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Abstract

The �-crystallins, �A and �B, are major lens structural proteins with chaperone-like activity and sequence
homology to small heat-shock proteins. As yet, their crystal structures have not been determined because of
the large size and heterogeneity of the assemblies they form in solution. Because �-crystallin chaperone
activity increases with temperature, understanding structural changes of �-crystallin as it is heated may help
elucidate the mechanism of chaperone activity. Although a variety of techniques have been used to probe
changes in heat-stressed �-crystallin, the results have not yet yielded a clear understanding of chaperone
activity. We report examination of native assemblies of human lens �-crystallin using hydrogen/deuterium
exchange in conjunction with enzymatic digestion and analysis by mass spectrometry. This technique has
the advantage of sensing structural changes along much of the protein backbone and being able to detect
changes specific to �A and �B in the native assembly. The reactivity of the amide linkages to hydrogen/
deuterium exchange was determined for 92% of the sequence of �A and 99% of �B. The behavior of �A
and �B is remarkably similar. At low temperatures, there are regions at the beginning of the �-crystallin
domains in both �A and �B that have high protection to isotope exchange, whereas the C termini offer little
protection. The N terminus of �A also has low protection. With increasing temperatures, both proteins show
gradual unfolding. The maximum percent change in exposure with increasing temperatures was found in �A
72–75 and �B 76–79, two regions considered critical for chaperone activity.
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�-Crystallins are major structural proteins of the ocular lens
that exhibit chaperone-like activity in preventing the aggre-
gation of denatured proteins (Horwitz 1992; Derham and
Harding 1999). There are two �-crystallin gene products,
�A and �B, with molecular masses of 19,952 D and 20,201
D, respectively. These two proteins form large macromo-
lecular assemblies of 700–800 kD (Derham and Harding
1999) with an approximate ratio in human lenses of 3 : 2 for
�A:�B, with some age and lens variation (Swamy and
Abraham 1991; Miesbauer et al. 1994; Ma et al. 1998). As
the lens ages, �-crystallins experience posttranslation modi-
fications, many of which occur within the first two decades

of life (Datiles et al. 1992; Lampi et al. 1998; Ma et al.
1998). The large size and heterogeneity of �-crystallins
have so far prevented determination of an X-ray crystallo-
graphic structure.

Despite the lack of high-resolution structures, a working
model of the structure of �-crystallin assemblies has
emerged from information obtained by a variety of low-
resolution techniques. These data suggest that �-crystallin
has a compact globular form with considerable flexibility
(Chiou and Azari 1989). The quaternary structure varies
with solution and storage conditions (Vanhoudt et al. 2000)
with free exchange of the subunits (van den Oetelaar et al.
1990; Bova et al. 1997; Datta and Rao 2000). Based on exon
structure, Wistow proposed a two-domain structure for
�-crystallin with N-terminal domains including residues
1–63 for both �A and �B and C-terminal domains of resi-
dues 64–173 for �A and residues 64–175 for �B (Wistow
1985). Spin labeling data showed that the residues at the
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beginning of the C-terminal domain, form a loop that lacks
accessibility, followed by three �-strands (Berengian et al.
1997; Koteiche et al. 1998). The beginning of the C-termi-
nal domain includes segments in both �A and �B that have
demonstrated chaperone-like activity in isolation (Sharma
et al. 2000; K.K. Sharma, pers. comm.). The C-terminal
domain has high sequence homology with heat-shock pro-
teins (Caspers et al. 1995) and includes the subunit binding
region of the �-crystallin assembly (Berengian et al. 1997;
Mchaourab et al. 1997). The last eight residues of �A and
10 residues of �B, which have sufficient flexibility to be
detected by NMR (Carver et al. 1992), are referred to as the
C-terminal extensions.

Structural changes associated with increasing �-crystallin
chaperone activity as the temperature is raised are of par-
ticular interest to understanding �-crystallin activity (Das et
al. 1997; Lee et al. 1997; Raman and Rao 1997). Depending
on the technique used to examine �-crystallins, some stud-
ies show little change with heating (Maiti et al. 1988; Carver
et al. 1993; Farnsworth et al. 1997; Burgio et al. 2001),
some show greater heat-induced changes in �B (Datta and
Rao 1999; Liang et al. 2000), whereas others show greater
changes in �A (Reddy et al. 2000).

