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Abstract

Human �D-crystallin (H�D-Crys) is a monomeric eye lens protein composed of two highly homologous
�-sheet domains. The domains interact through interdomain side chain contacts forming two structurally
distinct regions, a central hydrophobic cluster and peripheral residues. The hydrophobic cluster contains
Met43, Phe56, and Ile81 from the N-terminal domain (N-td) and Val132, Leu145, and Val170 from the
C-terminal domain (C-td). Equilibrium unfolding/refolding of wild-type H�D-Crys in guanidine hydrochlo-
ride (GuHCl) was best fit to a three-state model with transition midpoints of 2.2 and 2.8 M GuHCl. The two
transitions likely corresponded to sequential unfolding/refolding of the N-td and the C-td. Previous kinetic
experiments revealed that the C-td refolds more rapidly than the N-td. We constructed alanine substitutions
of the hydrophobic interface residues to analyze their roles in folding and stability. After purification from
E. coli, all mutant proteins adopted a native-like structure similar to wild type. The mutants F56A, I81A,
V132A, and L145A had a destabilized N-td, causing greater population of the single folded domain
intermediate. Compared to wild type, these mutants also had reduced rates for productive refolding of the
N-td but not the C-td. These data suggest a refolding pathway where the domain interface residues of the
refolded C-td act as a nucleating center for refolding of the N-td. Specificity of domain interface interactions
is likely important for preventing incorrect associations in the high protein concentrations of the lens
nucleus.
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The transparency of the human eye lens depends on the
stability and solubility of the �-, �-, and �-crystallin pro-
teins (Delaye and Tardieu 1983; Fernald and Wright 1983).
Crystallins are present in the enucleated fibrous lens cells at
concentrations of 200–400 mg/mL, with the �- and �-crys-
tallins accounting for over 50% of the total protein (Oyster
1999). The �- and �-crystallins are two domain proteins that
structurally define the ��-crystallin superfamily. The

oligomeric �-crystallins exhibit in vitro molecular chaper-
one activity in addition to structural roles in lens transpar-
ency (Horwitz 1992; Boyle and Takemoto 1994). The crys-
tallin proteins of the lens nucleus are synthesized early in
lens development and do not regenerate during adulthood
(Oyster 1999).

Human �D-crystallin (H�D-Crys) is a 173-amino-acid
protein found in the densely packed lens nucleus. The crys-
tal structure of H�D-Crys was recently solved to 1.25 Å
(Fig. 1) and is consistent with the two-domain, primarily
�-sheet structure of the ��-crystallin superfamily (Basak et
al. 2003). H�D-Crys is the third most abundant �-crystallin
in young human lenses (Lampi et al. 1997). Within each
domain of H�D-Crys are two �-sheet Greek-key motifs.
The domains are connected by an extended six-amino-acid
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peptide and interact noncovalently through interdomain
amino acid side chain contacts that form two structurally
distinct regions. These are (1) a central hydrophobic cluster
and (2) polar peripheral pairwise interactions surrounding
the cluster. The hydrophobic cluster consists of Met43,
Phe56, and Ile81 from the N-terminal domain (N-td) and
Val132, Leu145, and Val170 from the C-terminal domain
(C-td) (Fig. 1). Peripheral pairwise interactions are between
Gln54/Gln143 and Arg79/Met147.

Mature-onset cataract is an exceptionally common pro-
tein deposition disease; it is the leading cause of blindness
in the world and affects one in six people over age 40 in the
U.S. (National Eye Institute 2002). Members of the �-, �-,
and �-crystallins have been recovered from the protein ag-
gregates associated with mature-onset cataract (Hoenders
and Bloemendal 1983). Single amino acid substitutions of
H�D-Crys are associated with juvenile-onset congenital
cataracts in humans (Heon et al. 1999; Santhiya et al. 2002).
Many of these substitutions alter the surface properties of
the molecule, which is thought to reduce phase transition
barriers in situ (Pande et al. 2000, 2001).

The mechanisms of aggregation for many protein depo-
sition diseases have been elucidated by studying the in vitro
unfolding and refolding of their associated proteins (Wes-
termark et al. 1990; DiFiglia et al. 1997). A common feature
of these mechanisms is that the aggregation-prone species
adopts a partially folded or nonnative conformation (Mitraki
and King 1989; Wetzel 1994; Booth et al. 1997; Jiang et al.
2001; Nicholson et al. 2002). The processes that lead to loss
of solubility and aggregation of crystallins are less well
understood. In contrast to the aggregation mechanisms of
some other protein deposition diseases, cataract is likely
related to an unfolding and not a folding defect. The rare
inherited juvenile-onset cataracts associated with mutations
of H�D-Crys are caused by crystallization and intermolecu-
lar disulfide bonding of the native-state molecules (Pande et
al. 2000, 2001). These mechanisms are unlikely to be re-
lated to those of mature-onset cataract. Instead, aggregation
in the aged lens is probably correlated with destabilization

of crystallin proteins. Covalent damage is profuse in the
crystallins of aged and cataractous lenses, presumably re-
sulting from a lifetime exposure to UV and oxidative
stresses (Hoenders and Bloemendal 1983; Hanson et al.
1998, 2000). This damage may generate partially unfolded
species of crystallins that polymerize through domain swap-
ping, loop-sheet insertion, or another unknown mechanism.
Though many of the damaged molecules may be bound by
�-crystallin, this process appears to break down or become
saturated in older adults.

Previous analysis of the unfolding and refolding of H�D-
Crys in guanidine hydrochloride (GuHCl) identified an in
vitro aggregation pathway that may provide a model of
crystallin aggregation (Kosinski-Collins and King 2003).
The aggregate formed from partially folded species after
refolding to concentrations of GuHCl less than 1.0 M. The
aggregated protein had ordered morphology resembling po-
lymerized states of globular subunits as seen by atomic
force microscopy (Kosinski-Collins and King 2003). Sub-
sequent experiments determined that the C-td of H�D-Crys
was more stable than the N-td and that the C-td acquired
structure more rapidly during kinetic refolding (Kosinski-
Collins et al. 2004). These results suggest that the domain
interface of H�D-Crys may play a key role in folding and
stability.

In this study we analyzed the role of the hydrophobic
domain interface cluster in folding and stability. Single ala-
nine substitutions of these residues were constructed, and
the mutant proteins were analyzed for alterations in stability
or refolding kinetics. The majority of the mutations affect
both thermodynamic unfolding/refolding properties and ki-
netic refolding properties, suggesting that the hydrophobic
cluster contributes to stability and acts as a nucleus for
domain refolding.

