
electrospray ionization mass spectra of proteins have
been attributed to the presence of different conforma
tions in solution, each conferring a different accessibil-
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ity of basic residues to the solvent [1-3]. In addition,
Katta and Chait [4] demonstrated that methanol dena
tures bovine ubiquitin, exposing labile hydrogens to
deuterated solvent and facilitating their isotopic ex
change. Similarly, Winger et al. [5] showed that hydro
gen isotopic exchange in the gas phase may be used to
distinguish between proinsulin and reduced prom
sulin.

Despite the undisputed success of x-ray spec
troscopy, our understanding of the structure/function
relationships of many proteins remains incomplete be
cause of limitations inherent to current analytical
methods. Amide hydrogen exchange, another method
for probing the high order structure and dynamics of
proteins, has been used to enhance our understanding
of crystallographic structures [6-10]. It is potentially
useful for structure/function investigations of proteins
that cannot be crystallized. When compared with other
spectroscopic methods that sense environmental
changes around specific types of residues (e.g., trypto
phan phosphorescence), hydrogen exchange is a partic
ularly useful probe of protein structure because there
are sensors at each peptide amide linkage, except for
those where proline furnishes the amide nitrogen. Hy
drogen exchange can be used as a probe of protein
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structure and dynamics only if the rate at which the
amide hydrogens undergo exchange can be measured.

Many peptide amide hydrogens participate in a
complex network of intramolecular hydrogen bonds
throughout proteins, thereby playing an important role
in stabilizing their high order structures. As proteins
change conformation, the network of hydrogen bonds
may be altered, causing changes in the rates at which
amide hydrogens undergo isotopic exchange. For ex
ample, an a-helix or a J3-sheet may become partially
unfolded, increasing the exposure of the amide hydro
gens to solvent and facilitating isotopic exchange. If
the rates at which peptide amide hydrogens undergo
isotopic exchange in specific regions of a protein can
be determined, hydrogen exchange may be used as a
probe to identify those regions involved in conforma
tional changes. This type of regional-specific informa
tion is required to understand the relation between
protein structure and function.

Several different instrumental methods have been
used to detect and quantify hydrogen exchange in
proteins. Early investigations simply determined the
rate at which tritium exchanged into or out of proteins
[11, 12]. Similarly, Fourier transform infrared (FTIR)
and UV spectroscopies have been used to determine
the total rate at which peptide amide hydrogens in
proteins are replaced with deuterium [13, 14]. These
methods are similar to changes in charge patterns
observed with electrospray mass spectrometry in that
they can be used to show that structural changes have
occurred. In general, these methods cannot be used to
locate specific regions changing conformation within a
protein. Regional-specific conformational changes have
been detected by amide hydrogen exchange measure
ments in which one- and two-dimensional NMR spec
troscopy was used to determine hydrogen exchange
rates at specific peptide amide linkages in several
small proteins [6-10]. For example, this approach was
used to study hydrogen exchange in bovine pancreatic
trypsin inhibitor [6] and in its complexes [7], to charac
terize cytochrome c under a variety of conditions [8,
9], and to test for the presence of nonrandom structure
in thermally denatured ribonuclease A [10].

We report a new method, based on fast-atom bom
bardment mass spectrometry (FABMS) and protein
fragmentation, which can be used to determine accu
rately hydrogen exchange rates that differ by as much
as four orders of magnitude within small and specific
regions of large proteins. The ability to detect
regional-specific changes in protein structure by this
method was demonstrated by measuring deuterium
exchange into a protein at different temperatures. This
approach has roots in studies described by Rosa and
Richards [15] and Englander et al. [16, 17], who deter
mined hydrogen exchange rates by exchanging tritium
into proteins, fragmenting the proteins into peptides,
separating the peptides by high-performance liquid
chromatography (HPLC), and quantifying the tritium
in the peptides. We have used deuterium in place of

tritium and quantified its incorporation by directly
coupled continuous-flow HPLC FABMS. Our results
demonstrate that these modifications to the protein
fragmentation method are a significant advance in
methodology, facilitating Widespread use of hydrogen
exchange as a probe of the high order structure and
dynamics of proteins. Application of this approach to
cytochrome C, a small protein of M, 12 kDa, has been
described [18]. We report here the application of this
approach to o-crystallin, an aggregate protein with M,
approaching 1000 kDa.