Even though the native �-crystallin assembly is a more
stable structure than homopolymers of either �A or �B
(Abgar et al. 2000; Burgio et al. 2001) and responds to heat
stress differently from the homopolymers (Carver et al.
1993; Abgar et al. 2000; Burgio et al. 2001), nonphysiologi-
cal homopolymers of isolated �A and �B-crystallins have
been studied most often because the analytical methods do
not distinguish between signals from �A and �B. These
data show that homopolymers of �B are better chaperones
than those of �A at physiological temperatures at which �B
has more surface hydrophobicity, whereas �A becomes the
better chaperone at higher temperatures, as more hydropho-
bic sites of �A become exposed (Datta and Rao 1999;
Reddy et al. 2000). This correlation between chaperone ac-
tivity and exposed hydrophobicity supports the proposal
that chaperone activity depends on exposure of hydrophobic
regions (Raman and Rao 1994; Das and Surewicz 1995;
Smulders and de Jong 1997). Whether �A and �B behave
similarly in the native �-crystallin assemblies is not known.

To obtain information about structural changes of native
�-crystallin as it is heated, we have used hydrogen/deute-
rium (H/D) exchange coupled with enzymatic digestion and
mass spectrometry (Engen and Smith 2001). The exchange
rates of amide hydrogens depend on their solvent exposure
and intramolecular hydrogen bonding. With this technique,
�-crystallins isolated under nearly physiological conditions
can be examined. When H/D exchange is coupled with en-
zymatic digestion, isotope exchange of amide hydrogens
along the entire backbone of the molecule is measured.
Furthermore, because the molecular masses are specific to
either �A or �B, signals from �A and �B in the native

aggregate can be readily distinguished. The observed in-
crease in H/D exchange over a temperature range of 27°C to
57°C indicated a gradual unfolding of the entire backbones
of both �A and �B in the native �-crystallin assemblies.
The largest percentage increases in H/D exchange were in
peptides 72–75 of �A and peptides 76–79 of �B, two re-
gions thought to be critical to chaperone activity.

Results

Analysis of intact protein

The soluble �-crystallins isolated from a normal 19-year-
old lens by size exclusion chromatography included the two
gene products, �A- and �B-crystallins, as well as low levels
of several modified forms (Miesbauer et al. 1994). The most
abundant modified forms include �A that has lost the C-
terminal Ser (designated here as �A-S) and �B that has one
serine residue phosphorylated (�B + P). This mixture of na-
tive �-crystallins was exposed to D2O at various times and
temperatures (37°–57°C). As will be discussed later, the
exposure times were chosen to offset the temperature de-
pendence of the rate constant for intrinsic hydrogen ex-
change. Isotope exchange was effectively stopped by acidi-
fying the samples and decreasing the temperature to 0°C.
The labeled protein was analyzed by HPLC electrospray
ionization mass spectrometry (ESIMS) to determine the
deuterium levels in the intact protein.

The experimental procedures used in this study were de-
signed to detect thermal-induced structural changes in the
folded structures of the �-crystallins, which may be detected
as changes in deuterium levels. The relationship between
hydrogen exchange rates and protein structure when ex-
change is dominated by EX2 kinetics is indicated by equa-
tion 1:

kHX = �KU + ��kint (1)

where kHX is the rate constant for hydrogen exchange at
individual peptide amide linkages, KU is the equilibrium
constant for partial or total unfolding of the protein, � is a
probability for exchange from the folded protein, and kint is
the rate constant for hydrogen exchange in an unfolded
polypeptide (Kim and Woodward 1993; Engen et al.
1999a). The goal of this study was to detect thermal-induced
changes in the sum of KU + �. Although no evidence for
EX1 kinetics was found, it is possible that some exchange
occurred through this mechanism. The temperature depen-
dence of kint confounds these measurements. However, be-
cause of the reciprocity in labeling time and kint, specific
labeling times can be used to offset the temperature depen-
dence of kint (Bai et al. 1993; Wang et al. 2001). For ex-
ample, kint increases by a factor of 5.6 when the temperature
is increased from 37°C to 57°C. To compensate for this
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change, the labeling time at 37°C was increased by the same
factor. This procedure, which facilitates direct comparison
of deuterium levels found for labeling at different tempera-
tures, has been discussed previously (Zhang and Smith
1993; Wang et al. 2001).