Results

Protein expression and purification

Single alanine substitutions of the six hydrophobic domain
interface residues of H�D-Crys were constructed using
PCR-based primer extension. The mutant proteins were ex-
pressed at 37°C and purified by Ni-NTA affinity chroma-
tography. Expression levels of all mutant proteins were
comparable to wild type. The mutants behaved similarly to
wild type during purification, and were present in the
soluble fraction after cell lysis. All proteins purified to
greater than 98% homogeneity as determined by SDS-
PAGE (data not shown).

The proteins used in this study possessed an N-terminal
His-tag of the sequence MKHHHHHHQ to aid in purifica-
tion. Previous analysis of wild-type H�D-Crys with and
without the His-tag confirmed that the exogenous peptide
did not perceptibly alter the structure of the native state or
the thermodynamic and kinetic unfolding/refolding proper-

Figure 1. The crystal structure of wild-type H�D-Crys depicted in ribbon
representation (Basak et al. 2003). Amino acids contributing to the hydro-
phobic cluster of the domain interface are shown in wire frame.
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ties (Kosinski-Collins and King 2003; Kosinski-Collins et
al. 2004).

Circular dichroism and fluorescence spectroscopy

Circular dichroism (CD) and fluorescence emission spec-
troscopy were used to analyze the native state structures of
hydrophobic domain interface mutants. The far-UV CD of
wild-type H�D-Crys displayed a strong minimum at 218 nm
in accord with previous results (Andley et al. 1996; Pande et
al. 2000). All hydrophobic domain interface mutants had
analogous spectra with a minimum at 218 nm, suggesting
similar �-sheet content as wild type (Fig. 2). These results
indicate that the overall secondary structure content of the
mutant proteins was similar to wild-type H�D-Crys. De-
spite the fact that the structures of the mutant proteins ap-
peared to be similar to wild type, dynamic properties of the
proteins may have been altered. This phenomenon was pre-
viously observed in a mutational study of bovine pancreatic
trypsin inhibitor (Beeser et al. 1997). The hydrophobic do-
main interface mutants could have had altered domain pair-
ing not detected by far-UV CD. The near-UV CD spectra of
wild-type H�D-Crys and all mutant proteins superimposed,
suggesting similar aromatic environments (data not shown).

Fluorescence emission spectroscopy was used to further
probe the environment of aromatic amino acids in wild-type
and mutant H�D-Crys. H�D-Crys has four tryptophan resi-
dues, two per domain, buried in the hydrophobic cores of
the two domains. Additionally, H�D-Crys has 14 tyrosines,
many of which are surface-exposed. All fluorescence ex-
periments performed here use an excitation wavelength of
295 nm to selectively excite the buried tryptophans and thus
probe conformation of the domain cores. Wild-type H�D-
Crys displayed a native-state emission maximum of 325 nm
and an unfolded maximum of ∼350 nm (Fig. 3). The fluo-

rescence emission intensity increased upon unfolding, indi-
cating that the tryptophans were quenched in the native fold
(Fig. 3). This phenomenon was described previously for
several of the �- and �-crystallins (Kim et al. 2002; Bate-
man et al. 2003; Kosinski-Collins et al. 2004).

Tryptophan emission of domain interface mutants was
measured in an analogous method as wild-type H�D-Crys.
All mutant proteins displayed a native emission maximum
of 325 nm and an unfolded maximum of ∼350 nm (Fig. 3).
Fluorescence emissions of all proteins were quenched in the
native state (data not shown). These results suggest that the
hydrophobic domain interface mutations did not disrupt the
structure of the native-state buried hydrophobic cores. Simi-
lar to the CD measurements described above, tryptophan
fluorescence of H�D-Crys would not report altered domain
pairing.

Equilibrium unfolding and refolding of wild type

In order to assess the stability of the wild-type and mutant
proteins, equilibrium unfolding/refolding experiments were
performed. Tryptophan emission was used to probe the con-
formation of the domains using GuHCl as a denaturant at
37°C (pH 7.0). To best assess the shape of the transitions, a
ratio of fluorescence intensities at 360 and 320 nm (FI 360/
320 nm) was plotted as a function of GuHCl concentration.

Equilibrium unfolding/refolding of wild-type H�D-Crys
has been previously investigated (Kosinski-Collins and
King 2003). The unfolding and refolding samples in this
earlier investigation were allowed to equilibrate at 25°C or
37°C for 6 h prior to measuring fluorescence emission. The
transitions were best fit to a two-state model for both tem-
peratures. At 25°C the unfolding and refolding transitions
exhibited significant hysteresis. The unfolding transition
had a midpoint of 3.7 M GuHCl, while the refolding tran-
sition had a midpoint of 2.7 M GuHCl. In contrast, at 37°C
the two transitions deviated only slightly and both had mid-
points of ∼2.7 M GuHCl (Kosinski-Collins and King 2003).
These observations suggested that structural transforma-
tions were controlled by a high kinetic barrier. Given that
the unfolding transition but not the refolding transition
changed with temperature, the kinetically controlled step
was likely on the unfolding pathway.

In order to test for the presence of a high kinetic barrier
to unfolding, we extended the equilibration time for all un-
folding and refolding samples to 24 h. No hysteresis was
evident between the unfolding and refolding transitions of
wild-type H�D-Crys at these extended equilibration times
(Fig. 4). Additionally, the increased times caused a shift in
the location of the unfolding transition only. This further
confirms the presence of a high kinetic barrier during un-
folding. The molecular basis of the hysteresis is a subject of
current investigations.

Figure 2. Far-UV CD of wild-type (�), M43A (▫), F56A (�), I81A (�),
V132A (�), L145A (�) and V170A (●) H�D-Crys. Samples contained
100 �g/mL protein in 10 mM sodium phosphate, 5 mM DTT, 1 mM EDTA
(pH 7.0) at 37°C. A 0.25-cm pathlength cuvette was used for all measure-
ments. All spectra were corrected for background buffer signal.
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Compared to the data collected with a 6-h equilibration
time, the 24-h unfolding data exhibited a decreased slope in
the transition region, possibly reflecting reduced coopera-
tivity of the reaction. The m value for a two-state fit of 6-h
data was 3.6 ± 0.1, while an m value of 2.7 ± 0.1 was cal-
culated for a two-state fit of 24-h data. This change may
suggest an unfolding/refolding mechanism for the 24-h data
that is more complicated than the two-state model previ-
ously employed. To test this, equilibrium unfolding/refold-

ing transitions of wild-type H�D-Crys were fit to both a
two- and three-state model, and residuals of the fit were
calculated (Fig. 4). The two-state model assumes direct
transition between the native and unfolded states, while a
three-state model allows for population of a partially folded
intermediate. When fit to a two-state model the unfolding/
refolding transitions had midpoints of 2.8 M GuHCl (Fig.
4A). By visual examination, the two-state fit appeared to be
valid; however, the residuals displayed a semi-regular pat-

Figure 3. (A) Fluorescence spectroscopy of native (�) and unfolded (�) wild-type H�D-Crys, and native N-terminal domain mutants
M43A (�), F56A (�), and I81A (�). (B) Fluorescence spectroscopy of native (�) and unfolded (�) wild-type H�D-Crys, and
C-terminal domain mutants V132A (�), L145A (�), and V170A (●). Protein was present at 10 �g/mL protein in 10 mM sodium
phosphate, 5 mM DTT, 1 mM EDTA (pH 7.0), and GuHCl where appropriate at 37°C. All spectra were corrected for background buffer
signal.

