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Abstract

The chaperone-like activity of human lens �-crystallin in inhibiting the aggregation of denatured proteins
suggests a role for �-crystallin in cataract prevention. Although a variety of techniques have generated
structural information relevant to its chaperone-like activity, the size and heterogeneity of �-crystallin have
prevented determination of its crystal structure. Even though synthetic cross-linkers have provided consid-
erable information about protein structures, they have not previously been used to study the proximity and
orientation of subunits within human �-crystallin. Cross-linkers provide structural insight into proteins by
binding the side chains of amino acids within close proximity. To identify the cross-linked residues, the
modified protein is digested and the resulting peptides are analyzed by mass spectrometry. Analysis of
products from the reaction of �-crystallin with 3,3�dithiobis(sulfosuccinimidyl propionate), DTSSP, iden-
tified several modifications to both �A and �B. The most structurally informative of these modifications
was a cross-link between lysine 166 of �A and lysine 175 of �B. This cross-link provides experimental
evidence supporting theoretical structural models that place the C termini of �A and �B within close
proximity in the native aggregate.
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In humans, the native �-crystallin assembly is composed of
approximately 40 subunits of two 20-kDa proteins: �A (de
Jong et al. 1975; Takemoto and Emmons 1991; Miesbauer
et al. 1994) and �B (Kramps et al. 1977; Dubin et al. 1990;
Miesbauer et al. 1994) in a ratio of �A to �B of approxi-
mately 3:2 (Ma et al. 1998). In addition to its role as a
structural protein, �-crystallin has demonstrated chaperone-
like activity in suppressing the denaturation-induced aggre-
gation of some proteins (Horwitz 1992; Raman and Rao
1994; Farahbakhsh et al. 1995; Raman et al. 1995; Wang

and Spector 1995). Information regarding the three-dimen-
sional structure of �-crystallin would help elucidate its
mechanism of chaperone-like activity. Three-dimensional
structures of proteins are most often determined by X-ray
crystallography and NMR. Neither of these techniques has
provided much information about �-crystallin because the
crystals of �-crystallin needed for X-ray crystallography
have not been produced, and high-resolution NMR analysis
has been hampered by the large molecular mass of �-crys-
tallin. Cross-linking residues within close proximity, an-
other approach for obtaining three-dimensional structural
information, offers limited resolution, but can be applied to
sparingly soluble proteins of virtually any size. Cross-link-
ages may be either intramolecular or intermolecular. Intra-
molecular cross-linking demonstrates which regions within
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a protein subunit are adjacent (Young et al. 2000; Pearson et
al. 2002; Kruppa et al. 2003), while intermolecular cross-
linking indicates adjacent regions of subunits in a protein
assembly (Callaghan et al. 1999; Luo et al. 1999; Bennett et
al. 2000). There are several types of synthetic cross-linkers
of various specificities and lengths.

We report data from reaction of �-crystallin with the
bis-N-hydroxysuccinimidyl (NHS) ester cross-linker,
DTSSP (Staros 1982; Staros and Kakkad 1983; Ehrlich et
al. 1994; Jordan et al. 1997; Topham et al. 1999; Bennett et
al. 2000; Chan et al. 2000). This cross-linker reacts with the
primary amines of lysines, the N termini of proteins (Lo-
mant and Fairbanks 1976), and the hydroxyl groups of ty-
rosines and serines (Swaim et al. 2004). To locate DTSSP
modifications, the modified protein was digested, and the
resulting peptides were analyzed by mass spectrometry.
Products included peptides with intramolecular cross-links
(the mass of the peptide plus 174 Da), peptides with inter-
molecular cross-links (the sum of the two peptide masses
plus 174 Da), and peptides with a hydrolyzed DTSSP ad-
duct (the mass of the peptide plus 192 Da). Reducing the
central disulfide bond of DTSSP cleaved the cross-linkage
and generated a mass increase of 88 Da at each modified
site.

Discussion

Human �-crystallin from an 11-year-old lens was modified
by DTSSP using a DTSSP-to-protein ratio of 5:1 according
to the procedure described previously (Swaim et al. 2004).
Cross-linked �-crystallin was isolated by size-exclusion
chromatography (SEC) using a denaturing buffer (6 M gua-
nidine hydrochloride (GdnHCl), 25 mM 2-morpholinoeth-
anesulfonic acid (MES) solution [pH 5.6]). This chromato-
graphic separation (Fig. 1) gave a large peak at the expected
elution time of �-crystallin monomers, indicating that much
of the �-crystallin was not involved in intermolecular cross-

links. An earlier eluting peak with a broad leading shoulder
indicated the presence of higher molecular mass species,
probably dimers and trimers of �-crystallin subunits. This
entire peak was collected and used for our analysis.

Sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) analysis of fractions from the SEC sepa-
ration, both with and without mercaptoethanol, confirmed
that the higher molecular weight species were products of
DTSSP cross-linking (data not shown). After digestion of
the cross-linked proteins with trypsin, the resulting peptides
were analyzed by online reversed-phase HPLC electrospray
ionization mass spectrometry (ESIMS) following published
procedures (Swaim et al. 2004).

Several peptides with DTSSP modifications were de-
tected in this analysis. There were masses corresponding to
peptides with hydrolyzed adducts, a mass indicative of a
peptide with an intramolecular cross-link and, the most in-
teresting modification, a mass corresponding to peptides
modified by an intermolecular cross-link.

The masses corresponding to peptides with hydrolyzed
adducts indicated that this modification was at five of the
seven lysines in �A (residues 11, 78, 99, 145, and 166) and
eight of the 10 lysines in �B (residues 72, 82, 90, 92, 150,
166, 174, and 175). Peptides including �A Lys 88 and �B
Lys 103 were only detected without modification, and no
peptides including �A Lys 70 and �B Lys 121, either with
or without modification, were detected. For each modified
peptide, the modification was located from CID (collision-
induced dissociation) ESIMS/MS analysis.