Experimental

Reagents

Pepsin, carboxypeptidase Y, anhydrous monobasic
sodium phosphate, monothioglycerol (Sigma Chemical
CO.,St. Louis, MO); anhydrous dibasic sodium phos
phate, glycerol (Mallinckrodt, Inc., Paris, KY); and
deuterium oxide (Aldrich Chemical Co., Milwaukee,
WI) were used without further purification.

a-Crystallin Isolation

Bovine lenses from 2-year-old cows, obtained from the
Purdue University Animal Science Pilot Plant, were
homogenized in 0.5 M NaC1/0.05 M TRiS/O.OOl M
EDTA buffer (pH 7.4) for 1 h. The supernatant present
after centrifuging for 1 h at 15,000 g was fractionated
by gel filtration chromatography (Sephadex G-200,
Pharmacia, Piscatway, NJ) to give four peaks, desig
nated a.-, f3H-, f3L-' and y-crystallin [19]. The a-crystal
lin fraction was dialyzed against H 20, lyophilized,
and stored at - 20°C.

Isotope Exchange

Deuterium was exchanged into o-crystallin by dissolv
ing 10 nmole of protein in 10 ILL of buffer solution
(Na 2HP04/D20, pD 7.2) and incubated for different
times and temperatures. Fully deuterated a-crystallin
was prepared by incubating the protein in D20 for 4 h
at 80°C and pD 7.2. The exchange reaction was
quenched by adding 2 ILL of 0.5 M DCI, lowering the
pD to 2.5. The protein was fragmented into peptides
by digesting with pepsin (substrate:enzyme 5:1) for 10
min at 0 0C. The digest was analyzed immediately by
continuous-flow HPLC FABMS.

Continuous-Flow HPLC FABMS

The sample introduction system on the continuous-flow
HPLC FAB mass spectrometer used to determine the
molecular weights of partially deuterated peptides is
illustrated in Figure 1. The chromatographic portion of
the apparatus consisted of a gradient HPLC system
(Rainin Instrument Co., Woburn, MA), a high pressure
injector with a 10-",L injection loop (Rheodyne model
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Figure 1. Continuous-flow microbore HPLC FABMS system
used to analyze peptic digests of a-crystallin. (A) HPLC pumps;
(B) mixing tee; (C) injector; (D) precolumn filter; (E) I-mm ID RP
column; (F) effluent splitter; (G) ten-port valve; (H) ice bath box;
(I) ice water flow tube; Q) So-"m ID fused silica capillary. The
entire HPLC system, including the fused silica transfer line, was
placed in an ice bath to minimize loss of deuterium during
analysis.

8125), a microbore reversed-phase column (Applied
Biosystems, 1 x 100 mm), an effluent splitter, a ten-port
valve (Valco C10U), and an additional HPLC pump
(Rainin Instrument Co.), Buffer salts used in the incu
bation were diverted from the FAB probe tip by the
ten-port valve. To prevent drying of the probe tip
while the effluent from the column was diverted, a
third HPLC pump (Figure 1) was used to maintain a
steady flow of 3 J.LL/min to the probe tip. Solvents A
and C were H 20 ; solvent B was 50% acetonitrile. All
solvents contained 3% glycerol, 3% thioglycerol, and
0.1% trifluoroacetic acid. Peptides were fractionated
with a gradient from 0 to 60% B in 20 min. The column
effluent, 50 J.LL/min, was split to 3 J.LL/min before
introduction into the mass spectrometer. The entire
chromatographic system, up to the continuous-flow
probe, was immersed in an ice bath to minimize the
loss of deuterium from the peptides during analysis.
The continuous-flow probe has been described previ
ously [20]. Mass spectral analyses were performed
with a Kratos MS-50 RF mass spectrometer (Kratos
Analytical, Ramsey, NJ), which was operated at 8-kV
accelerating voltage and a scan rate of 30 s/decade.
Data acquired with a Kratos DS-90 system were dis
played with a Sun work station operating with Kratos
MACH-3 software, and analyzed with software writ
ten in this laboratory [18]. Pep tides from o-crystallin
were identified using procedures described previously
[19].