Figure 4. Equilibrium unfolding (closed symbols) and refolding (open symbols) of wild-type H�D-Crys in GuHCl probed by
fluorescence emission. (A) The solid black line represents a two-state fit of equilibrium unfolding data. Residuals of the fit are shown.
(B) Equilibrium unfolding data fit to a three-state model (solid black line), including residuals of the fit. Fluorescence spectra were
recorded for each sample using an excitation wavelength of 295 nm. Fluorescence intensity at 360/320 nm was used in order to
simultaneously monitor changes in the unfolding and native maxima. Samples were allowed to equilibrate in GuHCl at 37°C for 24
h prior to recording fluorescence emission spectra. By inspection, both fits appear suitable; however, residuals of the three-state fit are
of lower magnitude and more random than those of the two-state fit. This observation along with other factors described in the text
suggests that the three-state fit is a better description of the data.
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tern, especially in the region of 2–3 M GuHCl (Fig. 4A). In
contrast, fitting to a three-state model yielded a midpoint of
2.2 M for a transition from native to partially folded inter-
mediate and a midpoint of 2.8 M GuHCl for an intermediate
to unfolded transition (Fig. 4B). The residuals for the three-
state fit had an overall lower magnitude and a more random
arrangement than those of the two-state fit (Fig. 4B). This
observation was reproducible in all three iterations of the
experiment.

The three-state fit of the equilibrium unfolding data sug-
gested that an intermediate was populated in the region of
2.3 M GuHCl. Given that the two-state fit was particularly
poor in this region, it is likely that a three-state model is
a better description of the data. The two transitions may
correspond to independent unfolding/refolding of the two
domains. These results along with apparent �GH2O and
m values calculated for the transitions are reported in Table 1.

In vitro aggregation

Consistent with previous results, wild-type H�D-Crys ag-
gregated upon rapid refolding out of 5.5 M GuHCl (Kosin-
ski-Collins and King 2003). A native-like conformation was
attained when refolded to 1.0–1.8 M GuHCl. However, re-
folding to <1.0 M GuHCl resulted in the accumulation of a
high-molecular weight aggregate. This was seen as a sharp
increase in FI 360/320 nm due to right-angle light scattering
by the aggregate (Fig. 4). Association by intermolecular
disulfide bonding was prevented by inclusion of 5 mM DTT
in all refolding samples.

Previous experiments investigated the morphology of the
aggregate using atomic force microscopy. The aggregate
adopted a fibrillar structure which did not bind Congo red or
thioflavin T (Kosinski-Collins and King 2003). Previous
results also indicate that the levels of aggregation are con-
sistent over a range of incubation times from 3 to 41 h
(Kosinski-Collins and King 2003). The levels of aggrega-
tion seen here with a 24-h incubation time were also con-

sistent with those previously reported. Therefore, the effect
of the increased incubation time was restricted to a change
in the position of the unfolding transition.

All hydrophobic domain interface mutant chains also ag-
gregated upon rapid refolding to less than 1.0 M GuHCl. As
with wild type, a sharp increase in FI 360/320 nm values on
equilibrium refolding traces was due to light scattering by
the aggregate (Figs. 5, 6). Since the scattering would mask
the presence of productively folded chains, the presence of
native-like protein in aggregation samples was tested after
centrifugation at 12,000 rpm. The soluble protein remaining
after centrifugation displayed fluorescence emission spectra
consistent with the native state spectra of the mutants (data
not shown). Therefore, these mutant proteins exhibit parti-
tioning between productive refolding and aggregation as
previously described for wild type (Kosinski-Collins and
King 2003).

Equilibrium unfolding and refolding of N-terminal
domain mutants

The amino acids from the N-td that contribute to the inter-
face hydrophobic cluster are Met43, Phe56, and Ile81 (Fig.
1). Equilibrium unfolding/refolding analyses of the single
alanine substitution mutants of these residues were per-
formed in a manner analogous to that used for wild-type
H�D-Crys. It was possible to fit the equilibrium unfolding/
refolding of M43A with both a two- and a three-state model
(Fig. 5). The two-state fit yielded midpoints of 2.8 M
GuHCl for both transitions. The three-state fit yielded mid-
points of 2.2 M GuHCl for the first transition and 2.9 M
GuHCl for the second transition (Table 1). Similar to wild-
type H�D-Crys, the residuals of the three-state fit were
more random and of lower magnitude, suggesting that the
three-state model is a better representation of the data (data
not shown). Assuming a three-state mechanism, the muta-
tion had minimal effect on both the native to intermediate
and intermediate to unfolded transitions.

Table 1. Equilibrium unfolding/refolding parameters for wild-type and mutant H�D-Crys

Protein

Transition 1 Transition 2

Apparent
�GH2O

a
Apparent
m valueb [GuHCl]1/2

c
Apparent
�GH2O

a
Apparent
m valueb [GuHCl]1/2

c

Wild type 7.7 ± 3% 3.6 ± 2% 2.2 ± 4% 8.9 ± 15% 3.1 ± 13% 2.8 ± 3%
M43A 7.7 ± 1% 3.7 ± 2% 2.2 ± 1% 8.1 ± 10% 2.8 ± 9% 2.9 ± 2%
F56A 6.1 ± 12% 3.9 ± 10% 1.6 ± 4% 9.3 ± 8% 3.2 ± 7% 2.9 ± 1%
I81A 5.3 ± 11% 3.7 ± 10% 1.5 ± 1% 8.7 ± 5% 3.0 ± 5% 2.9 ± 1%
V132A 5.0 ± 15% 3.7 ± 15% 1.3 ± 1% 7.8 ± 2% 3.1 ± 6% 2.5 ± 4%
L145A 6.5 ± 7% 3.9 ± 3% 1.6 ± 4% 7.5 ± 1% 2.9 ± 1% 2.6 ± 1%
V170A N/A N/A N/A 10.2 ± 9% 4.0 ± 8% 2.5 ± 1%

a Free energy of unfolding in units of kcal*mol−1 calculated assuming a linear dependence on the concentration
of GuHCl.
b m values in units of kcal*mol−1*M−1

c Transition midpoints in units of M.
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The equilibrium unfolding/refolding transitions of F56A
were significantly different from wild type (Fig. 5). A no-
ticeable plateau was present in the transition region from
∼2.0 to 2.3 M GuHCl, suggesting greater population of the
partially folded intermediate. The intermediate species had
a fluorescence signal that was distinct from that of the na-
tive and unfolded conformations (Fig. 5). Equilibrium un-
folding/refolding data were best fit to a three-state model
with transition midpoints of 1.6 and 2.9 M GuHCl for the
first and second transitions, respectively (Table 1).