Mass spectra of the �-crystallins labeled under different
conditions are presented in Figure 1. To ensure representa-
tion of all structural forms of �-crystallin, these spectra
were summed over the entire HPLC elution time for the
�-crystallins. The mass spectrum of �-crystallins that were
not exposed to D2O (i.e., the 0% reference) gives four peaks
(Fig. 1A). The two largest peaks are due to unmodified �A-
and �B-crystallins, whereas the two minor peaks are due to
�A-S and �B + P. The molecular masses found for these
proteins are within ±2 D of the expected values. The mass
spectrum of �-crystallins exposed to D2O at 37°C for 112
sec (Fig. 1B) shows the same four peaks, but with increased
molecular masses. For example, the mass of �A-crystallin
has increased from 19,950 to 20,044. This increase of 94 D
indicates that it has exchanged 94 hydrogens for deuteriums.
Mass spectra of �-crystallins completely exchanged in D2O
(i.e., the 100% reference) indicate even higher levels of
deuterium (Fig. 1C). The difference between the molecular
mass of completely exchanged �A-crystallin (20,090 D)
and �-crystallin that was not exposed to D2O (see Fig. 1A)

shows that there were 140 deuteriums present at peptide
amide linkages when the protein reached the mass spec-
trometer. Note that deuterium located at the C termini, as
well as deuterium in the side chains, was lost during the
HPLC step (Englander et al. 1985; Zhang and Smith 1993).
The number of deuteriums found is less than the number of
amide hydrogens, 161, because labeling was performed in
95% D2O and because some amide deuterium was lost dur-
ing HPLC. Similar results were found for the other forms of
�-crystallin.

A wide range of labeling times was used to increase the
probability of detecting localized structural changes because
the hydrogen exchange rates at peptide linkages in folded
proteins often span a range of 106 to 108. If only one label-
ing time were used, some structural changes that substan-
tially affect hydrogen exchange rates would not have been
detected. That is, a change in hydrogen exchange rate gives
a detectable change in deuterium level only when the half-
life for exchange is comparable to the labeling time. The
various labeling times used in this study are given in Table
1 as t1–t5. Following a strategy used in NMR (Bai et al.
1994), the range of exposure times used in this study cor-
responds roughly to a range in protection factors of 50–
1000. Protection factor is the reduction in amide exchange
rate from what it is in an unstructured polypeptide. Thus,
amide linkages are silent in the present experiments when
the protection factor is less than ∼50 or greater than 1000.

The deuterium levels in the intact proteins of the �-crys-
tallins following exposure of native �-crystallin to D2O for
various times and temperatures (Fig. 2) reveal the thermal
stability of �A and �B. Results for the shortest exposure
times (t1, protection factor of ∼50) are indicated by the solid
circles in each panel, whereas results for the longest time
(t5, protection factor ∼1000) are indicated by the solid tri-
angles. It is evident from these results that deuterium levels
in all four structural forms of �-crystallin increased gradu-
ally as the temperature was increased, indicating a gradual
increase in (KU + �). These results indicate a gradual loos-
ening of structure with no sharp transitions. Results for the
modified forms, �A-S and �B + P, were equal within ex-

Figure 1. HPLC ESI mass spectra of �-crystallins labeled with deuterium
under different conditions. (A) No exposure to D2O. (B) Exposed to D2O
at 37°C for 112 sec. (C) Completely exchanged in 95% D2O. �A-S and
�B + P refer to �A that has lost the C-terminal Ser and phosphorylated �B,
respectively.

Table 1. Labeling times t1-t5 used for hydrogen exchange at
different temperatures

Temperature

Labeling time (sec)a

t1 t2 t3 t4 t5

37°C 28 56 112 224 448
42°C 18 36 72 144 288
47°C 12 24 48 96 192
52°C 8 16 32 64 128
57°C 5 10 20 40 80

a The times were chosen to offset the temperature dependence of the in-
trinsic rates of hydrogen exchange.
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perimental error to those of unmodified �A and �B, indi-
cating that these modifications do not substantially affect
the thermal stabilities of the �-crystallin subunits.