Results and Discussion

ex-Crystallin, a major constituent of mammalian lenses,
is composed of two gene products, exA and CiB crys
tallin. The amino acid sequences of CiA- and CiB-crys
tallin, as determined by van der Ouderaa et al. [21, 22],
are presented in Figure 2. The primary structures of
these proteins, including the sites of phosphorylation,
have also been studied extensively by mass spectrome
try [23, 24]. Analysis of these proteins by circular
dichroism indicated" that their secondary structure is
primarily {3-sheet [25]. Although the molecularweights
of the monomeric sUbll.ni~sof a-crystallin are.only-Xl
kDa, they aggrega't~' lo'"~im clusters with molecular
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Figure 2. Amino acid sequences of aA- and aB-crystallin [21,
22] indicating segments for which hydrogen exchange rate con
stants have been determined using the present experimental
conditions.

weights approaching 1000 kDa. The quaternary struc
ture of o-crystallin has been the subject of several
recent studies [26-29]. Since o-crystallin has been re
sistant to crystallization and since it is much too large
to be studied by high resolution NMR spectroscopy, it
has been used in this study to explore hydrogen ex
change as a probe of high order structure in large
proteins.

Deuterium Exchange-in

The mechanism for hydrogen exchange involves an
intermediate complex in which the hydrogen is shared
between the peptide and a hydrogen exchange cata
lyst, such as OH- or H 30+. As the intermediate com
plex dissociates, the hydrogen may remain with the
catalyst and be replaced on the peptide by hydrogen
(deuterium) from the solvent. The rate constant for
hydrogen exchange, kex' is given by the expression:"

where kOH and k H are the rate c~ni5taritS for base and
acid-catalyzed hydrogen' exchange ..The pH .depen
denceof k~ for amide hydrogens in polyalanine is
illustrated in Figure 3;whicli. shows that the minimum
exchange occurs at pH 3 [11, 30]. The dependence of
'kexon the inductive effect of adjacent amino acid side
chains effectively expands the minimum for exchange
in peptides over the pH range 2 to 3 [31]. For neutral
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Figure 3. Illustration of the pH dependence of the rate constant
for isotopic exchange of amide hydrogens in polyalanine [11, 301.

or alkaline pH, rate constants for isotopic exchange of
amide hydrogens in small peptides depend primarily
on the pK.s of the amide hydrogens. In large peptides
and proteins, isotopic exchange of peptide amide hy
drogens may be reduced by several orders of magni
tude, either because they are hydrogen bonded to
other parts of the molecule or because they have lim
ited access to the solvent and hydrogen exchange cata
lysts. This reduction in exchange rate facilitates hydro
gen exchange as a probe of high order structure in
proteins [3D].

The basis of the protein fragmentation method [15,
16], as used in the present investigation, can be de
scribed with the aid of Figures 3 and 4. Deuterium is
exchanged into the protein at high pH where the
intrinsic rate of hydrogen exchange is fast, as indicated
in Figure 3. The actual rate of exchange depends on the
high order structure of the protein, and may be fast or
slow. After the desired exchange-in time, the amide
hydrogen exchange reaction is quenched by lowering
the pH to 2.5 and decreasing the temperature to 0 "C.
A brief digestion with an acid protease, such as pepsin,
fragments the protein into pep tides that are analyzed
immediately by directly coupled HPLC FABMS to
determine their deuterium contents. Under these con
ditions, the half-life for isotopic exchange of amide
hydrogens in an unstructured peptide is approx
imately 50 min [31, 32], suggesting that analysis may
be completed before extensive back-exchange has
occurred.