Similar to F56A, the mutant I81A also displayed a pla-
teau from 2.0 to 2.3 M GuHCl where the fluorescence emis-
sion spectrum was different from both the native and un-
folded states (Fig. 5). The unfolding/refolding transitions
were best fit to a three-state model with a transition mid-
point of 1.5 M GuHCl for the transition from native to
intermediate and a midpoint of 2.9 M GuHCl for the inter-
mediate to unfolded transition (Table 1).

Equilibrium unfolding and refolding of C-terminal
domain mutants

The amino acids of the C-td that participate in the interface
hydrophobic cluster are Val132, Leu145, and Val170 (Fig.
1). The mutant protein V132A displayed transitions similar
to those described for F56A and I81A above (Fig. 6). The
unfolding/refolding transitions were best fit to a three-state
model with a partially folded intermediate populated in the
region of 2.3 M GuHCl. A transition midpoint of 1.3 M
GuHCl was calculated for the native to intermediate transi-
tion, and a midpoint of 2.5 M GuHCl was calculated for the
intermediate to unfolded transitions (Table 1).

Equilibrium unfolding/refolding of L145A also displayed
a three-state transition where the intermediate was popu-
lated at 2.3 M GuHCl (Fig. 6). The native to intermediate

Figure 6. Equilibrium unfolding (closed symbols) and refolding (open
symbols) of the C-terminal domain mutants V132A (�), L145A (�), and
V170A (●). Fluorescence spectroscopy was used to probe the solvent ac-
cessibility of tryptophans in each sample using an excitation wavelength of
295 nm. Data were analyzed by fluorescence intensity at 360/320 nm.
Protein was present at 10 �g/mL in 10 mM sodium phosphate, 5 mM DTT,
1 mM EDTA (pH 7.0), and GuHCl from 0 to 5.5 M. Samples were incu-
bated at 37°C for 24 h prior to measuring fluorescence emission. Transi-
tions of all mutants, except V170A, were best fit by a three-state model.
The transitions of V170A were best fit by a two-state model.

Figure 5. Equilibrium unfolding (closed symbols) and refolding (open
symbols) of the N-terminal domain mutants M43A (�), F56A (�), and
I81A (�) as probed by fluorescence emission. Protein was present at 10
�g/mL in 10 mM sodium phosphate, 5 mM DTT, 1 mM EDTA (pH 7.0),
and GuHCl from 0 to 5.5 M. All samples were allowed to equilibrate for
24 h at 37°C before recording fluorescence emission. Data were analyzed
by fluorescence intensity at 360/320 nm using an excitation wavelength of
295 nm. Transitions for all mutants were best fit by a three-state model.
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transition had a midpoint of 1.6 M GuHCl, and the inter-
mediate to unfolded transition had a midpoint of 2.6 M
GuHCl (Table 1). The partially folded intermediate had a
unique fluorescence spectrum similar to the intermediate
conformation populated by all other domain interface mu-
tants (data not shown).

The equilibrium unfolding/refolding transitions of
V170A were best fit to a two-state transition with a random
pattern of residuals (Fig. 6). The two transitions overlaid
identically and displayed transition midpoints of 2.5 M
GuHCl (Table 1). Unlike wild type and M43A, it was not
possible to fit the transitions of V170A to a three-state
model. However, it is not possible to rule out a three-state
mechanism based on this observation alone. Further analy-
sis will be performed to elucidate the unfolding/refolding
mechanism of this mutant.

Productive refolding kinetics of wild type

In order to assess the role of hydrophobic domain interface
residues in kinetic refolding, structural transformations of
the mutant proteins were monitored over time using fluo-
rescence as a probe of conformation. To allow for compari-
son, these experiments were performed similarly to our pre-
vious analyses of kinetic refolding of H�D-Crys (Kosinski-
Collins et al. 2004). Unfolded proteins were diluted from
5.5 to 1.0 M GuHCl, and the decrease in fluorescence in-
tensity at 350 nm was monitored to follow burial of tryp-
tophan residues. A syringe injection port was used instead
of a stopped-flow apparatus, since the major structural
transformations of H�D-Crys occur on a second timescale
(Kosinski-Collins et al. 2004). These experiments did not
address folding intermediates that may have been populated
on a subsecond timescale.

Previous analysis of wild-type H�D-Crys showed that
refolding kinetics were best fit to two exponentials, suggest-
ing that an intermediate was populated on the kinetic re-
folding pathway (Kosinski-Collins and King 2003; Kosin-
ski-Collins et al. 2004). The partially folded intermediate
was more fluorescent than the native state and less fluores-
cent than the unfolded state at 350 nm. The transition from
unfolded to intermediate occurred with a half-time (t1/2) of
15 sec, and the transition from intermediate to native oc-
curred with a t1/2 of 190 sec (Kosinski-Collins et al. 2004).

Triple-tryptophan mutant proteins were used to further
analyze the structural transformations corresponding to the
two kinetic fits of wild-type H�D-Crys (Kosinski-Collins et
al. 2004). As mentioned previously, wild-type H�D-Crys
has four intrinsic tryptophans, two per domain, buried in the
hydrophobic cores. Triple-tryptophan mutants were con-
structed where three of the endogenous tryptophans were
substituted with phenylalanines. The four mutant proteins
retained one endogenous tryptophan so that unfolding/re-
folding of the N-td and C-td could be followed indepen-

dently of each other. This technique has been employed to
elucidate the folding pathways of cellular retinoic acid bind-
ing protein I and phosphoglycerate kinase (Beechem et al.
1995; Sherman et al. 1995; Clark et al. 1998).

Kinetic refolding of mutant proteins retaining a trypto-
phan in the C-td were best fit to a three-state model (two
exponentials) with t1/2 values of 30 sec for the first transi-
tion and 150–300 sec for the second transition. In contrast,
kinetic refolding of mutant proteins retaining a tryptophan
in the N-td were best fit to a two-state model with t1/2 values
of ∼200 sec. These data suggest that tryptophans in the C-td
were buried first, followed by burial of tryptophans in the
N-td.

Productive refolding experiments of wild-type H�D-Crys
were repeated here to ensure that the measurements were
comparable to those reported previously. Kinetic refolding
of wild type was best fit by two exponentials where a par-
tially folded intermediate (I) was populated on the produc-
tive refolding pathway (Figs. 7, 8).