Analysis of peptic fragments of labeled �-crystallins

Detection of structural changes from the deuterium levels of
the intact protein is limited by the uncertainty of the mea-
surements. Analysis of five samples, in which each sample
was labeled and analyzed independently, showed that the
uncertainty in these measurements is two to three deuteri-
ums. Thus, structural changes that altered the deuterium
level by less than two to three deuteriums would not be
detected. One solution to this limitation is to digest the
labeled protein into peptides and determine the deuterium
levels in the peptides. Data from the analysis of five peptic
peptides from five independent samples showed that the
deuterium levels in peptides could be determined with an
uncertainty of <0.1 deuterium. In addition to increasing the
sensitivity for detecting structural changes that alter the H/D
exchange rate, analysis of peptides leads to identification of
specific regions undergoing structural change.

Peptide analyses were initiated by labeling �-crystallin as
described above. Following the acid quench step, the pro-
tein was digested with pepsin to give fragments that were
analyzed by HPLC ESIMS. The number of deuteriums in
each peptic fragment was determined from the molecular
masses. Digestion with pepsin, which tends to cut before or

after hydrophobic residues, gave a large number of frag-
ments. A set of ∼25 peptides used in this study was identi-
fied by collision induced dissociation mass spectrometry
(CID MS/MS). These peptides, as well as the entire amino
acid sequences of �A- and �B-crystallin, are illustrated in
Figure 3. Digestion conditions were optimized to give short
peptides covering the entire protein backbone under condi-
tions in which deuterium loss was minimal. The peptides
used in this study, which cover 92% of �A and 99% of �B,
had an average length of 10 residues (range 3–31 residues).
These peptides and their monoisotopic masses are shown in
Figure 3.

Mass spectra of two peptic fragments, including residues
28–37 (singly charged) and 144–175 (quadruply charged) of
�B-crystallin, illustrate how deuterium levels in these seg-
ments changed when the intact protein was labeled for dif-
ferent times. Mass spectra of these fragments from �-crys-
tallin that was not exposed to D2O (0% reference) are pre-
sented in Figure 4A. The difference in the resolution of
isotope peaks for the two peptides is due to the large dif-
ference in their molecular masses. The mass spectra of the
same fragments when the �-crystallin was exposed to D2O
at 27°C for 71 sec (Fig. 4B) or 1136 sec (Fig. 4C) show that
their molecular masses have increased. Measured deuterium
levels are given in each panel. Mass spectra for these pep-
tides when derived from �B crystallin equilibrated in 95%
D2O (100% reference) give the deuterium levels at the time
the peptides reached the mass spectrometer (Fig. 4D). These

Figure 2. Deuterium levels found in four �-crystallins following exposure to D2O for various times (t1–5) at 37°C, 42°C, 47°C, 52°C,
and 57°C. See Table 1 for values of t1–5.
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deuterium levels were used along with the number of pep-
tide linkages to determine the number of deuteriums present
at the end of labeling. The results presented in Figure 5
show how hydrogen exchange along the backbones of �A-
and �B-crystallins changed with labeling time at 27°C. The
deuterium levels, expressed as percent, were determined
from the ratio of the deuterium level found at specific times
divided by the deuterium level found in the same peptide
from the 100% reference sample (as described for Fig. 4D).
These results show that the deuterium levels spanned a
range of 10%–100% in different parts of the �-crystallin
backbones. For example, exchange in the segment including
residues 72–75 of �A-crystallin was only 10% complete,
whereas exchange in the C-terminal regions including resi-
dues 151–173 was nearly 100%. The increased deuterium
level in each segment with labeling time (71–1136 sec) is
indicated by shading (light to dark). These changes in deu-
terium levels indicate the distribution of the rates at which
H/D exchange occurs within each segment. The deuterium
levels found for the shortest time (lightest bars) indicate the
fraction of amide hydrogens with protection factors <50.
Similarly, the differences between 100% and the deuterium
levels found for the longest labeling time (darkest bars)
indicate the fraction of amide hydrogens with protection
factors greater than ∼1000.

The thermal stability, as sensed by H/D exchange, along
the entire backbones of �A- and �B-crystallins is indicated

by results presented in Figure 6. Intact, native �-crystallin
was equilibrated and labeled at each temperature. As de-
scribed above, the labeling time was adjusted to compensate
for the temperature dependence of the rate for intrinsic ex-
change such that changes in deuterium levels reflect
changes in protein stability (i.e., KU + �). Deuterium levels
found in peptic fragments of �A-crystallin labeled for short
times (t1) and long times (t5) are presented in Figure 6, A
and B, respectively. Isotope exchange for these labeling
times occurs when the protection factors are >50 (t1) or
<1000 (t5). Shading of the bars from light to dark indicates
temperatures from 27°C to 57°C. The same format has been
used to present results for �B-crystallin in Figure 6, C and D.