Figure 4. Steps used in the present procedure to determine the
rates of hydrogen exchange in proteins. Following deuterium
exchange-in, the protein was placed in slow-exchange conditions,
fragmented into peptides, and analyzed by continuous-flow
HPLC FABMS.
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mined directly from the molecular weight of the pep
tide because the analysis time is sufficient for back
exchange for all but the deuterons located at the pep
tide amide positions. They exchange much slower than
the other exchangeable hydrogens. For example, under
quench conditions, the half-life for exchange of peptide
amide hydrogens is approximately 50 min [31, 32],
while exchange of hydroxyl hydrogens is complete
within seconds [30]. Since the elution time on re
versed-phase HPLC is several minutes for even the
most hydrophilic peptides, there is adequate time for
all but the peptide amide deuterons to revert back to
protium. As a result, the increase in molecular weight
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To account for loss of deuterium during digestion and
analysis, a sample of fully deuterated a-crystallin was
analyzed by the same procedure. The molecular ion
region of the aR5-8S peptide derived from fully
deuterated a-crystallin is given in Figure 6d. The num
ber of amide deuterons in the aRS~8S peptides from
a-crystallin prepared in these different ways is given
by the differences in the centroids of the molecular ion
isotope patterns of the deuterated (Figure 6b-d) and
nondeuterated (Figure 6a) peptides. Analysis of the
spectra in Figure 6b indicates that the nondeuterated
aRS-8S peptide acquired 1.6 deuterons during diges
tion. The spectrum in Figure 6d shows that the aA75 - 8S

peptide from fully deuterated a-crystallin had 7.4
deuterons when it reached the mass spectrometer. This
segment has 10 peptide linkages, but only 9 peptide
amide hydrogens because it includes 1 proline residue.
From the spectrum in Figure 6d, it follows that the
aNS

-
8S peptide from fully deuterated aA-crystallin

lost 1.6 amide deuterons during analysis. This informa
tion was used to relate the number of deuterons pres
ent in aA75- 85 peptides derived from a-crystallin incu
bated in D20 for varying times (e.g. Figure 6c) to the
number of deuterons that were present in the aNS-8S

segment of a-crystallin prior to digestion [18]. These
adjustments were made by using eq 2

~.'r !c ,III, d035

- i"'II'''II~II'I''I!'''1
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2.
o
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Figure 6, Molecular ion region of the continuous-flow FAB
mass spectrum of a.AlS-8S detected in peptic digests of o-crystal
lin. (a) ot-Crystallin incubated and digested in HzO; (b) o-crystal
lin incubated in Hz0 and digested in 0 20; (c) a-crystallin
incubated in °20 for 1 h and digested in 0 20 ; (Ii) completely
deuterated a-crystallin digested in °20. When adjusted for Ute
natural abundance of isotopes (spectrum a), spectra b through d
show that this peptide had 1.6, 3.5, and 7.4 deuterons, respec
tively.

aB90-96

of deuterated peptides is a direct measure of the num
ber of deuterons located at peptide amide linkages. In
addition to providing conditions for removing all but
the deuteriums of interest, fractionation of the digest
by reversed-phase HPLC also improves the FABMS
response, because these digests contain a large number
of peptides with a wide range of hydrophobicities.
Continuous-flow HPLC FABMS-selected ion plots ob
tained for four representative peptides in a peptic
digest of partially deuterated a-crystallin are illus
trated in Figure 5. Two peptides (aA32

-
37and aAS3-S7)

were from the A-chain, and two peptides (aBS5-60 and
aB 90 - 96 ) were from the B-chain of a-crystallin. These
plots were made by combining the intensities of the
most abundant isotopic peaks comprising the molecu
lar ion envelope of isotopic peaks. Chromatographic
parameters were chosen so that the entire analysis was
completed within 20 min. For these conditions, three to
five scans were obtained for each chromatographic
peak.

The molecular ion region of the FAB mass spectrum
of aRS-8S is given in Figure 6 (a-d) for a-crystallin
prepared for analysis in different ways. The spectrum
in Figure 6a, obtained for a-crystallin that was neither
incubated nor digested in D20 , illustrates the natural
abundance of heavy isotopes for this peptide. The FAB
mass spectrum of the same peptide derived from a
crystallin that was not incubated in D20 , but was
digested in D20 , is given in Figure 6b. This spectrum
illustrates the number of amide deuterons that ex
changed into this peptide during the brief digestion of
the protein. The spectrum in Figure 6c is for a-crystal
lin that was incubated in D20 for 1 h and digested in
D20 . This sample is typical of samples that were
analyzed to determine the rates of hydrogen exchange.

aA32-37

.1.- nftz .. -aB55-60 1~
IIIc

aA~7 lI
...

