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Abstract

The transparency of the eye lens depends on the high solubility and stability of the lens crystallin
proteins. The monomeric g-crystallins and oligomeric b-crystallins have paired homologous double
Greek key domains, presumably evolved through gene duplication and fusion. Prior investigation of the
refolding of human gD-crystallin revealed that the C-terminal domain folds first and nucleates the
folding of the N-terminal domain. This result suggested that the human N-terminal domain might not be
able to fold on its own. We constructed and expressed polypeptide chains corresponding to the isolated
N- and C-terminal domains of human gD-crystallin, as well as the isolated domains of human gS-
crystallin. Both circular dichroism and fluorescence spectroscopy indicated that the isolated domains
purified from Escherichia coli were folded into native-like monomers. After denaturation, the isolated
domains refolded efficiently at pH 7 and 37°C into native-like structures. The in vitro refolding of all
four domains revealed two kinetic phases, identifying partially folded intermediates for the Greek key
motifs. When subjected to thermal denaturation, the isolated N-terminal domains were less stable than
the full-length proteins and less stable than the C-terminal domains, and this was confirmed in
equilibrium unfolding/refolding experiments. The decrease in stability of the N-terminal domain of
human gD-crystallin with respect to the complete protein indicated that the interdomain interface
contributes DGH2 O of 4.2 kcal/mol to the overall stability of this very long-lived protein.

Keywords: human gD-crystallin; human gS-crystallin; domain interface; cataract; equilibrium unfolding/
refolding transitions; refolding kinetic intermediates; protein stability

Crystallins are the major proteins in the elongated fiber
cells of vertebrate eye lenses, present at concentrations
of 200–450 mg/mL (Fagerholm et al. 1981; Siezen et al.
1988; Slingsby and Clout 1999). The crystallins are

responsible for both the transparency and high refractive
index of the lens (Delaye and Tardieu 1983; Fernald and
Wright 1983). The b- and g-crystallins are thought to be
primarily structural proteins, while a-crystallin possesses
an additional chaperone activity. Terminally differenti-
ated fiber cells in the lens are enucleated and devoid of all
other organelles and are unable to degrade damaged
crystallins or to synthesize new ones (Oyster 1999). Thus,
the crystallins must remain soluble for decades despite
high concentrations of protein, continual UV exposure,
and potential oxidative stress. This is particularly true of
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the crystallins in the central lens nucleus, which are
synthesized in utero (Harding and Crabbe 1984; Aarts
et al. 1989; Lampi et al. 2002a).

Cataracts, which interfere with light transmission,
represent aggregated, precipitated, or other insoluble
states of the crystallins. Mature-onset cataract affects
more than 40% of people who experience some form of
blindness, regardless of gender, race, or economic status.
The protein composition of the insoluble fraction of aged
and cataractous lenses includes the a-, b-, and g-crystal-
lins, with many carrying a variety of modifications such
as deamidation, oxidation, glycation, methylation, disul-
fide bond formation, and truncations (Lampi et al. 1998;
Hanson et al. 2000; Lapko et al. 2005; Searle et al. 2005;
Wilmarth et al. 2006).

Models for the causes of mature-onset cataract include
oxidative or UV-induced protein damage leading to
protein unfolding, aberrant activation of fiber proteases,
and saturation of a-crystallin chaperone function. Any or
all of these could result in protein precipitation, insol-
ubility, or aggregation. The remarkable stability of the
crystallins and chaperone function in the lens is presum-
ably to prevent the onset of these aggregated states. The
biochemical basis of the very high stability of the
crystallins and the nature of the misfolded, modified, or
aggregated states are thus of considerable importance in
understanding the etiology of cataract.

All b- and g-crystallin polypeptide chains have two
homologous double Greek key domains. They are believed
to have evolved by gene duplication and fusion from an
ancestral single-domain bg-crystallin (Lubsen et al. 1988;
Piatigorsky 2003). A candidate for this precursor has
been found recently in the urochordate sea squirt, Ciona
intestinalis. Gene and structural alignment comparisons
suggest that b- and g-crystallins evolved from this common
ancestral protein (Shimeld et al. 2005).

Each domain of the b- and g-crystallins consists of
two intercalated antiparallel b-sheet Greek key motifs.
The two highly symmetrical domains interact through a
hydrophobic interface and are connected by an interdomain
linker. The g-crystallin proteins are monomeric, whereas
the b-crystallins can form dimers, homo-oligomers, and in
many cases hetero-oligomers (Werten et al. 1999; Bateman
et al. 2001, 2003; Lampi et al. 2001). The major differences
between these two groups are attributed to N- and/or
C-terminal extensions found primarily in the b-crystallins
(Bloemendal et al. 2004; Hejtmancik et al. 2004). The N-
and/or C-terminal extensions and slight variations in the
interface side-chain interactions are implicated in the
formation of the b-crystallin multimers (Norledge et al.
1997; Smith et al. 2007).

It has been suggested that the high stabilities of the b-
and g-crystallin proteins are due to the complex topology
of the double Greek key (MacDonald et al. 2005), in

which strand d of the first motif is paired with strand c of
the second motif (Fig. 1). Although the majority of b- and
g-crystallins have these features, there are differences in
the thermodynamic and kinetic stabilities among the
crystallins and their individual domains.

An additional distinctive feature of the vertebrate b-
and g-crystallin family is the interface between the Greek
key domains. In human gD-crystallin, this is composed of
a hydrophobic patch of six residues, three from each
domain, plus a pair of glutamines shielding the hydro-
phobic domain from solvent, and an arginine and methio-
nine at the base of the interface near the linker (Basak
et al. 2003). These residues are highly conserved among
vertebrate b- and g-crystallins, except for the peripheral
methionine, which is unique to human gD-crystallin and
is usually a charged residue in other vertebrate b- and
g-crystallins. The significance of this amino acid differ-
ence in human gD-crystallin is unknown. The contribu-
tion of these residues to overall stability has been
assessed by characterizing proteins with alanine substi-
tutions of the interface residues. Substitutions of both the

Figure 1. Crystal structure of gDWT and NMR structure of murine gSWT.

Both full-length proteins are ;20 kDa in size. (A) A ribbon diagram of the

gDWT X-ray crystal structure (PDB ID: 1HK0) (Basak et al. 2003). The

isolated gDN protein ends at Pro82 (highlighted in dark gray) not including

the short interdomain linker. The isolated gDC protein begins at Arg 89

(highlighted in dark gray) at the beginning of the b-sheet. (B) A ribbon

diagram representing the NMR structure of the murine gS-crystallin

protein (PDB ID: 1ZWO) (Wu et al. 2005). The His 86 position is the

same amino acid in the human sequence, while the Ala 93 position is

replaced with Tyr in the human sequence. Sequence alignment between

human and murine gS-crystallin shows 89% identity and 96% similarity

(bl2seq, Blosum 62 matrix).
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hydrophobic and the polar residues of the interface
significantly destabilized the native protein (Flaugh
et al. 2005a,b). Substitutions in the interface of bovine
gB-crystallin (BgB-Crys) have also been found to be
destabilizing (Palme et al. 1997). Furthermore, Liu and
Liang (2006) have shown that polar substitutions of
hydrophobic residues in the b-strands of the domain
interfaces of human bB2-crystallin significantly destabi-
lized the protein.

Human gD-crystallin and human gS-crystallin are two
of the most abundant g-crystallins in the human lens.
These proteins share 69% sequence similarity and 50%
sequence identity and are ;21 kDa in size. gD-Crystallin
is found at its highest levels in the central nucleus and
is primarily synthesized in utero. Thus the long-term
solubility and stability of this protein are particularly
important for maintaining lens transparency. Families
carrying single amino acid substitutions in this protein
exhibit juvenile-onset cataracts (Heon et al. 1999;
Stephan et al. 1999; Pande et al. 2000; Smith et al.
2000; Santhiya et al. 2002). One of these mutations,
P23T, reduces the stability and solubility of the mutant
protein in vitro (Evans et al. 2004; Pande et al. 2005). On
the other hand, gS-crystallin is more prevalent in the
outer regions of the lens, primarily the cortex, which
continues to grow throughout life (Cook et al. 1994; Bron
et al. 2000; Wistow et al. 2002). Both protein synthesis
and turnover are thought to occur in these regions.