Denatured →
k1

�I� →
k2

Native

In excellent agreement with previous results, a t1/2 of 15 sec
was calculated for the transition from unfolded to interme-
diate, and a t1/2 of 190 sec was calculated for the transition

Figure 7. Productive kinetic refolding of wild-type (�) H�D-Crys and
N-terminal domain mutants M43A (�), F56A (�), and I81A (�). Black
lines represent data points taken every 1 sec, with symbols included for
ease of viewing. Fluorescence emissions were normalized for ease of view-
ing and comparison. Wild-type and mutants proteins were initially un-
folded for 3 h at a concentration of 100 �g/mL in 5.5 M GuHCl, 37°C.
Refolding was initiated by dilution of unfolded proteins into 10 mM so-
dium phosphate, 5 mM DTT, and 1 mM EDTA (pH 7.0), using a syringe
injection port. The final concentration of GuHCl in refolding samples was
1.0 M, and the final protein concentration was 10 �g/mL. The temperature
was maintained at 37°C during refolding using a circulating water bath.
Refolding was monitored by changes in fluorescence emission at 350 nm
for 3 h. The data were fit to two exponentials to calculate rate constants.
Fits were improved by inclusion of additional exponentials; however, it
was unclear whether these additional variables actually represented popu-
lation of further intermediates.
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from intermediate to native (Kosinski-Collins et al. 2004).
The kinetic refolding parameters calculated for wild-type
and mutant H�D-Crys are reported in Table 2.

Productive kinetic refolding experiments were performed
on interface mutants in a manner analogous to that de-
scribed for wild-type H�D-Crys. Kinetic refolding curves
for all mutant proteins were best fit to two exponentials. The
kinetic fits in the early part of the curve were not particu-
larly good (data not shown). While the fits were improved
with the inclusion of additional exponentials, it was unclear
whether these additional variables represented actual inter-
mediates or were due to experimental, instrumental, or hu-

man error. From the triple-tryptophan studies, the spectro-
scopic changes during kinetic refolding of wild-type H�D-
Crys were shown to correspond to sequential domain
refolding (Kosinski-Collins et al. 2003). Since fitting the
data to two exponentials yielded phases that could be de-
fined in terms of major structural transformations, discus-
sion of the refolding kinetics has been limited to these
clearly defined intermediates.

Productive refolding kinetics of N-terminal
domain mutants

Kinetic refolding of the mutant protein M43A was best fit
by a three-state model (two exponentials), suggesting the
population of a partially folded intermediate similar to wild
type (Fig. 7). Upon dilution out of GuHCl, the fluorescence
intensity of M43A at 350 nm rapidly decreased with a t1/2 of
79 sec (Table 1). This change presumably corresponded to
a transition from the unfolded to intermediate state. The t1/2

value for M43A was less than that calculated for the first
transition of wild-type H�D-Crys. After the initial phase, a
slower decrease in fluorescence was observed with a t1/2 of
1700 sec. This loss of fluorescence correlated with a tran-
sition from the intermediate to the native state. The t1/2

value for M43A differed by an order of magnitude from that
calculated for the second transition of wild type.

Kinetic refolding of F56A was also best fit by a three-
state model. An initial rapid decrease in fluorescence inten-
sity with a t1/2 of 23 sec was followed by a slower decrease
in fluorescence with a t1/2 of 2700 sec (Fig. 7). By inspec-
tion, the transition from unfolded to intermediate for F56A
was indistinguishable from that of wild type and had a t1/2

value similar to that calculated for wild type. In contrast, the
second transition from intermediate to native did not over-
lay with wild type and had a t1/2 value more than 14 times
greater.

I81A also underwent kinetic refolding that was best de-
scribed by two exponentials. An initial rapid decrease in
fluorescence occurred with a t1/2 of 21 sec and was followed
by a slower phase that occurred with a t1/2 of 2100 sec (Fig.
7). Similar to the results described for M43A and F56A, the
transition from unfolded to intermediate was indistinguish-
able from wild type, while the rate of transition from inter-
mediate to native was significantly reduced.

Productive refolding kinetics of C-terminal
domain mutants

Productive refolding kinetics of the mutant protein V132A
were best fit to a three-state model (Fig. 8). The initial rapid
decrease in fluorescence occurred with a t1/2 of 45 sec
(Table 2). This value differs slightly from that calculated for
wild-type H�D-Crys but is still within the same order of
magnitude. In contrast, the rate of transition from interme-

Figure 8. Productive kinetic refolding of wild type (�) H�D-Crys and
C-terminal domain mutants V132A (�), L145A (�), and V170A (●).
Black lines represent data points taken every 1 sec, with symbols included
for ease of viewing. Fluorescence emissions were normalized for ease of
viewing and comparison. The proteins were first unfolded at 100 �g/mL in
5.5 M GuHCl, 37°C for 3 h. Refolding was initiated by dilution of unfolded
proteins into 10 mM sodium phosphate, 5 mM DTT, and 1 mM EDTA (pH
7.0), using a syringe injection port, to give a final concentration of 1.0 M
GuHCl and 10 �g/mL protein. Structural changes during refolding were
monitored by changes in fluorescence emission at 350 nm for 3 h. The
temperature was maintained at 37°C during refolding using a circulating
water bath. The data were fit to two exponentials to calculate rate con-
stants. Inclusion of extra exponentials improved the fits. It was not possible
to determine whether the extra exponentials characterized the genuine
population of further intermediates.

Table 2. Kinetic refolding parameters for wild-type and mutant
H�D-Crys

Protein
k1

(sec−1)
t1/2

(sec)
k2

(sec−1)
t1/2

(sec)

Wild type 0.048 ± 1% 15 ± 1% 0.0037 ± 3% 190 ± 3%
M43A 0.009 ± 10% 79 ± 10% 0.0004 ± 1% 1700 ± 1%
F56A 0.030 ± 6% 23 ± 6% 0.0002 ± 12% 2700 ± 12%
I81A 0.034 ± 4% 21 ± 4% 0.0003 ± 4% 2100 ± 4%
V132A 0.016 ± 13% 45 ± 13% 0.0005 ± 6% 1400 ± 6%
L145A 0.014 ± 9% 52 ± 9% 0.0004 ± 15% 1600 ± 15%
V170A 0.018 ± 2% 38 ± 2% 0.0026 ± 16% 300 ± 16%
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diate to native was greatly reduced compared to that of wild
type. The second transition of V132A occurred with a t1/2 of
1400 sec (Table 2).

Kinetic refolding of L145A proceeded in a manner iden-
tically to that described for V132A and was best fit to a
three-state model (Fig. 8). The first transition had a t1/2 of 52
sec and the second transition a t1/2 of 1600 sec. The t1/2

value for unfolded to intermediate was similar to that for
wild type, while the t1/2 value for intermediate to native was
appreciably larger (Table 2).