20
3:66

40
':04

60
12:12

Scan I Retention Time
Figure 5. Continuous-flow HPLC FABMS-selected ion plots of
four peptides (a.A32-31; a.B55-60; a.A53-57; a.B 90- 96) present in a
peptic digest of partially deuterated a-crystallin. The most abun
dant isotope peaks were summed and plotted for each peptide.

where Do is the average number of peptide amide
deuterons in a particular segment of the protein after
incubation in D20 for time t, (m O% >, and (m1OO % >are
the isotope-averaged centroids of the molecular ion
peaks of the peptides derived from the completely
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D = N j[1 - exp(-kjt)]

+ N2[1 - exp( - k 2t)} + N3k 3t (3)

Incubation Time (hr)
Figure 7. Plot of the deuterium content of two segments of
llA-crystallin (llA53 - 63 and "A"5- M l, expressed as a percentage
of peptide amide positions, as a function of the time allowed for
deuterium exchange-in (2 min to 48 h).

deuterium exchange-in time course results presented
in Figure 7, which is a plot of the percentage of peptide
amide linkages that have been deuterated in two dif
ferent segments (aA53- 63 and aN5-!14) of o Acrystal
lin as a function of the time the protein was incubated
in D20. The levels of deuterium in these segments
were determined using eq 2 and data similar to those
presented in Figure 6. These results indicate that ap
proximately 40% of the amide hydrogens in qA53- 63

were replaced with deuterium within 0.2 h. After incu
bation in D20 for 48 h, only 57% had undergone
isotopic exchange. Similar results were found for
aN5

-
S4 where only one of the eight amide hydrogens

underwent rapid exchange. After 48-h incubation in
D20, only three amide hydrogens in rxN5- 84 were
replaced with deuterium.

Although the rates at which specific amide hydro
gens exchange cannot be deduced from these data, a
more quantitative analysis is possible. The deuterium
content of a peptide can be expressed as the sum of N
terms, where each term represents the deuterium level
at each of the N amide linkages. Exchange results for
small peptides (N < 4) can be fitted to an expression
containing specific rate constants for exchange at each
of the amide positions. When applied to large pep
tides, this approach requires more variables and may
lead to erroneous results. As a compromise, we have
divided the amide hydrogens into three groups accord
ing to their rates of isotopic exchange [18]. Although
the amide hydrogens in a particular group must have
similar exchange rate constants, they may be located
anywhere along the backbone of a peptide. The lines
drawn through the experimental data points in Figure
7 represent the deuterium levels calculated for this
three-component model by using eq 3

I
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Hydrogen Exchange Rates

The magnitude of the rate constant for base-catalyzed
exchange of amide hydrogens in peptides (Figure 3)
indicates that they undergo complete exchange in less
than 1 s at pD 7.2. Similarly, amide hydrogens in
proteins that are neither hydrogen bonded nor shielded
from the solvent exchange rapidly. However, amide
hydrogens that are participating in intramolecular hy
drogen bonding, as well as hydrogens buried in the
hydrophobic interior of a protein, may require weeks
or months to exchange [30]. This wide variation in
amide hydrogen exchange rates is reflected in the

protiated (Figure 6b) or deuterated protein (Figure &0
standards, (m) is the isotope-averaged centroid of the
molecular ion peaks of the peptide from the protein
that had been incubated in 0 20 for time t (Figure 6c),
and N is the number of peptide amide hydrogens in
the peptide. Conceptually, the spectrum for a peptide
with a natural abundance of isotopes (Figure ea) should
be subtracted from the spectra of partially deuterated
peptides. However, because this adjustment must be
made to each term in the numerator and denominator
of eq 2, no adjustment for the natural abundance of
isotopes is necessary. A complete derivation of this
expression has been presented elsewhere [18]. For the
results presented in Figure 6, (m), (mO%) ' and
(m1OO%) are 3.5, 1.6, and 7.4, respectively. When used
with eq 2, these results indicate that the 75-85 segment
of aA had 2.9 deuterons after incubation in 020 for
1 h.