The crystal structure of wild-type human gD-crystallin
has been solved as well as the C-terminal domain of wild-
type human gS-crystallin in isolation (Purkiss et al. 2002;
Basak et al. 2003). The full-length murine gS-crystallin
structure has been resolved by NMR methods (Wu et al.
2005). There are few noticeable differences between the
two proteins, although gS-crystallin has a four-amino-
acid N-terminal extension and possibly two additional
amino acids in its interdomain linker (Fig. 1). Crystal
structure and modeling studies have shown that both
gD-crystallin domains have high structural similarity
(Blundell et al. 1981; Basak et al. 2003). The NMR
solved structure of murine gS-crystallin also demonstra-
ted high structural similarity among domains (Wu et al.
2005). Therefore, both g-crystallins have similar struc-
tures, and their individual domains display high structural
similarity between each other.

Human gD-crystallin (gDWT) has been cloned,
expressed, purified, and characterized with respect to its
folding and unfolding in vitro (Kosinski-Collins and King
2003; Kosinski-Collins et al. 2004). Similarly, the unfold-
ing and refolding of human gS-crystallin (gSWT) in vitro
has also been characterized (Wenk et al. 2000).

The unfolding and refolding of gDWT is a three-state
process. Both kinetic and equilibrium studies have iden-
tified a major partially folded intermediate on its unfold-

ing and refolding pathway, in vitro. This species has its
C-terminal domain folded and its N-terminal domain
unfolded, or at least disordered. From the three-state
melting transitions, it was clear that the N-terminal domain
was much less stable than the C-terminal domain. Further
information on the interaction between the domains was
obtained from site-specific mutations of the residues form-
ing the domain interface. Not surprisingly, substitutions of
the N-terminal domain residues contributing to the interface
destabilized the N terminus. However, unexpectedly, sub-
stitutions of the C-terminal domain residues in the interface
had little effect on the C terminus itself but also destabilized
the N-terminal domain (Flaugh et al. 2005b). This sug-
gested that the C-terminal domain stabilized the N-terminal
domain and provided a template for its refolding. This
raised the possibility that the N-terminal domain of gDWT

could not fold independently.
Recently, it has been also shown that Gln ! Glu

mutations mimicking deamidation in the gDWT interface
decreased thermodynamic and kinetic stability, indicating
the importance of the interface in the unfolding barrier
(Flaugh et al. 2006). Deamidation in the interface of
human bB2-crystallin, human bB1-crystallin, and the
predicted interface of human bA3-crystallin also desta-
bilizes the intact protein, supporting an important role for
the domain interface (Kim et al. 2002; Lampi et al. 2006;
Takata et al. 2007).

Wenk et al. (2000) showed that the unfolding and
refolding of gSWT followed a two-state transition, imply-
ing that the two domains of gS-crystallins have similar
stabilities. Stabilities of the isolated domains were also
studied, and the results revealed that the gS N-terminal
domain (gSN) and the C-terminal domain (gSC) had
slightly different stabilities. This result suggested that
the domain interface may not be important for the
stability of the protein and that this protein does not fold
sequentially like gDWT but instead more cooperatively.
Previously, in studies of bovine gB-crystallin, differential
domain stability was observed at acidic pH (20°C) but not
at neutral pH, suggesting sequential domain folding
and important domain interface interactions under these
conditions (Rudolph et al. 1990; Mayr et al. 1997). Other
studies have shown that the isolated domains of human
and rat bB2-crystallin are not as stable as the full-length
protein (Wieligmann et al. 1999; Fu and Liang 2002).

To explore more deeply the question of the contribution
of domain interactions to overall protein stability, we
have prepared and investigated the properties of the
isolated N- (gDN) and C-terminal (gDC) domains of
gDWT. We have included in these experiments the
analogous isolated N- and C-terminal domains of gSWT.
Efforts to crystallize gSN have been unsuccessful, raising
the possibility that its N terminus in isolation was also not
in the native fold. The studies below attempt to address

Isolated domains of human gD- and gS-crystallins
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the question of the importance of the domain interface in
the evolution of the two domain vertebrate crystallins.

Results

Protein purification and characterization

The specific residues that would comprise the isolated
domains of gDWT were chosen by examining the crystal
structure and selecting those sequences of the protein not
including the linker. The gD N-terminal domain construct
included residues Gly 1–Pro 82, which is the last residue
at the end of the b-strand before the linker. The gDN

construct was created by introducing a stop codon at
residue 83 (His 83 stop) into the gDWT sequence. The gD
C-terminal domain construct was created by cloning into
the pQE1 vector (Qiagen), sequences corresponding to
Arg 89 (the first residue after the linker and at the
beginning of the b-strand), continuing to Ser 174 at the
end of the protein (Fig. 2).

At the time that the gS isolated domain constructs were
created, there was no structure available of the gS N-
terminal domain or linker. Thus, it was difficult to predict
what sequences should be included in the constructs. The
gS N-terminal domain construct was created by introduc-
ing a stop codon at residue 87 (Leu 87 stop) into the gSWT

sequence. Recently, the NMR structure of the murine gS
predicted a linker region of gSWT from residues 85 to 93
according to the Entrez Protein Database (#NP_060011).
If the domain structures of human gSWT are consistent
with the murine structure, the gSN protein constructed
here starts with Ser 1 and includes one residue within the
proposed linker (His 86). The gS C-terminal domain was

created by cloning sequences corresponding to Tyr 93 to
Glu 177 at the end of the protein into the pQE1 vector
(Fig. 2). The X-ray crystal structure of the gS C-terminal
domain also began with Tyr 93 in the C-terminal domain
(Purkiss et al. 2002).

All full-length and isolated domain proteins were
expressed by inducing Escherichia coli cell cultures with
IPTG and incubating them for several hours at 37°C. The
full-length recombinant crystallins were soluble, accu-
mulating in the cell supernatant. The isolated domains
also behaved as soluble subunits, accumulating in the cell
supernatants. The isolated domain recombinant crystal-
lins were purified using Ni-NTA affinity chromatography,
following the same protocols used for the full-length gD-
and gS-crystallins. The elution of the isolated domains
was similar to that of the full-length proteins during
column purification. gSWT and its isolated domains eluted
from the Ni-NTA column with lower concentrations of
imidazole than gDWT and its isolated domains. In general,
the isolated domains behaved similarly to the full-length
crystallins during protein expression and purification.
All proteins were >90% pure based on SDS-PAGE gel
electrophoresis and Coomassie Blue staining.

Analysis of N-terminally His-tagged gDWT revealed
no difference in the kinetic, equilibrium, and secondary
structural characteristics compared to recombinant pro-
tein without the His-tag (Kosinski-Collins and King 2003;
Kosinski-Collins et al. 2004). In addition, analysis of
N-terminally His-tagged gSWT compared to no His-tag
recombinant gSWT detected no difference in the second-
ary structure as analyzed by CD spectroscopy or in
kinetic and equilibrium data as analyzed by fluorescence
spectroscopy (data not shown).

Analytical size exclusion chromatography

Previous studies of the isolated bovine bB2 N-terminal
domain showed the possibility of homodimerization
(Wieligmann et al. 1999). In addition, the microbial single
domain protein Spherulin 3a, a structural homolog of the
bg-crystallins, formed dimers at physiological concentra-
tions (Kretschmar et al. 1999). In order to determine if the
isolated domain dimerized under experimental conditions
used here, analytical size exclusion chromatography (SEC)
was used. Protein was loaded onto the column at a con-
centration of 80 mg/mL. Elution volumes of molecular
weight standards were determined to formulate an elution
volume, protein size relationship. All of the isolated do-
main proteins eluted after the 13.7 kDa protein standard
(Ribonuclease A), indicating that all proteins were in the
monomer form (Fig. 3). Moreover, chromatographs of the
isolated domains did not overlay with the wild-type
proteins, confirming that the isolated domains did not form
stable dimers in appreciable amounts.

Figure 2. Amino acid sequence alignment of gDWT and gSWT. The

regions of the proteins included in the isolated domain proteins are

highlighted, (blue) gDN G1–P82, (red) gDC R89–S174, (green) gSN S1–

H86, (gray) gSC Y93–E177. Upper numbers represent the residues in

gDWT, and lower numbers represent the residues in gSWT.
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gDWT protein (21.817 kDa) eluted from the column at a
peak volume of 17.86 mL, while gSWT (22.157 kDa)
eluted at 17.4 mL. This result is expected since gSWT is
slightly larger than gDWT. The gDC (11.833 kDa) isolated
domain eluted at a peak volume of 18.45 mL, and the gDN

(10.972 kDa) isolated domain at a peak volume of 18.84
mL, confirming that gDC is larger than gDN (Fig. 3A).
The isolated domains of gS eluted at similar volumes as
the gD isolated domains (Fig. 3B). Eluted peak volumes
of gSN (11.4 kDa) and gSC (11.5 kDa) were 18.54 mL and
18.04 mL, respectively. All of the g-crystallin samples
described below were predominately monomeric.