The experiments described above were designed to reveal
both reversible and irreversible, thermal-induced structural
changes in �-crystallins. Another experiment was designed
to detect specifically irreversible, thermal-induced struc-
tural changes. Native �-crystallin was heated to 67°C for 30
min, then cooled to 37°C and labeled for 28 sec. A control
sample was labeled at 37°C. Both samples were digested
and analyzed by HPLC ESIMS as described above. Deute-
rium levels found in peptic fragments of the control (light
bars) and the cycled sample (dark bars) of �A- and �B-
crystallins are presented in Figure 7. There were regions of
greater H/D exchange after heating in �A including residues
23–52 and in �B including residues 24–27, 38–54, and 113–
137. There were also regions of less H/D exchange after

Figure 3. Amino acid sequences and peptic fragments of human �A- and �B-crystallin. All peptides were identified by their molecular
masses and CID MS/MS. Numbers imbedded in the arrows give the monoisotopic molecular mass of each peptide.
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heating in �A 93–129 and �B 68–75, 80–96, and 138–175.
These changes indicated that heating caused an irreversible
conformational change that involved loosening of some re-
gions and tightening of others.

Discussion

Hydrogen exchange was chosen to study thermal-induced
structural changes in �-crystallins because the technique is
a sensitive indicator of protein structure. The folded struc-
ture of proteins can reduce the exchange rates of hydrogen
located at peptide amide linkages by several orders of mag-
nitude from the rates found in an unstructured peptide. This
large reduction in exchange rates, which is often referred to
as “protection,” is primarily due to intramolecular hydrogen
bonding and solvent shielding. The high sensitivity of hy-
drogen exchange rates to protein structure has been illus-
trated by the different exchange rates measured for oxidized
and reduced cytochrome c (Wand et al. 1986; Dharmasiri
and Smith 1997). Finding different hydrogen exchange
properties was surprising because X-ray crystallography
shows that the root mean square (rms) difference in the
atomic positions of oxidized and reduced cytochrome c is

only 0.5 Å (Berghuis and Brayer 1992). Amide hydrogen
exchange has also been used to detect minor structural dif-
ferences in different constructs of SH2 and SH3 domains
(Engen et al. 1999b).

The principal goal of the present study was to detect
thermal-induced structural changes in human �-crystallin.
Our hydrogen exchange results for the intact proteins (�A,
�A-S, �B, and �B + P), presented in Figure 2, show that
there is a gradual loosening of structure as the temperature
is increased from 27°C to 57°C for all four major structural
forms of �-crystallin. Results from analyses of the peptic
fragments of these proteins, presented in Figure 6, show that
the thermal loosening occurs along the entire �-crystallin
backbone. In general, there were no localized, abrupt
changes in hydrogen bonding or solvent exposure, although
a few regions showed larger increases in H/D exchange as
the temperature was increased from 47°C to 57°C than for
the other temperature intervals. This gradual loosening of
the structure is consistent with studies noting the high ther-
mal stability of �-crystallin (Maiti et al. 1988; Carver et al.
1993, 1995) and only gradual structural changes with heat-
ing (Farnsworth et al. 1997; Burgio et al. 2001).