Peptides from o-crystallin that was not incubated in°2° have a low level of deuterium because the diges
tion was performed in O:p, while peptides from o
crystallin that was fully deuterated are somewhat less
than fully labeled because they lost some deuterium
during HPLC analysis. To detect small changes in
hydrogen bonding in proteins, the artifactual gain/loss
of amide deuterium during analysis must be mini
mized. The amount of deuterium gained or lost during
analysis depends on the pH and temperature of solu
tions used for digestion and HPLC fractionation, as
well as on the peptide sequence and the initial level of
deuteration. The magnitude of the adjustment (from eq
2) is smallest for peptides that are 40 to 60% labeled,
and largest for peptides that have either very little
deuterium or are fully deuterated. Although the extent
of deuterium gain/loss during analysis depends on
several factors, unlabeled peptides typically become
18% deuterated during analysis, and fully labeled pep
tides typically lose approximately 23% of their label,
for these experimental conditions. It is important to
note that the objective of most hydrogen exchange
studies is to detect and locate conformational changes.
For such applications, one is more interested in detect
ing a change in the number of deuterons present,
which renders minor adjustments for gain/loss during
analysis less important, as long as the experimental
conditions used for analyses are identical.
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one additional rapidly exchanging hydrogen in
aXS

-
8S

, it is evident that the amide hydrogen joining
Asp 84 and Leu 85 exchanges rapidly. Similarly, seg
ments 28-32 and 28-34 of aB-crystallin are another
pair of overlapping peptides. Analysis of the exchange
in data for these two pep tides (Table l) indicates that
amide hydrogens at Leu 33 and Glu 34 exchange
slowly. One measure of the internal consistency of the
method is indicated by the fact that the exchange-in
data for both peptides (Table 1) give the same number
of hydrogens with fast and intermediate exchange
rates. The difference in the deuterium contents of
aB 28 - 34 and aB 28

-
32 is plotted in Figure 8 versus the

deuterium exchange-in time. The scatter in the data
when the level of deuterium was around 10% is ex
pected because the correction for artifactual deuterium
exchange-in during digestion was also approximately
10%. These data indicate that the average exchange
rates for the amide hydrogens at Leu 33 and Glu 34 in
the B-ehain of a-crystallin is approximately 0.007h-t,
which corresponds to a half-life of 99 h. Since the
maximum exchange-in time, 48 h, was only about half
of a half-life for the exchange of these amide hydro
gens, it is not possible to determine from the linearity
of the plot whether both hydrogens exchange at the
same rate.

Whether digestion with pepsin gives overlapping
pcptides, or any peptides suitable for hydrogen ex
change measurements, from specific regions of a pro
tein depends primarily on the amino acid sequence in
the region. For the digestion conditions used here,
pepsin may cleave on the C-terminal side of aspartic
acid, glutamic acid, leucine, phenylalanine, trypto
phan, and tyrosine. Regions devoid of these residues
may be detected only as large fragments, which may
exceed the practical mass limit of FABMS. Although
large peptides with 20 to 40 residues may be detected,
they are generally of less interest for hydrogen ex
change measurements because of their associated low

According to this model, the total number of amide
linkages in a peptide (N) is divided into three groups,
N1, Nz, and N3, with exchange rate constants k., kz,
and k3 , respectively, for each group of amide hydro
gens. Because the theoretical curves obtained using
the three-component model fit the experimental data
well, data analysis using more complex models is not
justified.

Table 1 lists results obtained by applying the three
component model to exchange-in data for several pep
tides derived from o-crystallin. Application of eq 3 to
exchange-in data for aA53

-
63 (Figure 7) shows that 4.4

of the amide hydrogens in this segment undergo iso
topic exchange with rate constants of 9.9h -lor greater;
1.3 amide hydrogens exchange with an average rate
constant of 0.4 h -1; 4.3 hydrogens do not exchange on
the time scale of this experiment (k < 10- 3 h -1). These
results indicate that approximately half (4.4 of 10) of
the amide hydrogens in the 53-63 segment of r;xA
crystallin exchange with half-lives of 4,2 min or less,
while the other half have a half-lives equal to or
greater than 693 h.

These results demonstrate the reduction of peptide
amide hydrogen exchange rates by the high order
structure of a-crystallin. If there were no high order
structure to reduce the hydrogen exchange rate in
a-crystallin, the half-life for amide hydrogen exchange
in aA53

-
63 would be approximately 1.3 X 10-5 h at

pH 7 [11, 31]. It follows that the average half-life of the
slowest exchanging amide h~drogens in this segment
of the protein is at least 10 longer than in the free
peptide.