Circular dichroism (CD) spectroscopy

To determine if the isolated domains were folded into
native-like conformations, we examined them by CD and
fluorescence spectroscopy. The secondary structures of
the isolated domains and the full-length proteins were
analyzed by far-UV CD spectroscopy at 37°C (Fig. 4).
The CD spectrum of the complete gDWT protein demon-
strated the characteristic b-sheet ellipticity minimum at

218 nm. The spectrum of gDC also indicated the charac-
teristic b-sheet structure as well and was not distinctly
different from that of gDWT (Fig. 4A). In contrast, the
gDN spectrum exhibited a possible increase in random-
coil structure as seen by an increase in negative molar
ellipticity at 204 nm. These CD spectra were further
analyzed by deconvolution software, CDPro Suite, to
determine quantitative percentages of secondary structure
(Sreerama and Woody 2000). Deconvolution of the CD
spectra agreed with qualitative observations that the
gDWT and gDC b-sheet structures were not distinguish-
able (Table 1). gDWT analysis showed a ;40% b-sheet,
;6% a-helical, mostly 310 a-helical structure (consistent
with 3D structure), ;21% turn, and ;31% unordered.
gDC deconvolution was similar to gDWT with ;41%
b-sheet, ;5% a-helical, ;22% turn, and ;32% unor-
dered. The differences in percentages are probably within
experimental error of one another. However, the CD
deconvolution of gDN suggested it had a decrease in b-
sheet (;30%) and an increase in a-helix (;11%), turns
(;24%), and unordered (;35%) secondary structure
(Table 1).

gSWT also exhibited the characteristic b-sheet spectrum
with a minimum at 218 nm. gSC had a similar spectrum to
full-length gSWT (Fig. 4B). However, the spectrum of gSN

was significantly different than the gSWT CD spectrum.
The deconvolution of gSN yielded ;29% b-sheet, ;4%
a-helical, ;25% turns, and ;40% unordered compared
to ;33% b-sheet, ;6% a-helical, mostly 310 a-helical
structure (consistent with 3D structure), ;24% turns, and
;36% unordered for gSWT. Again, gSC deconvolution
was similar to gSWT with ;32% b-sheet, ;9% a-helical,
;26% turns, and ;34% unordered (Table 1). Secondary
structure similarity between gSWT and gSC is consistent
with the atomic structure similarity observed between the
murine NMR gSWT structure and the crystal structure of
human gSC (Purkiss et al. 2002; Wu et al. 2005).

Crystallin proteins consist of Greek key antiparallel b-
sheets, a topology that contains a considerable amount of
twisted b-sheets (Blundell et al. 1981; Bax et al. 1990). It
has been observed previously that deconvolutions of these
proteins’ CD spectra are problematic to interpret because
the twisted antiparallel b-sheets have similar optical
dispersions as unordered peptides, as well as because of
the lack of reference sets for these proteins (Sreerama and
Woody 2003). This is supported by the high percentage of
unordered structure in our deconvolution analysis.

Fluorescence spectroscopy

Fluorescence spectroscopy was used to monitor the tertiary
structure of both crystallins and their domains. gDWT

and gSWT both have four conserved tryptophans, two
buried within the hydrophobic core of each domain. The

Figure 3. Analytical size exclusion chromatography profiles of the

isolated domains and wild-type proteins. All samples were loaded onto a

Superdex 200 10/300 GL column at a protein concentration of 80 mg/mL.

The molecular weight standards were ovalbumin (45 kDa), chymotrypsi-

nogen A (25 kDa), ribonuclease A (13.7 kDa), elution volumes of which

are depicted by arrows. (A) gDWT, gDN, and gDC; (B) gSWT, gSN, and gSC.

The secondary peak seen in the gDN sample was variable and usually less

prominent and has not been identified.
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tryptophans are at positions 42 and 68 in the gDN (46 and
72 in gSN) and 130 and 156 in the gDC (136 and 162 in
gSC). The fluorescence of these tryptophans is highly
quenched in the folded state (Kosinski-Collins et al. 2004;
Chen et al. 2006). Trp 68 and Trp 156 are quenched through
a charge transfer to the polypeptide chain backbone, while
Trp 42 and Trp 130 undergo an energy transfer mechanism
to Trp 68 and Trp 156, respectively (Chen et al. 2006).
gSWT may be quenched in the native state by a similar
mechanism. As a result, tryptophan fluorescence is a
sensitive reporter of the native-like state of these proteins.

In addition to the four tryptophans, there are 14 semi-
conserved tyrosines (71% identity, 93% similarity based on
32 diverse g-crystallin sequences) located throughout the
protein. There are seven tyrosines in each domain of gDWT.
For gSWT, there are eight tyrosines in gSN and six in gSC.
In order to monitor preferentially the structure surrounding
the tryptophan residues, we excited the proteins at 295 nm
and recorded the fluorescence emission spectra from 310
to 400 nm.

The fluorescence emission spectra of the isolated
domains at 37°C shown in Figure 5 was similar to those
of the full-length proteins. gDWT had a quenched native
emission maximum of ;326 nm and a redshifted unfolded
emission maximum of 350 nm (Table 1). The native
maximum of gDC was similar to full-length and also had
quenched fluorescence, indicating a native-like structure.
The gDN domain fluorescence had a higher quantum yield
than both gDWT and gDC, indicating that it was not as
quenched in isolation possibly because of disruptions in
structure around Trp 42. However, upon denaturation in
GuHCl, the fluorescence intensity of gDN increased,
indicating it was native-like in the absence of denaturant.

gSWT had a quenched native emission maximum of
;329 nm and an unfolded maximum of 350 nm (Fig. 5D;
Table 1). gSC had higher native fluorescence emission
intensity, also indicating that the C-terminal domain had a
higher quantum yield and is not as quenched in the native
state (Fig. 5F). gSN domain had a similar peak and
fluorescence intensity compared to gSWT, although the

Table 1. Deconvoluted CD spectra and fluorescence emission spectra maximums for gD and gS wild-type and
isolated domain proteins

CD spectra Fluorescence emission

Protein % b-Sheet % a-Helix % Turns % Unordered Native (nm) Unfolded (nm)

gDwt 40 6 21 31 326 350

gDN 30 11 24 35 326 350

gDC 41 5 22 32 326 350

gSwt 33 6 24 36 329 350

gSN 29 4 25 40 329 350

gSC 32 9 26 34 329 350

Figure 4. Far-UV CD spectra of isolated domains and full-length proteins. Samples are at a protein concentration of 100 mg/mL in 10

mM sodium phosphate buffer, pH 7.0 at 37°C. (A) CD spectra recorded from 195–260-nm wavelengths for (black r) gDWT, (blue d)

gDN, and (red j) gDC. (B) CD spectra recorded from 195–260-nm wavelengths for (blue m) gSWT, (green ) gSN, and (orange )

gSC.
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overall shape of the spectra indicates that there may be
some differences in tertiary structure (Fig. 5E).

In conclusion, all domains in isolation, although
exhibiting slight alterations in secondary and tertiary
structures, are structurally similar to their respective
full-length proteins as well as to each other.

Thermal denaturation indicates differential
domain stability

Circular dichroism and fluorescence emission spectra
indicated that the isolated domains were in native-like
conformations. To assess the stability of these domains
qualitatively, we examined their thermal denaturation.
Although thermal denaturation is qualitative, it measures
stability in a more physiological-relevant manner than
chemical denaturant experiments.

Figure 6 shows the thermal denaturation behavior
monitored by CD. All four of the isolated domains

remained folded until 60°C or higher and exhibited a
cooperative melting transition consistent with typical
thermal denaturation unfolding transitions. Thermal
denaturation was an irreversible reaction demonstrated
by visible aggregation upon the completion of the experi-
ment. Since the calculation of meaningful thermody-
namic parameters is limited by the lack of reversibility,
we report only the fraction native as a function of
increasing temperature (Fig. 6).