Of all mutants examined here, refolding kinetics of
V170A were the most similar to those of wild-type H�D-
Crys. Changes in fluorescence intensity at 350 nm during
refolding overlaid that of wild type very closely (Fig. 8).
The initial transformation from unfolded to intermediate
occurred with a t1/2 of 38 sec, and the second transition to
native occurred with a t1/2 of 300 sec (Table 2).

Discussion

H�D-Crys is a two-domain protein of the eye lens that must
remain stable for an entire human lifetime without the pos-
sibility of regeneration. Along with other lens crystallins,
H�D-Crys is found in the insoluble aggregates associated
with mature-onset cataract. H�D-Crys is composed of two
domains that share ∼34% sequence identity and adopt
highly similar, primarily �-sheet folds (Fig. 1). The two-
domain nature of H�D-Crys and the other �- and �-crys-
tallins is hypothesized to have arisen from a gene duplica-
tion event (Wistow et al. 1983).

The domains of H�D-Crys interact noncovalently
through interdomain side chain contacts forming two struc-
turally distinct regions (Basak et al. 2003). These are a
highly conserved hydrophobic cluster of Met43, Phe56,
Ile81, Val132, Leu145, and Val170 and polar peripheral
pairwise interactions between Gln54/Gln143 and Arg79/
Met147 (Fig. 1). The domain interface of H�D-Crys is rela-
tively similar in amino acid composition to domain inter-
faces of other proteins. Overall, the amino acid composition
of domain interfaces more closely resembles that of protein
surfaces rather than protein cores (Jones et al. 2000). How-
ever, hydrophobic residues are still highly prevalent in both
inter- and intrachain domain interactions (Jones et al. 2000).

Differential domain stability of the �- and �-crystallins

Many of the �- and �-crystallins studied to date exhibit
differential domain stability. Bovine �B-crystallin (B�B-
Crys) displayed a three-state transition in urea at pH 2.0 and
20°C (Mayr et al. 1997). At pH 2.0, the isolated N-td of
B�B-Crys was much more stable than the C-td, presumably
due to the abundance of positively charged residues on the
surface of the C-td at this acidic pH. At pH 7.0 the domains
had similar stabilities, and equilibrium unfolding of the full-

length protein was two-state (Mayr et al. 1997). Bovine
�B2-crystallin also displayed differential domain stability
(Wieligmann et al. 1999). The crystal structure of �B2-
crystallin is a domain-swapped dimer where the N-td of one
monomer pairs with the C-td of the other (Bax et al. 1990).
The isolated C-td of bovine �B2-crystallin was significantly
more stable than the isolated N-td (Wieligmann et al. 1999).

Studies of triple-tryptophan mutants of H�D-Crys sug-
gest that the C-td is more stable than the N-td (Kosinski-
Collins et al. 2004). The transition midpoint of proteins
retaining tryptophans in the N-td was 1.3 M GuHCl,
whereas the midpoint of mutants retaining tryptophans in
the C-td was 2.0 M GuHCl. These data suggest that an
intermediate would be populated during equilibrium unfold-
ing/refolding of the wild-type protein. Previous analyses
using an incubation time of 6 h could not distinguish a
three-state transition for wild-type H�D-Crys (Kosinski-
Collins and King 2003; Kosinski-Collins et al. 2004). In the
experiments described here, the incubation time was in-
creased to 24 h, which altered the equilibrium transition and
eliminated the unfolding/refolding hysteresis (Fig. 4). At
these extended equilibration times, the transition had re-
duced cooperativity, which may reflect a more complex
transition such as would be expected for a three-state
mechanism. When fit to a three-state model, the first tran-
sition had a midpoint of 2.2 M GuHCl and the second
transition a midpoint of 2.8 M GuHCl. Overall, the three-
state model was a better description of the data than the
two-state model, especially in the region of 2–3 M GuHCl.
From these observations, we hypothesize that wild-type
H�D-Crys populates a partially folded intermediate in equi-
librium unfolding/refolding experiments at ∼2.3 M GuHCl.
The stabilities of the domains elucidated by triple-trypto-
phan mutants, we suggest that these two transitions corre-
spond to unfolding/refolding of the N-td (at lower concen-
trations of GuHCl) and the C-td (at high concentrations of
GuHCl). The transition midpoints of triple-tryptophan mu-
tant proteins were considerably lower than these values,
potentially due to destabilizing effects of the triple muta-
tions.

Domain interface interactions are crucial for stability

Contribution of domain interface interactions to the stability
of B�B-Crys has been previously studied (Palme et al.
1997, 1998). The domain interface of B�B-Crys is com-
prised of a central hydrophobic cluster including a phenyl-
alanine at position 56 and peripheral pairwise interactions
(Wistow et al. 1983). Palme et al. (1997, 1998) mutated
Phe56 to alanine, aspartate, or tryptophan and analyzed the
effects on the structure and stability of B�B-Crys in urea at
pH 2.0 and 20°C. All proteins displayed reduced stability of
the C-td that varied with the mutation. Substitution with
aspartate or alanine resulted in considerable destabilization,
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whereas substitution with tryptophan had less of an affect
(Palme et al. 1997). Domain core structures of the mutants
were indistinguishable from the wild-type protein, and local
structure around residue 56 was unchanged (Palme et al.
1998). These results suggest that, despite the destabilizing
effects, the global structure of B�B-Crys was too rigid to
adjust to the altered size or hydrophobicity of the mutations.

Similar to the results described above for B�B-Crys, the
hydrophobic domain interface residues of H�D-Crys are
also critical for stability. All mutants except V170A were
best fit to a three-state model where the first transitions
likely corresponded to unfolding/refolding of the N-td and
the second transition to unfolding/refolding of the C-td. Ac-
cording to this hypothesis, C-td unfolding/refolding for the
mutants F56A, I81A, V132A, and L145A occurred with a
midpoint between 2.5 and 2.9 M GuHCl. These values are
relatively similar to that calculated for the second transition
of wild type (2.8 M GuHCl), further supporting a three-state
mechanism for the wild-type protein. Substitution of Met43,
Phe56, and Ile81 from the N-td resulted in an increased
midpoint of 2.9 M GuHCl for transitions of the C-td. If the
intermediate had a folded C-td and unfolded N-td as hy-
pothesized, interface residues from the N-td would not be
expected to stabilize the intermediate. Increased stability of
the intermediate as is seen with M43A, F56A, and I81A
may be due to a favorable decrease in solvent-exposed hy-
drophobics compared to wild type because of the alanine
substitutions. In contrast, mutation of Val132 and Leu145
resulted in decreased stability of the intermediate. The do-
main interface of the C-td is likely structured in the inter-
mediate conformation. Consequently, mutations that disrupt
correct intradomain hydrophobic packing would be ex-
pected to decrease stability of the intermediate.

