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ABSTRACT: The cataract-associated Pro23 to Thr (P23T) mutation in human γD-crystallin (HGD) has a
variety of phenotypes and is geographically widespread. Therefore, there is considerable interest in under-
standing the molecular basis of cataract formation due to this mutation. We showed earlier [Pande, A., et al.
(2005)Biochemistry 44, 2491-2500] that the probable basis of opacity in this case is the severely compromised,
retrograde solubility and aggregation of P23T relative toHGD. The dramatic solubility change occurs even as
the structure of the mutant protein remains essentially unchanged in vitro. We proposed that the retrograde
solubility and aggregation of P23T were mediated by net hydrophobic, protein-protein interactions. On the
basis of these initial findings for P23T and relatedmutants, and the subsequent finding that they show atypical
phase behavior [McManus, J. J., et al. (2007) Proc. Natl. Acad. Sci. U.S.A. 104, 16856-16861], we concluded
that the protein clusters formed in solutions of the mutant proteins were held together by net hydrophobic,
anisotropic interactions. Here we show, using chemical probes, that the surface hydrophobicities of these
mutants are inversely related to their solubility. Furthermore, by probing the isolated N-terminal domains of
HGD and P23T directly, we find that the increase in the surface hydrophobicity of P23T is localized in the
N-terminal domain. Modeling studies suggest the presence of sticky patches on the surface of the N-terminal
domain that could be engaged in the formation of protein clusters via hydrophobic protein-protein
interactions. This work thus provides direct evidence of the dominant role played by net hydrophobic and
anisotropic protein-protein interactions in the aggregation of P23T.

The cataract-associated Pro23 to Thr mutation in human γD-
crystallin (HGD)1 is geographically widespread and phenotypi-
cally heterogeneous (1-5). In an earlier study, we showed that the
solubility of the mutant protein in vitro is severely compromised
while the protein structure remains largely unaltered (6). More
significantly, we found that, in contrast to the wild type, the
mutant protein exhibited a retrograde solubility (i.e., the solubi-
lity had an inverse dependence on temperature and increased
when the temperature was decreased). These results clearly
suggested that the insoluble phase is the result of the self-
aggregation of the mutant protein mediated predominantly by
net hydrophobic interactions. This behavior of P23T has a
parallel with that of sickle cell hemoglobin, HbS (7). More
recently, using NMR spectroscopy, we found that the effects of
the P23T mutation were localized largely in the N-terminal
domain and are likely to result in the creation of hydrophobic
patches on the surface of the protein (8).

Other laboratories have compared the structures of HGD
and P23T in solution as well. Synchrotron radiation CD studies
also showed minor spectral changes between the wild-type and

mutant proteins that led the authors to speculate that these
changes somehow lead to the compromised solubility of the
mutant (9).More recently, a comprehensive NMR study by Jung
et al. (10) points to local conformational and dynamic differences
between the proteins, particularly those associatedwith theHis22
residue, leading the authors to conclude that these small changes
are in some way responsible for initiating the aggregation of the
mutant protein. However, neither one of these studies explains
the retrograde solubility change in P23T and other related
mutants (6), which we believe is the key factor essential to under-
standing how this mutation leads to light scattering and cataract.

To address this issue definitively, we examined the surface
hydrophobicities ofHGDandP23Tusing two unrelated extrinsic
dyes, bis-ANS and Nile Red (NR) (Figure 1), both commonly
used as fluorescent probes of surface hydrophobicity in pro-
teins (11). The data presented here show that the surface
hydrophobicity of P23T is indeed higher than that of HGD
and provide new, compelling experimental evidence of the
hydrophobic protein-protein interactions and retrograde solu-
bility exhibited by the mutant. We have also compared the
surface hydrophobicities of the N-terminal domains of HGD
and P23T and found that the net increase in the hydrophobicity
in P23T resides primarily on the surface of itsN-terminal domain.

MATERIALS AND METHODS

Cloning, Expression, and Purification of Recombinant
Proteins. Overexpression and purification of recombinant wild-
type HGD and its three mutants (P23T, P23V, and P23S) have
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been reported previously (6, 12). Primers were designed (synthe-
sized by MSG Operon) to introduce a stop codon at position 83
of the HGD and P23T sequence to express only their N-terminal
domains, Nt-HGD and Nt-P23T, respectively. In the resulting
plasmids, the nucleotide sequences were confirmed in-house at
the Biomolecular Core facility. The truncated proteins were
expressed and purified in the samemanner as the parent proteins.
The purity of the recombinant proteins was verified using elec-
trospray ionization mass spectrometry at the Center for Func-
tional Genomics of the University at Albany. The masses of Nt-
HGD and Nt-P23T were 9640 and 9630 ( 1 Da, respectively.