Both full-length gDWT and gSWT were extremely
stable, with a TM of 84.5°C and 74.1°C, respectively.
The differences in stability between the individual
domains were evident in the thermal experiments; the
TM of gDN was 64°C, while the TM of gDC was 77°C (Fig.
6A). The TM of gSN was 69.1°C and of gSC was 75.1°C
(Fig. 6B). The TM difference between gD isolated
domains was larger than that of the gS isolated domains,
confirming the idea that the gDWT interface is more
essential in increasing the thermodynamic stability of
its N-terminal domain. In addition, the TM of gDWT is 7°C
greater than the TM of gDC, reinforcing the idea that both
domains are necessary for overall conformational stabil-
ity. The interface of gSWT, even though essential for
stabilizing its N-terminal domain, may not be as crucial in
the overall stability of the protein, consistent with other
studies (Zarina et al. 1994; Wenk et al. 2000).

Equilibrium unfolding and refolding in vitro

The polypeptide chains of the isolated domains described
above folded into their native-like state within E. coli.
To determine if the isolated domains would refold in
vitro, we conducted equilibrium unfolding/refolding
experiments. These results also allowed us to estimate

Figure 5. Fluorescence emission spectra of native and unfolded isolated

domains and full-length gDWT and gSWT. All proteins were excited at 295

nm and emissions were recorded from 310 to 400 nm. Samples consisted

of 10 mg/mL protein in 100 mM sodium phosphate, 1 mM EDTA, 5 mM

DTT, pH 7.0, and 5.5 M GuHCl for unfolded samples equilibrated at 37°C.

(A) Native spectra for gDWT (r) and unfolded spectra for gDWT (line).

(B) gDN native (d) and gDN unfolded (line). (C) gDC native (j) and gDC

unfolded (line). (D) gSWT native (m) and gSWT unfolded (line). (E) gSN

native ( ) and gSN unfolded (line). (F) gSC native ( ) and gSC unfolded

(line).

Figure 6. Thermal denaturation of gDWT, gSWT, and their individual

domains. Samples were prepared at 100 mg/mL protein concentration in 10

mM sodium phosphate buffer (pH 7.0). CD signal at 218 nm was monitored

as the temperature was increased from 25°C to 90°C. Data were normalized

and the native fraction was calculated (see Materials and Methods). (A) (r)

gDWT, (d) gDN, and (j) gDC. (B) (m) gSWT, ( )gSN, and ( ) gSC.
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quantitatively the stability of each domain. Previously,
bovine gB-crystallin has been shown to be resistant to
urea denaturation at neutral pH and requires GuHCl
(Rudolph et al. 1990). Human gDWT is also resistant to
unfolding in up to 8 M urea at neutral pH, and in order
to best mimic physiological conditions, previous equili-
brium unfolding/refolding experiments were performed at
pH 7, 37°C (Kosinski-Collins and King 2003). Therefore,
all of the crystallins were analyzed under the same
conditions as described above for comparison purposes
to human gDWT.

As seen in Figure 7, gDN and gDC refolded at high
yield when diluted out of denaturant. As reported by
Wenk et al. (2000), gSN and gSC also refolded at high
yield when diluted out of denaturant. In contrast to gDWT,
we observed no evidence for aggregated states competing
with productive refolding for any of the isolated domains
and gSWT (Figs. 7 and 8).

The equilibrium unfolding/refolding curves were de-
termined by calculating the ratio of the fluorescence
emission at 360 nm and 320 nm versus denaturant
concentration (Figs. 7 and 8). Since the irreversibility of
gDWT can cause extrapolation errors in determining free
energy (H2O), we used transition midpoints (CM) of the
equilibrium unfolding/refolding curves, the GuHCl con-
centration at which 50% of the protein is denatured, as a
measure of stability. However, since all of the other
proteins exhibited full reversibility under these experi-
mental conditions, we have extrapolated DGH2 O values
and have included these and associated m-values in
Table 2 for gD and Table 3 for gS. The thermodynamic
parameters were calculated from both 360 nm emission
data and 360/320 nm emission ratio data. Both data
analyses were comparable and within standard error of
one another. The 360/320 nm representation is shown for

Figure 7. Equilibrium unfolding (closed symbols) and refolding (open

symbols) transitions of (r) gDWT, (d) gDN, and (j) gDC. Samples

contained 10 mg/mL protein, 100 mM sodium phosphate, 1 mM EDTA,

5 mM DTT (pH 7.0), and various concentrations of GuHCl at 37°C. The

ratios of fluorescence emission at 360 nm and 320 nm were calculated.

Equilibrium data fits are indicated by solid black lines.

Figure 8. Equilibrium unfolding (closed symbols) and refolding (open

symbols) transitions for (m) gSWT, ( ) gSN, and ( ) gSC. Samples

contained 10 mg/mL protein, 100 mM sodium phosphate, 1 mM EDTA,

5 mM DTT (pH 7.0), and various concentrations of GuHCl at 37°C. The

ratios of fluorescence emission at 360 nm and 320 nm were calculated and

plotted versus the concentration of GuHCl. Two-state fits of the equili-

brium data are indicated by solid black lines.
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visual clarity of equilibrium transitions, and the single
wavelength 360 nm data were used to calculate m
and DGH2 O values for better accuracy. As expected,
the relative DGH2 O and CM values of gD and gS were
consistent.

The equilibrium unfolding/refolding curves for gDWT

were best fit to three-state models (Flaugh et al. 2005b).
The CM of the first transition was 2.2 M GuHCl, and the
CM of the second transition was 2.8 M GuHCl. The
corresponding DGH2O values were 7.7 and 8.9 kcal mol�1,
respectively (Flaugh et al. 2005b). The equilibrium
unfolding/refolding transitions of gDN and gDC were
best fit to two-state models with no detectable equili-
brium intermediates along the pathways. The gDN

domain was destabilized in isolation with a CM of 1.2
M GuHCl, and DGH2 O of 3.7 kcal mol�1. The gDC

domain had a CM of 2.7 M GuHCl and DGH2 O of 8.7
kcal mol�1 in isolation, comparable to the CM of 2.8 M
observed for the second transition of gDWT. Therefore,
this result confirms that the second transition almost
certainly corresponds to the unfolding of the gDC domain,
while the first transition corresponds to the unfolding of
the gDN domain. The overall DG of gDWT can be
estimated by the addition of the DG of both individual
domains plus the DG of the gDWT interface, depicted in
the following equation:

DGgD overall = DGN-td + DGC-td + DGint;

thus

DGint = DG�ðDGN-td + DGC-tdÞ

Using this equation, we estimated that the gDWT interface
contributes ;4.2 kcal mol�1 to the overall free energy of
gDWT. In other words, in the absence of the gDC and its
interface contacts, gDN was ;4.2 kcal mol�1 less stable
than the N-terminal domain in gDWT.

gSWT equilibrium unfolding/refolding analysis also
demonstrates differential domain stability

Initially, we did not know if gSWT would refold as
efficiently as gDWT under these conditions, pH 7 and
37°C. Previously, Wenk et al. (2000) analyzed the
stability of the human and bovine gS-crystallin as well
as their isolated N- and C-terminal domains at 20°C.
Equilibrium unfolding/refolding experiments were per-
formed to analyze the stability of gSWT and its individual
domains. We were able to detect complete refolding of
gSWT out of denaturant at pH 7 and 37°C as observed in
the overlay of native and refolding equilibrium curves
(Fig. 8). Therefore, we analyzed the stability of gSWT as
well as its gSN and gSC under these previously described
conditions. The results from these experiments also
allowed us to compare gDWT and its isolated domains
to gSWT and its isolated domains.

All of the unfolding and refolding transitions of full-
length gS-crystallin and the gSWT isolated domains were
best fit to a two-state model. The CM value observed for

Table 2. Equilibrium unfolding/refolding at 37°C and thermal unfolding parameters of gD wild-type and isolated domain proteins

Equilibrium transition 1 Equilibrium transition 2

Thermal unfolding transition CM
a Apparent m valueb Apparent DG°N-I

c CM
a Apparent m valueb Apparent DG°I-U

c

Protein TM
d DTM

e 37°C 37°C

gDWT
f 83.8 6 1.3 — 2.2 6 0.1 3.6 6 0.1 7.7 6 0.2 2.8 6 0.1 3.1 6 0.4 8.9 6 1.3

gDN 64.5 6 0.6 19.3 1.2 6 0.1 3.3 6 0.9 3.7 6 0.7 — — —

gDC 76.2 6 0.2 7.6 — — — 2.7 6 0.09 3.2 6 0.1 8.7 6 0.5

a Transition midpoints in units of M GuHCl.
b Apparent m values in units of kcal mol�1 M�1.
c Free energy of unfolding in the absence of GuHCl in units of kcal mol�1.
d Midpoints of melting transitions monitored by 218 nm FarUV CD in units of °C.
e DTm ¼ Tm Full-length � Tm Single Domain in units of °C.
f Thermal denaturation parameters of gDWT are from Flaugh et al. (2006). The equilibrium parameters of gDWT are from Flaugh et al. (2005b).