The ability to determine exchange rates for individ
ual amide hydrogens (i.e., high spatial resolution) is
the principal advantage of NMR spectroscopy for hy
drogen exchange studies. The spatial resolution of the
present method, which is limited primarily by the size
of the peptides used, is generally not as good as that of
NMR spectroscopy. The highest spatial resolution is
achieved for regions of the protein that fragment to
give small peptides. Spatial resolution may also be
increased when overlapping peptides are available. For
example, cleavage following Phe 74 combined with
cleavage on either side of Leu 85 gives two overlap
ping peptides, ak5

-
84 and ak5

-
85

• Because there is

Table 1. Results obtained by applying the three-component
model to exchange-in data for peptides derived from
a-crystallin

Peptides Nt k , N2 k 2 N3 k3 N

aA53-63 4.4 9.9 1.3 0.4 4.3 <0.001 10
aA7 5-8• 1.5 6.1 1.9 0.4 4.6 0.004 8
aA75-B5 2.5 10.7 1.9 0.4 4.6 0.002 9

a8'8-32 1.8 >10 0.3 0.2 1.9 0.004 4
a8'8-3. 1.8 > 10 0.4 0.5 3.8 < 0.001 6
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The number of amide protons (N,_.l and their exchange rate
constants (k'-3. n') were determined by applying a 3-component
model (eq 3) to deuterium exchanqe-In results. as illustrated in
Figure 7 for the 53 -63 and 75 -84 segments of "A-crystallin,

Time (hr)
Figure 8. Plot of the difference in the deuterium levels in
a B28 - 34 and a B2B- 32 as a function of the time used for deu
terium exchange-in.
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spatial resolution. For the digestion conditions de
scribed above, we have identified a family of peptides
that permit accurate quantification of hydrogen ex
change in approximately 50% of the backbones of aA
and aB-crystallins. Different approaches to generating
new families of peptides are under investigation. These
include small changes in pH, different enzyme:sub
strate ratios, and use of other acid proteases, as de
scribed by Englander et al. [16].

Hydrogen Exchange as a Probe of Conformational
Change

Conformational changes in proteins may alter hydro
gen exchange rates by changing either the hydrogen
bonding or the access of peptide amide hydrogens to
the solvent. The total rate of hydrogen exchange in
proteins has been used to indicate that conformational
changes have occurred [30, 33]. However, to under
stand the interplay of protein structure and function, it
is important to know which regions within a protein
participate in a conformational change. For example,
Englander et al. [17] have recently demonstrated that
hydrogen exchange can be used to determine the free
energy change as specific regions in hemoglobin un
dergo conformational change.

Conformational changes in a-crystallins are of par
ticular interest because they may be an early step in
cataractogenesis. To demonstrate that conformational
changes in large proteins such as a-crystallin aggre
gates can be detected and located by the experimental
methods described above, we measured the deuterium
levels in specific segments of aA-crystallin as a func
tion of incubation temperature. Although the following
results demonstrate that the temperature dependence
of hydrogen exchange in large proteins can be deter
mined by HPLC FABMS, interpreting the results re
quires special care. According to the localized unfold
ing model for amide hydrogen exchange [30], the rate
constant for hydrogen exchange in proteins, kex' can
be expressed as in eq 4

where K is the equilibrium constant for momentary
unfolding of a small segment of protein, and kin! is the
rate constant for hydrogen exchange in random struc
ture pep tides. According to this model, hydrogen ex
change occurs only after a short segment of a protein
unfolds, exposing the amide hydrogens to the solvent.
When exposed to the solvent, the amide hydrogens
undergo exchange at the rate indicated by kin,' To the
extent that conformational changes in proteins alter K,
hydrogen exchange may be used as a probe of confor
mational change if the temperature dependence of kin,
is known. The rate constant for intrinsic hydrogen
exchange, kin" can be calculated by adjusting the rate
constant for amide hydrogen exchange in polyalanine

for the inductive effects of adjacent side chains [31],
pH (Figure 3), and temperature [11, 34].