Even though �-crystallin is stable toward heating, data
from isolated �A- and �B-crystallins using various tech-
niques have noted differences in the responses of heated
�A- and �B-crystallins. Tryptophan fluorescence indicated
greater thermal-induced structural changes in �B than �A
(Datta and Rao 1999; Liang et al. 2000), whereas studies
using bis-ANS binding as a probe showed the structure of
�A to be more affected by heating than �B (Reddy et al.
2000). We examined the H/D exchange data for regional
differences in the behavior of �A and �B that might explain
these discrepancies. The difference between the H/D ex-
change of �A and �B at 27°C and 57°C for each of the
peptides is shown in Figure 8. Three regions showed
marked differences between �A and �B. First, the region
including residues 11–23, adjacent to Trp 9 in both �A and
�B, showed a large increase in H/D exchange in �B as the
temperature was increased from 27°C to 57°C, but no
change in �A. This difference indicated that the larger
change in Trp fluorescence of �B (Datta and Rao 1999;
Liang et al. 2000) might be due to an unfolding in the area
adjacent to Trp 9 that does not occur in �A. A second region
where the behavior of �A and �B differs with heating in-
cludes the hydrophobic areas, �A 38–52 and the corre-
sponding �B 38–54. For these peptides, �A had a much
greater heat-induced increase in H/D exchange than �B.
Because bis-ANS binds to hydrophobic regions, this differ-
ence in H/D exchange may reflect the change in exposure
responsible for increased bis-ANS binding to �A as com-
pared with �B as the temperature is raised (Reddy et al.
2000). A third region, including residues 110–129 of �A
and 113–137 of �B, showed a greater increase in H/D ex-
change of �B. However, the H/D exchange in this region of

Figure 4. Mass spectra of peptides including residues 28–37 (singly
charged) and 144–175 (quadruply charged) of �B-crystallin. (A) No ex-
posure to D2O. (B,C) Exposed to D2O at 27°C for 71 sec and 1136 sec,
respectively. (D) Completely exchanged in 95% D2O.
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Figure 5. Deuterium levels found in peptides of �A-crystallin (A) and �B-crystallin (B) following exposure of the native protein to
D2O for various times at 27°C. The deuterium levels were normalized to the deuterium levels found in the fragment derived from
�-crystallin equilibrated in 95% D2O.

Figure 6. Deuterium levels found in peptic fragments of �-crystallin following exposure of the intact protein to D2O at different
temperatures for different times. (A) �A-Crystallin, short (t1) exposure time. (B) �A-Crystallin, long (t5) exposure time. (C) �B-
Crystallin, short (t1) exposure time. (D) �B-Crystallin, long (t5) exposure time. The exposure time used for each temperature was
adjusted to compensate for the temperature dependence of the rate of intrinsic hydrogen exchange (see Table 1).
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�B at 27°C was much lower than �A, and, despite the
increase, was still lower than �A at 57°C.

A salient feature of the H/D exchange data for both �A
and �B at all temperatures is the division of the sequences
into two principal regions of moderate to high exchange
separated by a region of very low exchange. This division
corresponds very well with the two-domain structure pro-
posed by Wistow (1985). In that structure, the N-terminal
domains include residues 1–63 of �A and �B, and the C-
terminal domains include the remaining amino acids. At the
beginning of the C-terminal domain are peptides 72–75 in
�A and 76–79 in �B, with only ∼25% exchange after the
longest incubation time at 27°C. These two peptides have
the slowest exchange of all the regions of �A and �B. This
low H/D exchange and the very hydrophobic nature of these
residues indicate that these regions of �A and �B are buried
and perhaps form the nucleus of the “core” of the folded
protein. Even though these regions were still highly pro-
tected at 57°C, the H/D exchange was more than double

what it was at 27°C, resulting in these peptides having the
largest percentage increases in H/D exchange. Residues 72–
75 of �A and 76–79 of �B are also of interest because they
are included in the sequences of two peptides described as
“mini-chaperones” (Sharma et al. 2000; K.K. Sharma, pers.
comm.). Isotope exchange of peptide 72–75 in bovine �A-
crystallin has been reported to be similarly low, and in-
creased at higher temperatures (Smith et al. 1996). Exposure
of these regions when the proteins are denatured likely con-
tributes to enhanced �-crystallin chaperone-like activity at
higher temperatures.

For both �A and �B, peptides from the region between
the putative central “core” and the C-terminal extensions
(�A 75–139 and �B 80–143) showed, in general, lower
exchange than the N-terminal domains or the C-terminal
extensions. These results contrast with NMR data indicating
that this central region of the C-terminal domains is more
exposed than the N-terminal domains (Carver et al. 1993).
These apparent differences may be because NMR data for
the C termini were limited to signals from Tyr 122 of �B
and phosphorylated Ser 122 of �A. In the H/D exchange
data, �A peptide 110–129, which includes Ser 122, has
exchange comparable to the N-terminal domain. The gen-
erally lower H/D exchange for the C-terminal domains of
both �A and �B does not support models that feature ex-
posed C-terminal domains and less accessible N-terminal
domains (Carver et al. 1993, 1994; Wistow 1993).