In contrast to the marginal affect on stability of the C-td,
the N-td was significantly destabilized by mutations of
Phe56, Ile81, Val131, and Leu145. For these mutants, un-
folding/refolding of the N-td occurred with a midpoint be-
tween 1.3 and 1.6 M GuHCl (Table 1). These values were
significantly lower than that calculated for the first transi-
tion of wild type when fit to a three-state model (2.2 M
GuHCl). Therefore, mutation of residues located in the C-td
affected stability of the N-td but not vice versa. From these
results we postulate that the stability of the N-td is depen-
dent on correct domain interface contacts, while stability of
the C-td is not enhanced by domain pairing. Destabilization
of the N-td resulted in population of the intermediate over a
greater range of GuHCl concentrations than was seen for the
wild-type protein.

Mutation of Met43 and Val170 had significantly different
effects on the stability of H�D-Crys. The equilibrium un-
folding/refolding transitions of M43A did not differ dra-
matically from wild type, and had �GH2O, m values, and
transition midpoints very similar to those of wild type. In
contrast, the transitions of V170A were best fit to a two-

state model with midpoints of 2.5 M GuHCl. This may
suggest that unfolding/refolding of V170A occurs by a di-
rect transition between the native and unfolded states. An
alternative interpretation is that the mutant did unfold/refold
by a three-state mechanism, but that the two transitions were
not discernible. This may have been caused by a shift of the
first transition to higher concentrations of GuHCl, or shift of
the second transition to lower concentrations of GuHCl.
One of these phenomena or a combination of the two would
effectively merge the transitions. From comparison to the
transitions of wild type, we suspect that mutation of Val170
had both effects described above. That is, the first transition
was stabilized relative to wild type and the second transition
was destabilized relative to wild type. Further experiments
will be done to determine which if either of these hypoth-
eses can explain these data.

Kinetic refolding pathway of H�D-Crys

We previously studied the productive refolding pathway of
H�D-Crys using triple-tryptophan mutant proteins (Kosin-
ski-Collins et al. 2004). Previous investigations of the �-
and �-crystallins analyzed behavior of the domains by
studying polypeptides that corresponded to isolated N- and
C-td’s of the proteins (Sharma et al. 1990; Mayr et al. 1994;
Wieligmann et al. 1999; Wenk et al. 2000). This approach
does not reveal properties of the domains in context of the
full-length proteins. This limitation has been circumvented
in our analysis of triple-tryptophan mutants, since we were
able to independently follow folding of the two domains
while still maintaining a full-length protein.

During kinetic refolding of H�D-Crys, the tryptophans of
the C-td were buried before those of the N-td (Kosinski-
Collins et al. 2004). These results suggest a productive re-
folding pathway where the C-td refolds first followed by the
N-td. Given that the domain interface of H�D-Crys does not
contain any fluorescent amino acids, it was not possible to
determine when the domain interface became structured in
these experiments.

Three simple models are illustrated in Figure 9 to de-
scribe the role of domain interface residues in the sequential
domain refolding pathway of H�D-Crys. In the first model,
the domain interface residues initially collapse and form a
nucleating center for refolding of the C-td and subsequently
the N-td. If H�D-Crys refolded by this first pathway, do-
main interface mutations would be expected to decrease the
refolding rates for both the C-td and the N-td. In the second
model, the two domains refold independently and subse-
quently come together to form interface contacts. Mutations
of domain interface residues would likely not reduce refold-
ing rates of the N-td or the C-td in this model. In the third
model, the C-td refolds first and the interface amino acids of
the C-td act as a nucleating center for refolding of the N-td.
By this model, mutations of domain interface residues
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would likely result in decreased rates for refolding of the
N-td only.

Kinetic refolding of all interface mutants was best fit to a
three-state model similar to wild type. Comparing these data
to the triple-tryptophan mutant data, it was possible to cor-
relate the two transitions to sequential refolding of the C-td
and N-td (Kosinski-Collins et al. 2004). Assuming that the
domains of the mutant proteins refolded in the same order as
wild type, the mutants M43A, F56A, I81A, V132A, and
L145A all had similar t1/2 values for refolding of the C-td
but greatly increased t1/2 values for refolding of the N-td.
These results suggested a productive refolding pathway
consistent with the third model described above, in which
the interface residues of the refolded C-td act as a nucleating
center for refolding of the N-td (Fig. 9).

From the perspective of in vitro domain folding, a se-
quential nucleation-based folding pathway as was exhibited
by H�D-Crys may be considered detrimental for productive
folding. This is because sequential domain folding results in
an increased lifetime of partially folded intermediates that
may partition into kinetically trapped aggregates (Jaenicke
1999). The single folded domain conformer populated dur-
ing equilibrium and kinetic unfolding/refolding experiments
is an attractive target for the aggregation-prone species in
the in vitro aggregation pathway of H�D-Crys (Kosinski-
Collins and King 2003; Kosinski-Collins et al. 2004).

Implications for understanding stability and
oligomerization in the lens

In this investigation the hydrophobic domain interface resi-
dues were substituted with alanine, resulting in a loss of
hydrophobic surface area. If residues of the cluster contrib-
uted uniformly to stability by hydrophobic burial, differ-
ences in effects of the mutations would be expected to cor-

relate with buried accessible surface area of the wild-type
residue (Rose et al. 1985; Zhou and Zhou 2004). Greater
accessible surface area was buried for Phe56 than Val132,
but the mutant protein V132A was more destabilized than
the mutant F56A. This indicates that the locations of the
hydrophobic domain interface residues are important in de-
termining their role in stability and folding of H�D-Crys.
This may reflect different packing densities around the resi-
dues. Additionally, unique identity and position of domain
interface residues are thought to be important in determin-
ing the oligomeric states of the �- and �-crystallins (Hope
et al. 1994; Mayr et al. 1994; Trinkl et al. 1994).

The two-domain �- and �-crystallins comprise over 50%
of the protein in the lens nucleus and adopt highly similar
domain topology with domain interactions that are pre-
dominated by a central hydrophobic cluster (Lapatto et al.
1991; Slingsby et al. 1997; Oyster 1999). Protein concen-
tration in the lens nucleus is extremely high (200–400 mg/
mL), necessitating precise control of folding and oligomer-
ization in order to prevent aberrant intermolecular associa-
tions. Due to the hydrophobic nature of the domain
interfaces and the ability of �- and �-crystallins to adopt
single folded domain conformers, the domain interfaces
may be regions of the molecules that are particularly prone
to incorrect protein-protein interactions. Given these fac-
tors, it is reasonable to assume that the �- and �-crystallins
may have evolved for specificity of domain interface resi-
dues in folding, stability, and oligomerization in order to
prevent incorrect domain interactions in the crowded lens
nucleus.