The deuterium content at any peptide linkage is
given by the expression:

D = 1 - exp( - kext) = 1 - exp( - Kkintt) (5)

where kex is the determined rate constant for ex
change, kin! is the intrinsic rate constant for hydrogen
exchange in peptides, K is the equilibrium constant for
unfolding of small segments of the protein prior to
hydrogen exchange, and t is the time the protein is
incubated in 0 20. To emphasize the linkage between
the deuterium content of the peptide and the tempera
ture dependence of the unfolding process (K), the
linkage between the deuterium content of the peptide
and the temperature dependence of the rate of intrinsic
hydrogen exchange must be minimized. From eq 5 it is
apparent that the exponent is linearly dependent on
both kin, and the incubation time, t. To visualize the
temperature dependence of the unfolding process, rep
resented by K, through the deuterium content of the
peptide, the incubation time was adjusted to compen
sate for the temperature dependence of kinO so that the
product of k in. and t remained constant. The tempera
ture dependence of kin!was calculated from the activa
tion energy 07.4 Kcalyrnol) reported for hydrogen
exchange in pep tides [34]. For example, exchange-in
times of 690 and 1.5 min were used for incubation
temperatures of 10 and 80°C, respectively. This ap
proach for emphasizing linkage between the deu
terium content of peptides and the equilibrium con
stant for unfolding of the protein could also be used to
investigate unfolding as a function of pH, ionic
strength, and organic modifiers. It is therefore of gen
eral application.

The deuterium contents of two segments of o.A
crystallin are illustrated in Figure 9 as the incubation
temperature was increased from 10 to 80°C. The in
crease in deuterium content of o.A32- 37 with tempera
ture reflects both the temperature dependence of hy
drogen exchange in this segment and the thermal sta
bility of the region of the protein in which this segment
is located. Specifically, o.A32

- 37 is only 10% deuterated
at 10°C, suggesting that it is resistant to unfolding at
this temperature. However, as the temperature used
for deuterium exchange-in was increased to 80 °C, the
deuterium level in aA32-

37 increased to 60%. Accord
ing to the localized unfolding model of hydrogen ex
change [30], this increased level of deuterium is a
measure of the temperature stability of this region of
the protein. Similar analysis of many other pep tides
derived from a-crystallin suggests that the thermal
stability of the protein is not uniform throughout (Liu,
Y; Smith, D.L., unpublished observations).

Results for aA53
-

63 show that this segment is ap
proximately 80% deuterated at the lowest temperature
used for exchange-in. As the temperature was in
creased to 80°C, the deuterium level increased to
approximately 95%. Since this segment was highly
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Figure 9. Deuterium incorporation into a.A32 -37 and a.A53 - 63 of
a-crystallin as a function of incubation temperature. Incubation
time was adjusted to compensate for the temperature depen
dence of the intrinsic rate of hydrogen exchange. Open and
closed data points are results obtained for two different experi
ments performed several weeks apart.

deuterated at all temperatures, it is not a sensitive
probe of the thermal stability of this region of a-crys
tallin for the experimental conditions used in this
study. However, it is noted that this segment might be
a useful probe if a shorter deuterium exchange-in time
were used.

The open and closed data points in Figure 9 repre
sent data from two experiments that were performed
several weeks apart. Despite the complexities of these
measurements, including making adjustments for arti
factual gain/loss during analysis, the results are highly
reproducible.

Conclusions

Results of this study demonstrate that FABMS can be
used to determine the rates at which hydrogen ex
change occurs in short segments of large proteins.
These results also demonstrate that a thermally in
duced conformational change within a small segment
of a large protein can be detected. Given the estab
lished role of amide hydrogen exchange as a probe of
the high order structure of proteins, these results sug
gest that the experimental methods described here
have a potentially important role to play in studies
aimed at relating the three-dimensional structure of
proteins with their function. Although the protein frag
mentation method for quantifying hydrogen exchange
has been described previously [15, 16], this study
demonstrates the feasibility of using hydrogen ex
change as a general probe of high order structure of
proteins that are too large to be studied by NMR
spectroscopy. It may now be possible to use hydrogen
exchange to localize conformational changes, to iden
tify binding sites, and to determine structural homol
ogy (as opposed to sequence homology) in large pro
teins, just as NMR spectroscopy has been used for

similar studies of very small proteins. The success of
continuous-flow HPLC FABMS is due primarily to the
fact that the deuterium content of peptides is deter
mined on a short time scale relative to the time in
which deuterium undergoes back-exchange. In addi
tion, the format of FABMS data, moles of deuterium
per molecule, is particularly useful because it facili
tates direct calculation of the rate constants for hydro
gen exchange.
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