The regions of highest exchange in both �A and �B are
the C-terminal extensions. Because H/D exchange uses pep-
tides produced by pepsin, the C-terminal peptides in this
study, �A 151–173 and �B 144–175, are longer than the 8
and 10 residues for �A and �B, respectively, described as
C-terminal extensions in NMR studies (Carver et al. 1992).
Even with these larger peptides, H/D exchange showed
>95% exchange for �A 151–173, indicating a loosely struc-
tured region. For �B 144–175, the exchange was slightly
lower, perhaps because the measured H/D exchange for
�B included additional residues that may be more struc-
tured. The high H/D exchange of the C termini agrees with
the C-terminal flexibility indicated by NMR data (Carver
et al. 1993).

The hydrophobicity of the N termini of �A- and �B-
crystallins has led to proposed structures with these regions
in unexposed positions (Derham and Harding 1999). Iso-
tope exchange for the N termini indicate otherwise. Protec-
tion factors for isotope exchange in the N termini of �A-
and �B-crystallins were <50 for 60%–80% of the residues
(Fig. 6). When compared with protection factors for tightly
folded proteins (104–108), these low protection factors point
to a loose, highly exposed structure. The higher exchange in
the N terminus of �A than �B is surprising in light of their
high sequence homology, and indicates that, even though
�A and �B subunits exchange freely (van den Oetelaar et al.
1990; Bova et al. 1997), their conformations differ. The

Figure 7. Deuterium levels in peptic fragments of �-crystallin when the
protein was exposed to D2O at 37°C for 28 sec. Prior to labeling, the
protein was equilibrated at 37°C for 30 min (open bars) or heated to 67°C
for 30 min, then cooled to 37°C (closed bars).

Figure 8. The difference between deuterium levels found in peptic frag-
ments of �A- and �B-crystallins following exposure of the intact protein to
D2O for 57°C or 27°C, both at t1.
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recently solved three-dimensional structure of the 16.9-kD
sHSP from Triticum aestivum (wheat) shows an assembly of
12 monomers, six with flexible N termini and six with struc-
tured N termini (van Montfort et al. 2001). Future proposed
structures for native �-crystallin aggregates should consider
the possibility that �A and �B occupy positions within the
�-crystallin assembly analogous to the two forms of sub-
units in HSP 16.9.

Materials and methods

Isolation of �-crystallins

Two clear lenses were obtained from a 19-year-old organ donor
(Lions Eye Bank, Omaha, NE) with no history of diseases known
to affect lens clarity. The lenses were homogenized using a stirring
bar for 4 h in a buffer (5 mM sodium phosphate, 1 mM EDTA, 1
mM DTT, and 0.02% NaN3 at pH 6.9). The lens homogenate was
centrifuged at 15,000g and 4°C for 1 h to form a supernatant and
pellet. The supernatant, which contained the water-soluble crys-
tallins, was separated from the pellet and stored at −80°C. �-Crys-
tallins were isolated from the other water-soluble crystallins
by size exclusion chromatography (2.5 × 95 cm, Toyo-pearl
HW-55sf, Toso HAAS). The elution buffer, which was the same as
the buffer used to homogenize the lens, was delivered to the col-
umn by a parastolic pump at a flow rate of 22.5 mL/h. Protein
elution was monitored at 280 nm. Fractions corresponding to
�-crystallins were pooled and stored at −80°C.

Hydrogen/deuterium exchange

The general experimental procedure used to perform H/D ex-
change in folded proteins, quench the H/D exchange reaction, and
analyze the labeled protein or its peptic fragments has been de-
scribed previously (Smith et al. 1997; Wang and Smith 2002).
Total �-crystallins (400 pmole/20 �L) obtained from size exclu-
sion chromatography were equilibrated at 27°C, 37°C, 47°C, and
57°C for 30 min and then diluted 20-fold into D2O buffer (5 mM
Na2HPO4, pD 6.9). These conditions were chosen because incu-
bations at higher temperatures and longer times led to precipita-
tion. Following incubation in the D2O buffer at these temperatures
for various times, H/D exchange was quenched by decreasing the
pD to 2.5 by addition of 20 �L of 100 mM HCl and decreasing the
temperature to 0°C. These samples were frozen quickly in dry ice
and stored at −80°C until analyzed by HPLC electrospray ioniza-
tion mass spectrometry (ESIMS). To identify regions of �-crys-
tallin that might be irreversibly altered by heating, one set of
samples was incubated at 67°C for 30 min and then cooled to 37°C
before labeling in D2O buffer (5 mM Na2HPO4 at pH 6.9) for 28
sec. The H/D exchange of these samples was compared with
matched samples labeled at 37°C.