Aggregation and cataract

It is currently unknown which conformations of crystallin
proteins are the aggregation-prone species that lead to cata-
ract. Crystallins in the lens nucleus are subject to a lifetime
of oxidative and radiative stress. The crystallin proteins of
both young and old lenses are covalently damaged as a
result of these insults (Hoenders and Bloemendal 1983;
Hanson et al. 1998, 2000). Covalent damage may result in
destabilization and partial unfolding into the aggregation-
prone species that are precursors to cataract formation.
These partially folded species may be sequestered by
�-crystallin in order to prevent aggregation. In fact, it has
been shown that partially structured conformations of �-
and �-crystallins are capable of binding to �-crystallin in
vitro as a result of mutation or after exposure to heat (Lampi
et al. 2002; Liang 2004; Sathish et al. 2004). We are cur-
rently testing whether �-crystallin is able to bind the single
folded domain conformer of H�D-Crys described here. The
age-onset nature of noncongenital forms of cataract may
reflect accumulation of sufficient levels of damage to in-
duce unfolding or saturation of �-crystallin.

Figure 9. Schematic diagram of three models to describe the role of the
domain interface during sequential domain refolding of wild-type H�D-
Crys. Model 3 was consistent with the data presented here. The C-td of
H�D-Crys refolded first, resulting in an intermediate that had an unpaired,
solvent-exposed domain interface. This surface likely acted as a nucleating
center for refolding of the N-td.
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Materials and methods

Mutagenesis, expression, and purification of
recombinant H�D-Crys

Alanine substitutions of residues Met43, Phe56, Ile81, Val132,
Leu145, and Val170 were constructed using PCR-based site-di-
rected mutagenesis. Primers encoding the site-specific alanine sub-
stitutions (IDT-DNA) were used to amplify a pQE.1 plasmid en-
coding the H�D-Crys gene with an N-terminal 6-His tag (Kosin-
ski-Collins et al. 2004). All resulting plasmids were sequenced to
verify the substitutions and to ensure that no additional mutations
were present (Massachusetts General Hospital).

Recombinant wild-type and mutant H�D-Crys proteins were
expressed and purified as described by Kosinski-Collins et al.
(2004). Briefly, proteins were expressed in Escherichia coli, and
cell lysates were purified to over 98% homogeneity by affinity
chromatography with a Ni-NTA resin (QIAGEN).

Circular dichroism spectroscopy

CD spectra of the purified proteins were collected with an AVIV
model 202 CD spectrometer. Proteins were present in concentra-
tions of 100 �g/mL for far-UV CD and 300 �g/mL for near-UV
CD. Protein concentrations were determined by absorbance at 280
nm using an extinction coefficient of 41,040 cm−1 M−1 for wild-
type and mutant His-tagged proteins. All samples contained 10
mM sodium phosphate, 5 mM DTT, 1 mM EDTA (pH 7.0). The
buffer signal was subtracted from all spectra. Spectra were col-
lected from 200 to 260 nm to monitor secondary structure and
from 260 to 340 nm to monitor tertiary structure. An internal
Peltier thermo-electric temperature controller was used to maintain
the temperature at 37°C.

Fluorescence emission spectroscopy

Fluorescence emission spectra were recorded with a Hitachi
F-4500 fluorimeter. Intrinsic tryptophan fluorescence was mea-
sured using an excitation wavelength of 295 nm and monitoring
emission from 310 to 400 nm. A slitwidth of 10 nm was used for
both excitation and emission. All samples contained 10 �g/mL
purified protein in 10 mM sodium phosphate, 5 mM DTT, 1 mM
EDTA (pH 7.0), and 5.5 M GuHCl where appropriate. Emission
spectra were corrected for the buffer signal. A circulating water
bath was used to maintain the temperature at 37°C.

Equilibrium unfolding and refolding

Equilibrium unfolding experiments were performed by diluting
purified proteins to 10 �g/mL in 0 to 5.5 M GuHCl (purchased as
an 8.0 M solution from Sigma-Aldrich). All unfolding samples
contained 10 mM sodium phosphate, 5 mM DTT, and 1 mM
EDTA (pH 7.0). Unfolding samples were incubated at 37°C for 24
h to ensure equilibrium had been reached.

Equilibrium refolding experiments were carried out by initially
preparing unfolded stock solutions of 100 �g/mL purified protein
in 5.5 M GuHCl. The unfolded stock solutions were incubated at
37°C for 5 h. The unfolded stocks were then diluted into refolding
samples to give a final protein concentration of 10 �g/mL. Re-
folding samples contained 10 mM sodium phosphate, 5 mM DTT,
1 mM EDTA (pH 7.0), and GuHCl from 0.55 to 5.5 M. The

refolding samples were allowed to reach equilibrium by incubation
at 37°C for 24 h.

Fluorescence emission spectra were recorded for each unfolding
and refolding sample using a Hitachi F-4500 fluorimeter as de-
scribed above. The concentration of GuHCl in the unfolding/re-
folding samples was determined by measuring the refractive index.
Data were analyzed by plotting the concentration of GuHCl for
each sample versus the ratio of fluorescence intensities at 360 and
320 nm (FI 360/320 nm). All data were plotted from 0 to 5.0 M
GuHCl instead of 5.5 M GuHCl to improve visual clarity of the
transitions. Equilibrium unfolding/refolding experiments of the
wild-type and mutant proteins were performed three times each.

Equilibrium unfolding and refolding data were fit to a two-state
model by the methods of Greene and Pace (1974) or a three-state
model by the methods of Clark et al. (1993) using the curve-fitting
feature of Kaleidagraph (Synergy software). The model that best
fit the data was selected based on a random distribution of residu-
als. Transition midpoints, �GH2O, and m values were calculated
for all transitions from these fits.

Productive refolding kinetics

Kinetic refolding experiments were carried out by diluting purified
proteins to 100 �g/mL in 5.5 M GuHCl. The solutions were un-
folded by incubation at 37°C for 5 h. Refolding buffer containing
10 mM sodium phosphate, 5 mM DTT, and 1 mM EDTA (pH 7.0)
was equilibrated to 37°C with stirring. Fluorescence emission of
the refolding buffer was continually monitored in a Hitachi F-4500
fluorimeter using an excitation wavelength of 295 nm and an emis-
sion wavelength of 350 nm. Unfolded stocks were diluted into the
refolding buffer using a syringe port injection system to give a
final protein concentration of 10 �g/mL in 1.0 M GuHCl. Fluo-
rescence emission of the refolding sample was monitored at 350
nm for 3 h. The fluorescence emission spectra of resulting refolded
samples were measured to ensure that the proteins had refolded
into a native-like conformation. Kinetic refolding data were fit to
one, two, and three exponentials using the curve-fitting feature of
Kaleidagraph. The model with the best fit was determined by
inspection. Kinetic refolding experiments of the wild-type and
mutant proteins were performed two times each.
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