The detection of hydrolyzed adducts suggested that most
lysines are in exposed regions of the native �-crystallin
assembly, but the amino group is not within 12 Å of another
reactive group. Recent analysis of �-crystallin by H-D ex-
change demonstrated relatively high reactivity at both the N
and C termini (Hasan et al. 2003). These regions include the
lysines at �A 11, 70, and 166 and at �B 72, 166, 174, and
175. In our analysis, all of these lysines except �A Lys 70
were found modified by DTSSP. Because peptides includ-
ing �A Lys 70 were not detected in analyses of either un-
modified �-crystallin or �-crystallin incubated with
DTSSP, no conclusion could be made regarding its expo-
sure to DTSSP. In contrast, �A Lys 88 and �B Lys 103,
neither of which reacted with DTSSP, as well as �B Lys
121, which was not detected either with or without modi-
fication, all lie within regions that showed low H-D ex-
change. The low reactivity at �B Lys 88 toward DTSSP is
also consistent with bis-ANS binding to �A 79–88 from
bovine lenses, which suggested that �B Lys 88 is part of a
hydrophobic region (Sharma et al. 1998). Spin labeling
studies have demonstrated a region of low exposure begin-
ning at residue 76 of �A followed by �-sheets through
residue 119 (Koteiche and Mchaourab 1999). The homolo-
gous region in �B is residues 80–123. The �-sheets are
thought to be the interface between molecules as they form

Figure 1. Size-exclusion separation of �-crystallin after incubation with
DTSSP using GdnHCl in the running buffer (——). An arrow indicates the
elution volume of native �-crystallin (11 mL) under nondenaturing con-
ditions. The dashed line (- - -) marks the elution of the molecular weight
markers BSA (66 kDa, 14.5 mL) and �-lactoalbumin (18.4 kDa, 16 mL).
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the �-crystallin assemblies. If �A Lys 88, �B Lys 103, and
�B Lys 121 were sequestered in the dimer interface, they
might not be available for reaction with DTSSP, and would
therefore not form cross-links even though they were in
close proximity to other lysines.

There was also evidence suggesting hydrolyzed adducts
at some serines in �B. However, because the CID spectra
did not show conclusively which residues were modified, it
was determined only that the modified residue(s) was prob-
ably among serines 135, 136, 138, and 139. The absence of
reactivity at tyrosines and serines cannot be attributed to
their position within the structure of �-crystallin because
DTSSP has less reactivity with these residues than with
lysines (Swaim et al. 2004).

An intramolecular cross-link was indicated by the pres-
ence of an ion at m/z 721.82+, corresponding to �B peptide
164–175 (MW 1267.6) with a mass increase of 174 Da. The
CID mass spectrum of this ion demonstrated an intramo-
lecular cross-link between Lys 174 and Lys 175, consistent
with their close proximity in the �B subunit (data not
shown).

The ion at m/z 676.82+ suggested an intermolecular cross-
link between �A and �B. This mass corresponded to the
molecular mass of �A peptide 164–173 (MW 1031.5) with
a cross-link to a single lysine residue (MW 146.1). A single

lysine plus the DTSSP cross-linker (174 Da) would generate
a mass increase of 320 Da to the peptide. The point of
attachment was determined from the CID mass spectrum of
the modified peptide, m/z 676.82+ (Fig. 2). Unmodified frag-
ments y2 through y4 and y7 demonstrated that residues 167
to 173 of �A peptide 164–173 were not modified. No un-
modified b fragments were detected, while the fragments b3,
b4, and b7 were detected with mass increases of 320 Da.
These modified fragments indicated that the intermolecular
cross-link to the single lysine was at Lys 166, residue 3 of
�A 164–173. This assignment was supported by the ion at
m/z 449.21+, corresponding to the MH+ for an internal frag-
ment consisting of �A Lys 166 (128 Da) cross-linked (174
Da) to a single lysine (146 Da).

The residue attached to �A 164–173 was deduced by
considering what single lysines could be generated by tryp-
tic digestion of �-crystallin. Although no single lysine can
be generated by tryptic digestion of �A, digestion of �B
could generate Lys 121, Lys 150, and Lys 175. However,
neither Lys 121 nor Lys 150 is likely to be the single lysine
cross-linked to �A 164–173 because trypsin usually does
not cleave C-terminal to a modified lysine. Because it is
preceded by a lysine (Lys 174) and it is the last residue of
�B, isolated Lys 175 can be produced by trypsin digestion
without C-terminal cleavage. Therefore, �B Lys 175 is most

Figure 2. HPLC ESIMS/MS analysis of �A peptide 164–173 (MW 1031.5) with an intermolecular cross-link to a single lysine (MW
146.1). The mass spectrum of the ion analyzed (m/z 676.82+) is inset. The sequence of �A 164–173 is shown with the b and y fragments
that would result from a mass increase of 320 Da to Lys 166.
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likely the single residue bound to Lys 166 of �A peptide
164–173. This intermolecular crosslink supports structural
models proposing that �-crystallin exists as either a protein
micelle (Augusteyn and Koretz 1987; Radlick and Koretz
1992) or a GroEL-like assembly (Carver et al. 1994). Both
models are based on the amphipathic nature of �A and �B
(Puri et al. 1983) and involve sequestering of the hydropho-
bic N termini and solvent-exposure of the hydrophilic C-
termini. Formation of this intermolecular cross-link be-
tween �A 164–173 and �B 175 is the first conclusive evi-
dence that lysine amino groups in the C termini of �A and
�B are within 12 Å in the native assembly.
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