Two types of control samples were used to determine the
amount of deuterium lost during analysis by HPLC ESIMS. One
control sample, the 0% reference, contained no deuterium. The
other control sample, the 100% reference, was completely equili-
brated in the labeling solution. This sample was prepared by di-
luting total �-crystallin in buffer (5 mM sodium phosphate, 1 mM
EDTA, 1 mM DTT, and 0.02% NaN3 at pH 6.9) 20-fold in the
labeling solution (5 mM Na2HPO4 at pD 6.9) and incubating at
80°C for 6–8 h. The exchange reaction was quenched by decreas-
ing the pD to 2.5 with 20 �L of 0.1 M DCl and decreasing the
temperature to 0°C. All pH measurements are as read directly from
the pH meter (Bai et al. 1993).

Analysis of labeled �-crystallins by HPLC ESIMS

The deuterium levels in intact �A- and �B-crystallin were deter-
mined by HPLC ESIMS. The labeled �-crystallins (400 pmole/420
�L) of each sample were trapped in an HPLC injector loop (5 �L
protein microtrap, Michrom Resources) and desalted with 800 �L
of a solution of 2% acetonitrile and 0.05% trifluoroacetic acid
(TFA) in water. The proteins were then eluted to separate �A- and
�B-crystallins by reversed phase HPLC (Vydac C4, 1 × 50 mm, 5
�m, Micro-Tech Scientific, flow rate 30 �L/min) using a gradient
of 35%–50% of solvent B in 5 min. Solvent A was water and
solvent B was acetonitrile, both with 0.05% TFA. The HPLC
injector and column were cooled to 0°C using an ice bath. The
effluent from the HPLC was directed to a quadrupole ESI mass
spectrometer (Micromass Platform II). Mass spectra of the charge
states +12 to +28 were summed to assign molecular masses. Fol-
lowing calibration of the mass spectrometer with myoglobin, the
molecular masses of partially deuterated �-crystallins were deter-
mined with an uncertainty of ±2 D. Mass spectrometric data were
processed with Mass Lynx 3.3 software using the maximum en-
tropy algorithm.

Similar procedures were used to determine the deuterium levels
in peptic fragments of �-crystallin labeled as described above. Just
prior to analysis by HPLC ESIMS, the labeled crystallins were
digested with pepsin (0°C, 5 min, E:S 2:1 [w/w]) under conditions
that minimized isotope exchange at peptide amide linkages (En-
glander et al. 1985; Zhang and Smith 1993). The labeled peptides
were concentrated and desalted by a cartridge (5 �L of peptide
microtrap, Michrom Resources). The cartridge was washed with
200 �L of 0.05% TFA containing 2% acetonitrile to remove salts.
The peptides were then eluted from the cartridge and fractionated
by reversed phase HPLC (Vydac C18, 1 × 50 mm, 5 �m, Micro-
Tech Scientific, flow rate 30 �L /min). The effluent from the
HPLC was directed to an electrospray ion trap mass spectrometer
(Finnigan LCQ), where the molecular masses of peptides were
routinely determined with an uncertainty of ±0.1 D. The data were
processed with X-Caliber, and average mass values were deter-
mined using Magtran.

Method reproducibility

Reproducibility of the methods for both intact proteins and pep-
tides was determined using multiple samples. Ten samples of
�-crystallin (400 pmole in 20 �L of 5 mM Na2HPO4/H2O buffer
at pH 6.9) were equilibrated at room temperature for 30 min.
Isotope exchange was initiated by diluting each sample 20-fold
into the deuterated form of the same buffer. Following incubation
for 30 min, isotope exchange was quenched as described above.
The molecular masses of the intact proteins in five deuterated
samples were determined as described above for protein analysis.
The other five samples were digested by pepsin and analyzed
following the procedure described above for peptide analysis.
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