Table 3. Equilibrium unfolding/refolding at 37°C and
thermal unfolding parameters of gS wild-type and isolated
domain proteins

Thermal unfolding
transition Equilibrium transition

Protein TM
a DTM

b CM
c

Apparent m
valued

Apparent
DG°N-U

e

gSWT 74.1 6 0.2 — 2.3 6 0.02 4.6 6 0.4 10.5 6 0.9

gSN 69.1 6 2.4 5 1.7 6 0.08 2.9 6 0.4 4.9 6 0.8

gSC 75.1 6 0.75 �1 2.3 6 0.07 3.5 6 0.4 8.2 6 0.6

a Midpoints of melting transitions monitored by 218 nm FarUV CD in units
of °C.
b DTm ¼ Tm Full-length � Tm Single Domain in units of °C.
c Transition midpoints in units of M GuHCl.
d Apparent m values in units of kcal mol�1 M�1.
e Free energy of unfolding in the absence of GuHCl in units kcal mol�1.
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gSWT was 2.3 M GuHCl, and the DGH2 O was 10.5 kcal
mol�1. The difference in stability between the gSWT

isolated domains was significant but was not as great as
the difference between stabilities of the gDWT isolated
domains. The equilibrium unfolding experiments yielded
a CM of 1.7 M GuHCl and a of 4.9 kcal mol�1 for gSN.
The gSC CM and DGH2 O values were 2.3 M GuHCl and
8.2 kcal mol�1, respectively. Given the slight differences
between gSN and gSC, we suggest that the CM of gSWT is
likely a contribution from both domain stabilities. Thus,
the unfolding/refolding of gSWT may populate intermedi-
ates that are not detectable here. Since there are differ-
ences between the stabilities of N- and C-terminal
domains, there is a possibility that the one domain folded,
one domain unfolded intermediate described for other
g-crystallins may also occur in the transitions of gSWT.
Further experiments consisting of interface mutants such
as those performed for gDWT will be essential in deter-
mining the stability of the interface as well as whether
there is an equilibrium intermediate with one domain
folded and one domain unfolded.

Comparison between the gDWT and gSWT isolated
domains showed similar stability results as the thermal
denaturation experiments. gSN was less stable than the
gSC; however, the isolated gSN was more stable than
the isolated gDN. In contrast, the isolated gDC was more
stable than the isolated gSC. In general, from these
experiments we detect consistent differential domain
stability among both crystallins’ N- and C-terminal
domains. The sequence homology between both crystal-
lins’ N- and C-terminal domains is higher than the N- and
C-terminal domains within the gD- or gS-crystallin.

Productive kinetic refolding

All full-length and single-domain proteins had the ability
to refold after complete unfolding in GuHCl and sub-
sequent dilution out of denaturant. Protein refolding
kinetics were monitored using fluorescence spectroscopy
to measure the quenching of the buried tryptophans
as the proteins folded into their native states. To better
resolve the intermediate steps, these experiments were
performed at lower temperature (18°C). All proteins
refolded in a time frame of ;300 sec with the exception
of gDWT and gSWT (Figs. 9 and 10). gDWT was produc-
tively refolded in 1 M GuHCl since it exhibited off-
pathway aggregation when refolded in <1 M GuHCl
(Kosinski-Collins and King 2003). The rest of the
proteins were allowed to refold in 0.55 M GuHCl.

The kinetic refolding transitions of gDWT were best fit
to a four-state model in these experiments with an
average calculated t1/2 of 10 sec, 36 sec, and 252 sec
for the three exponentials (kr1, kr2, kr3) (Fig. 9; Table 4) at
18°C (Equation 1).

Unfolded ��/
kr1

I1½ � ��/
kr2

I2½ � ��/
kr3

Native ð1Þ

Mutations in the interface affect the refolding rate of
gDWT (Flaugh et al. 2005a,b, 2006). These mutations
suggested that two refolding intermediates are populated;
the first intermediate may be the C-terminal domain
Greek key motif 4 (one closest to the interface) folded
and motif 3 of the C-terminal domain as well as the
N-terminal domain unfolded. The second intermediate
is likely the C-terminal domain fully folded and the
N-terminal domain unfolded.

All of the refolding reactions of the isolated domains
were best fit by a three-state model indicating one
observable intermediate for each refolding pathway. For
the isolated domains, this kinetic refolding intermediate
may be a partially folded individual Greek key domain.

Unfolded��/
kr1

I½ ���/
kr2

Native ðDouble Greek keyÞ ð2Þ

Figure 9. Kinetic refolding of gDWT (inset shows completion of gDWT

refolding kinetics reaction), gDN, and gDC. The proteins were unfolded at

high GuHCl concentration, then diluted into 100 mM sodium phosphate,

1 mM EDTA, 5 mM DTT (pH 7.0) buffer for a final protein concentration

of 10 mg/mL. Protein tryptophan fluorescence emission at 350 nm was

recorded every second, and data were normalized for comparison. All

experiments were performed at 18°C. The final GuHCl concentrations

were 1 M for gDWT and 0.55 M for gDN, and gDC (see text for details).
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The first refolding transitions for isolated gDN and gDC

had t1/2 values of 3 sec and 4.5 sec, and the second
refolding transitions had t1/2 values of 17 sec and 14 sec
(Equation 2). The kinetic refolding parameters of both

individual domains were within standard deviations of each
other for both kinetic refolding transitions. The first kinetic
refolding transition t1/2 was 14.5 sec for gSN and ;12 sec
for gSC, and for the second kinetic refolding transition,
the t1/2 was 190 sec for gSN and 122 sec for gSC. These
parameters were also within standard deviations of one
another for both kinetic refolding transitions (Table 4).

gSWT refolding kinetics was best fit to a four-state
model, indicating two intermediates (Fig. 10). The refold-
ing rates were considerably slower than gDWT, with cal-
culated average t1/2s of 20 sec, 194 sec, and 1043 sec for
the three transitions.

Discussion

All known eye lens b- and g-crystallins have two homol-
ogous Greek key domains interacting through a tight
interface. These domains presumably evolved from an
ancestral single-domain protein. Given the importance of
long-term solubility and stability for the crystallins, it may
be likely that the evolution of a two-domain form was
related to the need for very long-term stability of the lens
crystallins. Previous evidence that the C terminus of gDWT

served as a template for the folding of the N terminus raised
the possibility that the N-terminal domain could not fold on
its own, owing to the absence of the domain interface. On
the contrary, the results reported here show that the N-
terminal domain of gD does fold on its own in vivo within
E. coli cytoplasm and remains folded through purification
and storage. In addition, both equilibrium and kinetic
experiments confirmed that these isolated domains were
able to refold to a native-like state upon dilution out of
denaturant. The isolated N- and C-terminal domains of
gS-crystallin also folded in vivo and refolded in vitro, as
reported previously (Wenk et al. 2000).

Nonetheless, the isolated N-terminal domain of gD
was considerably less stable than the isolated C-terminal
domain, in addition to being the less stable domain in the
full-length protein. Comparing the stabilities of the isolated

Figure 10. Kinetic refolding of isolated domains of gSWT (inset shows

completion of gSWT refolding kinetics reaction), gSN, and gSC. Protein

was unfolded at high GuHCl concentration, then diluted into 100 mM

sodium phosphate, 1 mM EDTA, 5 mM DTT (pH 7.0) buffer for a final

protein concentration of 10 mg/mL. Protein tryptophan fluorescence

emission at 350 nm was recorded every second, and data were normalized

for comparison. All experiments were performed at 18°C. The final GuHCl

concentration was 0.55 M for gSWT, gSN, and gSC (see text for details).

Table 4. Productive refolding kinetic parameters of gD and gS wild-type and isolated domain proteins at 18°C

Productive refolding kinetics

First transition Second transition Third transition

Protein kr1
a t1/2

b kr2
a t1/2

b kr3
a t1/2

b

gDWT 0.07 6 0.016 10 6 2 0.019 6 0.004 36 6 7 0.003 6 0.0007 252 6 63

gDN 0.22 6 0.07 3 6 1 0.04 6 0.001 17 6 0.4 — —

gDC 0.16 6 0.03 4.5 6 0.8 0.05 6 0.01 14 6 3 — —

gSWT 0.03 6 0.001 20 6 0.6 0.0045 6 0.002 194 6 125 0.00066 6 0.0002 1043 6 346

gSN 0.05 6 0.01 14.5 6 5 0.004 6 0.002 190 6 84 — —

gSC 0.06 6 0.008 11.8 6 1.8 0.006 6 0.001 122 6 32 — —

a Kinetic refolding rates in units of s�1 .
b Half-life in units of seconds.
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domains and the full-length protein indicated that the
domain interface contributes a DGH2 O of ;4.2 kcal mol�1

to the overall stability of the complete two-domain protein.
Similarly, isolated domain and full-length protein analysis
of bovine gB-crystallin at pH 2 determined that the inter-
face contributed a DGH2 O of ;3.8 kcal mol�1 (Mayr et al.
1997). The differential domain stability was also observed
for the gS-crystallin isolated domains, although the stability
differences between the two domains were not as signifi-
cant as gD-crystallin isolated domains.

Native-like folded conformation of the isolated domains

The unusual fluorescence quenching of the buried tryp-
tophans provides a very sensitive reporter of the folded
state of the crystallins (Chen et al. 2006). Both fluores-
cence emission maxima and intensities of the isolated
domains indicated that they were in the native-like fold.
The two tryptophans in gSC are more fluorescent than the
tryptophans in gSN. This is consistent with the fluorescence
spectrum of the intact protein when using N-terminal Trp!
Phe mutants to probe the C-terminal domain tryptophans in
gS-crystallin (J. Chen, pers. comm.). Circular dichroism
spectroscopy also confirmed the native-like structure of the
isolated domains, indicating only minor structural differ-
ences between the domains themselves and their full-length
counterparts. Analytical size exclusion chromatography
demonstrated that all of the isolated domains were mono-
meric species under these conditions and did not form
stable dimers or multimeric species. However, the possi-
bility remains that these proteins may form multimers at
higher protein concentrations.

Stability of the full-length g-crystallins and their
isolated domains

A comparison of both proteins demonstrated that gDWT is
more stable than gSWT. This result was suggested empiri-
cally because gSWT could be unfolded in high molar urea,
whereas gDWT could not (Wenk et al. 2000; Kosinski-
Collins and King 2003). By comparing the gD and gS
isolated domains, we observed that gDN was less stable in
isolation than gSN, while gDC was more stable than the
gSC (Tables 2 and 3).

The qualitative thermal denaturation data agreed with
our chemical unfolding/refolding equilibrium studies,
showing that the N-terminal domains (gD 64.5°C, gS
69.1°C) are less stable than the C-terminal domains (gD
76.2°C, gS 75.1°C) of both gDWT and gSWT. Also, gDWT

(83.8°C) is overall more stable than gSWT (74.1°C). The
gDWT TM was higher than both individual domains,
emphasizing that the domain interface contributes to the
overall stability of the full-length protein. The TM of gSC

was similar to the TM of full-length gSWT, and the domain

interface presumably makes a smaller contribution.
Although the average of the TM measurements of gSC

was higher than its full-length protein, it is within stand-
ard deviation of the average of the gSWT. Therefore, the
intrinsic stability of the C-terminal domain contributes
most of the overall stability of gSWT. Thermodynamic
parameters were not calculated from these experimental
results because of the irreversibility of the reaction due to
protein aggregation at high temperatures.

Exposure to high heat among glass blowers and chain
welders has been correlated with a high incidence of
cataract (D’Onofrio and Mosci 1960; Vos and van Norren
1998; Vos and van Norren 2004). The thermal denatura-
tion experiments measure the stability of the proteins in
more physiological conditions than that of the equili-
brium experiments, which use high concentrations of
GuHCl to denature. During thermal denaturation, the
unfolding protein molecules aggregate irreversibly, which
may be relevant to the aforementioned heat-induced
cataract. Thermally unfolded proteins could lead to
partially unfolded species that are aggregation prone
and subsequently initiate cataract formation.

Kinetic refolding of the isolated domains and their
respective full-length proteins

Equilibrium unfolding/refolding experiments at 37°C
demonstrated full reversibility, establishing that the iso-
lated domain crystallins could efficiently refold in vitro
in the absence of chaperones. The refolding kinetics of
the isolated domain crystallins were best fit to three-state
models, suggesting one detectable intermediate. The
kinetic rates of gD individual domains were similar and
within standard deviation of one another. The gD isolated
domains exhibited higher kinetic rates compared to the
gS isolated domains, an approximately threefold increase
for k1 and an ;11-fold increase for k2. The gS isolated
domains also had similar kinetic rates to one another.

Since each crystallin domain contains two Greek key
motifs, one may predict that the transitions of the isolated
domains may be monitoring the sequential refolding of
each Greek key motif. Previous studies with a bg-
crystallin fold protein have suggested that the interface
Greek key motif and stabilizing tyrosine corner can act as
a nucleation center for folding of the second outer Greek
key motif (Fig. 1; Bagby et al. 1998).

gDWT kinetic refolding data were best fit to a four-state
model, suggesting two detectable folding intermediates.
Previous analysis of gDWT refolding kinetics suggested
that the first transition monitors the refolding of the C-
terminal innermost Greek key motif. The second transi-
tion is thought to monitor the refolding of the second,
outermost C-terminal Greek key motif, while the third
transition is complete refolding of the N terminus (Flaugh
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et al. 2006). This analysis was based on interdomain
interface mutants, which mostly affected the third refold-
ing transition, indicating that the interface was important
for the folding of the N terminus.

The refolding of gSWT was best fit to a four-state
model, suggesting two partially folded intermediates
along the folding pathway. The overall refolding t1/2

was considerably longer than gDWT, with a fourfold
increase in the overall refolding half-life (Table 3). Since
the folding pathway of gSWT has not been elucidated,
it is not possible to compare its transitions to gDWT. As
mentioned above, previous studies have suggested that
the interface Greek key motif and the stabilizing tyrosine
corner can act as a nucleation center for folding of the
second Greek key motif. Thus, it is possible that the first
and second transitions monitored the refolding of these
two innermost Greek key motifs and interface interac-
tions, while the third transition monitored the folding of
the outermost Greek keys. The slower refolding step of
gSWT may be due to slight arrangements in the core of the
Greek keys, maximizing the quenching of the protein.

Biochemical basis of stability differences of the
isolated domains

Although the chain folds in the gD and gS N- and C-
terminal domains are highly homologous, the primary
sequences are 39% identical and 52% similar for gD
domains and 30% identical and 47% similar for the gS
domains. However, upon structural and sequence com-
parison of the two domains, it is not obvious what causes
the differences in stability. There is also variation in the
stability between different b- and g-crystallins, although
structurally the double Greek key domains are homolo-
gous. In this study, we observed that gDWT and gSWT

have different conformational stabilities when analyzed
under the same conditions. Moreover, it was previously
shown that in high concentrations of urea, gSWT com-
pletely unfolds, which is not the case for gDWT (Wenk
et al. 2000; Kosinski-Collins and King 2003). A compar-
ison of bB2- and bovine gB-crystallin indicates that bB2-
crystallin can unfold in low urea concentrations, while
gB-crystallin requires acidic pH (Mayr et al. 1997). There
are no obvious reasons for these drastic stability differ-
ences based on comparing these two structures (Jaenicke
and Seckler 1997). Furthermore, one would suspect that
the oligomeric protein would be more stable than the
monomeric protein (Jaenicke and Sterner 2003).

The gDWT interface consists of six hydrophobic resi-
dues, three in each domain (M43, F56, I81, V132, L145,
V170), and two pairs of peripheral residues (Q54 and
Q143, R79 and M147) at the top and bottom of the
hydrophobic interface. The interdomain interface of
gSWT is similar to gDWT, and the major difference is

within the hydrophobic region, where gSWT has an Ile in
place of Phe at position 56 (numbered based on gDWT).
Among alignments of 35 various g-crystallin sequences,
Phe at position 56 is 80% conserved. Mutations of Phe!
Ala have demonstrated destabilization in both bovine
gB- and human gD-crystallin (Palme et al. 1997, 1998a;
Flaugh et al. 2005b). The introduction of a smaller
hydrophobic group in this position might contribute to
less hydrophobic packing in the interface (Palme et al.
1998b). Additional mutations of Phe ! Trp and Phe !
Asp at position 56 in the bovine gB-crystallin led to
destabilization of the protein, emphasizing the impor-
tance of the Phe at this position in the interface (Palme
et al. 1997).

One possible contributor to the stability of b- and g-
crystallins could be the packing of hydrophobic residues
within the two domains, particularly aromatic residues.
Both gDWT and gSWT have high percentages of aromatic
residues with four tryptophans, 14 tyrosines, six phenyl-
alanines (gDWT), and nine phenylalanines (gSWT), con-
sisting of ;13%–14% of residues compared to ;8% in
other small globular proteins (McCaldon and Argos
1988). When comparing a species-diverse set of 35
g-crystallin sequences, most of the aromatic residues
are strongly conserved (>80% identity), with the excep-
tion of a few tyrosines and phenylalanines. Aromatic–
aromatic interactions identified in high-resolution struc-
tures are predicted to stabilize a protein’s native state
(Burley and Petsko 1985). Long-range hydrophobic inter-
actions have been computed by structure and sequence
comparison analysis in the cellular retinoic acid binding
protein and have been found to be important for its
stability (Gunasekaran et al. 2004).

In addition to the stabilizing interdomain interface, the
tyrosine corner of the g-crystallin proteins has been
proposed to be a contributor to stability. The tyrosine corner
is present between strand c and strand d of the second
Greek key motif (Bax et al. 1990; Hemmingsen et al. 1994).
The tyrosine corner has a slightly different conformation in
the isolated gS C-terminal domain when compared to other
solved g-crystallin structures such as gDWT (Purkiss et al.
2002). In the murine gS-crystallin NMR structure, gSN did
not appear to have a tyrosine corner present (Wu et al.
2005). It is possible that the lack of the tyrosine corner in
gSN has an effect on the stability of this domain.

Electrostatic interactions on the surface of the proteins
may also be contributing to the overall intrinsic stability.
Surface charge networks in the human and bovine gA-D
crystallins have been observed through comparative and
homology modeling (Salim and Zaidi 2003). These
electrostatic interactions range from ionic pairs to inter-
action clusters, some of which are conserved and are
located in particular regions of the Greek key motifs.
For instance, one cluster is found on the loop regions in
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motifs 3 and 4 of gA-D crystallins’ C-terminal domain.
Many of these ionic interactions have been confirmed in
the gDWT structure (Basak et al. 2003). We observe
potential surface electrostatic interactions in the crystal
structure of the gS C-terminal domain, albeit these
interactions seem to be at a longer range (>4 Å) than in
the gA-D crystallins.

Although surface electrostatic residues are thought to
have a limited effect on stability because of water’s
dielectric constant, thermophilic proteins have ionic net-
works essential for stability (Jaenicke 1996; Perl and
Schmid 2001; Wunderlich et al. 2005). We calculated the
net charge of each gD- and gS-crystallin isolated domain
by using the Web site http://zbio.net, which calculates net
charge based on amino acid sequence. Although all proteins
were close to their isoelectric points, there were slight
differences in the net charge of the gDWT and the gSWT

isolated domains at pH 7. The calculated net charge (Dz)
was 2.2, 1.9, and 1.6 for gDWT, gDN, and gDC, respectively.
The calculated net charges (Dz) for gSWT, gSN, and gSC

were 0.9, 1.7, and 0.7, respectively.
As a protein increases in net charge, the stability of the

protein becomes more sensitive to ionic changes in the
environment (Negin and Carbeck 2002). Since there were
slight differences in net charge as well as possibilities of
nonmeasurable local charge interactions, we performed
thermal denaturation experiments in a low ionic strength
buffer to better assess intrinsic stability. In the thermal
denaturation experiments, differential domain stability
observed in the equilibrium studies was maintained as
the C-terminal domains were more stable than the
N-terminal domains. These results suggest that electro-
static interactions may have only minor effects in the
intrinsic conformational stability of the isolated domains
of gD- and gS-crystallins. This is contrary to bovine gB-
crystallin studies, which demonstrated that at neutral pH
the individual domains were similar in stability (Mayr
et al. 1997). In these studies of the bovine gB N and C
termini, the C-terminal domain was greatly destabilized
at acidic pH and not at neutral pH. This suggested that the
stabilizing interface contacts may not be absent at neutral
pH but difficult to assess using equilibrium unfolding/
refolding methods monitored spectroscopically (Mayr
et al. 1997).

Comparisons with other crystallins

The expression of b- and g-crystallins is specific to lens
fiber cells, but their expression varies during development
and in the different lens regions. In particular, gA-, gB-,
gC-, and gD-crystallins (gE and F are pseudogenes in
humans) and bB1-crystallins are expressed in utero and are
localized to the lens nucleus (Aarts et al. 1989; Chambers
and Russell 1991; Lampi et al. 2002a). In contrast, bB2- and

gS-crystallin are post-natally expressed in the secondary
fiber cells and are expressed throughout life (Peek et al.
1992; Wistow et al. 2000; Ueda et al. 2002). These
physiological differences in the crystallins may explain
the stability differences observed biophysically. For exam-
ple, the observation that gSWT is less stable than gDWT may
be related to the location in the lens: gSWT localized to a
region that exhibits some protein synthesis due to the
continual lens growth throughout life. Thus in the lens,
gSWT is a ‘‘younger’’ protein than gDWT.

In addition to the aforementioned studies of gB-
crystallin, isolated domain studies of the rat and human
domain-swapped dimeric bB2-crystallin found that the
N-terminal domain was marginally less stable than the C-
terminal domain in isolation (Wieligmann et al. 1999; Fu
and Liang 2002). The N-terminal domain in the mono-
meric form had a higher propensity to unfold. These
results suggested that the unfolding of the N-terminal
domain promotes dissociation of the N-terminal domain
from the C terminus of its partner molecule, forming a
monomeric intermediate in which the N terminus is
unstructured and the C-terminal domain is folded. Thus,
the second equilibrium transition monitors the unfolding
of the C-terminal domain (Wieligmann et al. 1999; Fu
and Liang 2002).

bB1-crystallin forms dimers and oligomers not by
domain swapping but by intramolecular association
(Bateman et al. 2001; Lampi et al. 2001; Van Montfort
et al. 2003). Studies using spin-labeling of the bB1 N
terminus demonstrated that the N-terminal domain of
bB1 unfolded first. Therefore, the N-terminal domain was
hypothesized to be less stable than the C-terminal domain
(Kim et al. 2002). In addition, an extensive truncated
protein analysis of bA3 crystallin has been performed,
suggesting the possibility that the bA3 N terminus is
more stable than the C terminus (Gupta et al. 2006). All
of these studies demonstrated the importance of the
domain interface in the stability of the b-crystallins.

The high thermal stability observed in our thermal
denaturation experiments is also consistent with other
b- and g-crystallins analyzed previously. For example,
calorimetry experiments on bovine gB, gF, gE, and gD
established TMs of 71.5°C, 70°C, 73°C, and 74°C,
respectively (Sen et al. 1992). b-Crystallins have lower
thermal stabilities; for instance, bB2 has a TM of 67°C.
Thermal denaturation of bB1-crystallin also demonstrates
lower thermal stability, with a loss of secondary structure
and precipitation of the protein at temperatures >70°C
(Lampi et al. 2002b). Also, a-crystallins have lower
thermal stabilities with a TMs of ;61°C (Surewicz and
Olesen 1995; Das et al. 1997; Raman and Rao 1997). The
TM values determined for the crystallins are within the
range of structural proteins of thermophilic organisms
(Jaenicke 1996).
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Gene duplication in the crystallins

The bg-crystallins are thought to originate from a single-
domain ancestor protein, suggesting a gene duplication and
fusion event in the crystallin lineage (Lubsen et al. 1988;
Piatigorsky 2003; Shimeld et al. 2005). It is interesting to
note that most bg-crystallins have one domain that is more
stable than the other, indicating that one domain may have
evolved increasing stability or the other domain accrued
destabilizing properties. The significance of this observa-
tion is unclear for gSWT, since the conformational stability
of gSC domain is similar to the stability of the full-length
protein in both thermal denaturation and equilibrium
experiments. However, in gDWT, the addition the gDN

domain and the interdomain interface to the gDC contribute
to the overall stability of the full-length protein. This
additional stability of both domains is demonstrated in
both equilibrium and thermal denaturation experiments of
gDWT. The gene duplication event in the modern crystallins
could be attributed to the necessity for crystallins to have
higher stabilities in longer-lived organisms.

Materials and Methods

Preparation of constructs for isolated domains and gSWT

A previously subcloned vector of gDWT as described in
Kosinski-Collins and King (2003) was used to prepare gDN.
This vector includes an N-terminal His-tag for purification
with Ni-NTA affinity chromatography (Qiagen). PCR primers
(Integrated DNA Technologies) were designed to introduce a
stop codon (QuikChange Site-Directed Mutagenesis; Strata-
gene) at position 83 to create the gDN consisting of residues
G1–P82. The rest of the single domains and gSWT were prepared
using PCR primers (Integrated DNA Technologies) designed at
appropriate positions in the sequence. The resulting PCR products
were subcloned into the pQE-1 vector using the blunt-ended PvuII
(adaptable for other blunt-ended restriction enzymes) and the
HindIII enzyme restriction sites. All vectors included an N-terminal
His-tag, MKHHHHHHQA, to aid in purification.

gDC consisted of residues R89–S174 (based on numbering
in PDB: 1HK0). The gSN consisted of residues S1–H86, and gSC

consisted of residues Y93–E177. The gSWT template was a
generous gift from S. Helber at Commonwealth Biotechnologies,
Inc. All vectors were sequenced to confirm the correct sub-
cloning product and to ensure that there were no erroneous
mutations, additions, or deletions in the sequences (MGH DNA
Core).

Expression and purification of proteins

Recombinant full-length and variant proteins were prepared as
described by Kosinski-Collins et al. (2004). Briefly, all afore-
mentioned vectors were transformed into E. coli M15[pRep4]
cells (Qiagen), used for tightly regulated protein expression.
The cells were lysed by conventional methods and purified by
Ni-NTA resin (Qiagen) affinity chromatography using a Phar-
macia FPLC apparatus. The purity and size of each protein were
confirmed by SDS-PAGE gel electrophoresis. The identities of

gDWT, gDN, and gDC were additionally confirmed by mass
spectrometry (CCR Biopolymers Laboratory, MIT, Cambridge,
MA). This purification protocol produced proteins with a purity
of >90%.

Protein concentrations were determined by unfolding the
proteins in 5.5 M GuHCl, measuring absorbance at 280 nm,
and calculating concentrations using their respective protein
extinction coefficients (gDWT, 41,040 cm�1 M�1; gDN, 20,580
cm�1 M�1; gDC, 21,555 cm�1 M�1; gSWT, 41,040 cm�1 M�1;
gSN, 21,860 cm�1 M�1; and gSC, 19,180 cm�1 M�1).

Analytical size exclusion chromatography

All samples were prepared by diluting to a final protein
concentration of 80 mg/mL in 10 mM ammonium acetate buffer
(pH 7.0). The samples were loaded onto the Superdex 200 10/
300 GL (Pharmacia Biotech) column using a FPLC apparatus
(Pharmacia). The column was equilibrated with 100 mM sodium
phosphate, 1 mM EDTA, 5 mM DTT (pH 7.0) buffer. Molecular
weight standards were used to calibrate relative elution times
for various protein sizes. Overlays of each spectrum were made
using the Unicorn program (Pharmacia) and subsequent analysis
in Excel (Microsoft). Peak fractions were collected, and SDS-
PAGE analysis confirmed the presence of each protein.

Circular dichroism

All experiments were performed on an Aviv Model 202 CD
spectrometer with an internal Peltier thermoelectric controller
used to maintain a constant 37°C temperature. Protein samples
were prepared at a 100 mg/mL protein concentration in a
degassed 10 mM sodium phosphate buffer (no EDTA or DTT
to prevent absorption at lower wavelengths) and equilibrated
overnight at 37°C. Each sample was placed in a 1-mm quartz
cuvette (Starna, Inc.) and allowed to equilibrate in the CD
spectrometer for 1 min, and data were recorded in the 260–195
nm wavelength range, with each wavelength averaged over a
10 sec period. The CD spectrum of the buffer was subtracted
from all spectra, and the molar ellipticity was subsequently
calculated. Deconvolution of the CD spectrum was performed
using the CDPro suite software package consisting of the
CONTILL, CDSSTR, and SELCON3 programs (http://lamar.
colostate.edu/;sreeram/CDPro/) (Sreerama and Woody 2000;
Sreerama et al. 2000). The IBasis 1 parameter (Johnson 1999)
was chosen since it analyzed a larger range for the recorded
data, had a large reference set (29 proteins), and had a lower
RMSD and NRMSD for most of the data. The results from each
program were averaged to obtain the overall secondary structure
percentages.

Thermal denaturation

All experiments were performed on an Aviv Model 202 CD
spectrometer with an internal Peltier thermoelectric controller.
A quartz four-sided screwtop cuvette with a bandwidth of 4 mm
was used to prevent loss of sample due to evaporation as the
temperature increased. Samples were prepared at a concentra-
tion of 100 mg/mL in a degassed 10 mM phosphate buffer (pH
7.0). Samples were equilibrated for 1 min for each 1°C increase
in temperature, and all data points were averaged over a 3 sec
period. Specifically, decrease in the b-sheet secondary structure
minimum at 218 nm versus increase in temperature was
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monitored. The buffer spectrum was subtracted for each data
point. Owing to aggregation of the proteins at high temper-
atures, the fraction native of each protein was calculated by the
following equation:

FN = ðy� yUÞ=ðyN � yUÞ

where FN is the fraction native, y is the ellipticity at 218 nm, yU

is the unfolded/aggregation baseline, and yN is the native
baseline. All experiments were repeated three times, calculating
averages and standard deviations.

Fluorescence spectroscopy

Fluorescence emission spectra were taken using a Hitachi F-
4500 fluorimeter equipped with a temperature control circulat-
ing water bath to maintain 37°C. The fluorimeter parameters
were a bandpass of 10 nm for excitation and emission mono-
chromators, scan speed 60 nm/min, and a 2 sec response time.
All proteins were analyzed at a concentration of 10 mg/mL in
100 mM phosphate, 1 mM EDTA, and 5 mM DTT buffer (pH
7.0) for the native sample (the crystallins do not required added
salt for stability) and 5.5 M GuHCl for the unfolded protein
samples. The protein samples were excited at 295 nm, and the
emission fluorescence was recorded over a wavelength range of
310–400 nm.

Equilibrium unfolding and refolding

Equilibrium unfolding samples were diluted to a protein con-
centration of 10 mg/mL with increasing concentrations of
GuHCl (0–5.5 M) in 100 mM sodium phosphate, 1 mM EDTA,
and 5 mM DTT (pH 7.0) buffer (guanidine hydrochloride
solution, 8 M GuHCl) (Sigma). In equilibrium unfolding experi-
ments, all samples were equilibrated for 24 h in order to reach
equilibrium. For equilibrium refolding experiments, a 103
protein solution was unfolded at 5.5 M GuHCl for 5 h. The
unfolded protein was then diluted 10-fold into various concen-
trations of GuHCl (0–5.5 M), giving a lowest GuHCl concen-
tration of 0.55 M GuHCl. These samples were also allowed to
equilibrate for 24 h. Exact GuHCl concentrations of each sample
were determined by refractometer readings. Emission spectra
were recorded over a wavelength range of 310–400 nm. All
spectra were corrected for buffer. Equilibrium unfolding/refold-
ing curves were fit to a two-state model according to the
methods of Greene and Pace (1974), or a three-state model
according to the methods of Clark et al. (1993). Calculations of
thermodynamic parameters were performed from both 360 nm
emission data and 360/320 nm emission ratio data using
Kalediagraph software version 4.0 (Synergy Software). Both
analyses were comparable and within standard error of one
another. 360/320 nm is shown for visual clarity of equilibrium
transitions. Single-wavelength 360 nm data were used to
calculate m and DG values. Each experiment was repeated three
times to determine averages and standard deviations.

Productive refolding kinetics

Productive refolding kinetics experiments were performed by
first unfolding 103 protein in 5.5 M GuHCl for 5 h to guarantee
complete unfolding of the protein. The 103 unfolded protein

sample was diluted 10-fold into agitated 100 mM phosphate,
1 mM EDTA, and 5 mM DTT (pH 7.0) buffer using an injection
port system with a dead time of ;1 sec. For gDWT, the 103
protein solution was diluted to a final GuHCl concentration of
1 M. Temperature was maintained at 18°C using a circulating
water bath. The samples were excited at 295 nm with 10 nm
bandpass. Emission at 350 nm with 10 nm bandpass was
recorded over time. Unfolded and native control spectra were
recorded at the beginning and at the end of the experiment. The
refolding kinetic data were analyzed using different exponential
model equations to fit by Fersht (1999) and residual distribution
to determine the best fit. The data were analyzed by fitting it
to equations depicting two-, three-, or four-state models by
Kaleidagraph 4.0 software. All experiments were performed
three times to calculate average kinetic rates and standard
deviations. All refolding data are depicted as normalized fluo-
rescence data for comparison.
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