The concentration of HGD and its three mutants (P23T,
P23V, and P23S) was determined using the same extinction
coefficient, 41.4 mM-1 cm-1 (i.e., E280 for a 0.1% solution is
2.1) (13), at 280 nm used previously (6). For Nt-HGD and Nt-
P23T, an extinction coefficient of 2.25 at 280 nm for a 0.1%
solution was used based on the ProtParam tool (14) implemented
in the EXPASY proteomics server (www.expasy.ch).
Fluorescence Spectra. These were recorded in a Jovin-Yvon

Fluorolog-3 spectrometer using an excitation wavelength of 390
nm (for bis-ANS binding) or 540 nm (for NR binding). Excita-
tion and emission slits were set to 5 nm; spectra were recorded
using a protein concentration of 0.1 mg/mL in 0.1 M sodium
phosphate buffer (pH 7.0). Stock solutions of the proteins were
made in 20 mM sodium acetate buffer (pH 4.5) and diluted with
phosphate buffer to adjust the pH to 7 just before the spectra
were recorded. Stock solutions of bis-ANS and NR were
prepared in methanol, and the final alcohol concentration was
maintained below 7% (v/v) when the reagents were mixed with
the proteins. Concentrations of bis-ANS andNRwere measured
using extinction coefficients of 16.8 mM-1 cm-1 at 385 nm (15)
and 45 mM-1 cm-1 at 552 nm (16), respectively. For a fixed
protein concentration of 0.1 mg/mL (∼5 μM), the concentrations
of bis-ANS andNRwere varied from 5 to 500 μMand from 5 to
100 μM, respectively.
Measurement of the Temporal Change inMolecular Size

Using Static and Dynamic Light Scattering. Stock solutions
ofNt-HGDandNt-P23T (∼1.0mg/mL) in 20mMacetate buffer
(pH 4.5) were diluted into 100 μL of 0.1 M phosphate buffer
(pH 7). The increase in the intensity of the Rayleigh scattering
wasmonitored as a function of time in a Zetasizer-Nano analyzer
(Malvern instruments) at 25 �C, with toluene as a scattering
standard. Two aliquots of the protein solution were removed
at various time intervals: one aliquot was quickly placed in a
Dynapro dynamic light scattering instrument (Wyatt In-

struments) to measure the hydrodynamic radius (Rh), and the
second was immediately mixed with a bis-ANS solution and the
fluorescence spectrum recorded as described above.
Circular Dichroism (CD) Spectra. CD spectra were re-

corded on a Jasco model J-815 spectropolarimeter. HGD, Nt-

HGD, and Nt-P23T solutions at concentrations of 1.2 mg/mL in

20mMacetate buffer (pH4.5) were used tomeasure the near-UV

CD spectra using a 10 mm path length cuvette. Far-UV CD

spectra were recorded using 0.1 mg/mL protein solutions in

5 mM acetate buffer (pH 4.5) in a 1 mm path length cuvette.

Near- and far-UV CD spectra were normalized with respect to

protein concentration and the concentration of peptide bonds,

respectively.
Computation of Surface Hydrophobicity. The solution

structures (20 models) obtained from NMR studies of the P23T
mutant (10) were downloaded from the Protein Data Bank
(PDB) (entry 2KFB). The accessible surface area (ASA) of all
the amino acid residues in the 20 structures was calculated using
NACCESS (17). In a similar way, the ASA of all the amino acid
residues was calculated for HGD using its crystal structure (PDB
entry 1HK0) (18). Via multiplication of the ASA of the hydro-
phobic amino acid residues (Ile, Leu, Tyr, Phe, Val, Trp, and
Met) with their hydrophobicity index, the total surface hydro-
phobicity of the 20 structures of P23T and that of HGD was
calculated (19). Two P23T structures that scored the highest in
N-terminal hydrophobicity were structure numbers 3 and 19 of
Jung et al. (10). The surface patches on the protein surface of
structure 3 of P23T and on HGD were located computationally
by using the SHARP2 protein server (20, 21). SHARP2 is a web-
based server for the prediction of protein interaction sites on the
protein surface. A number of surface patches are defined on the
basis of a selectable parameter set.We used only two parameters,
hydrophobicity and solvation potential, and set them to high and
low, respectively. In this manner, we restricted the patches to
those that would be hydrophobic and prefer to remain in a
protein-protein interface rather than exposed to the solvent at
the protein surface.

RESULTS

Fluorescent dyes such as ANS are commonly used to deter-
mine the surface hydrophobicity of proteins. While ANS is the
most popular reagent used, its derivative bis-ANS generally
shows better fluorescence characteristics (22). These dyes are
known tobind tohydrophobic patches on the protein surface (11)
largely by means of their aromatic moieties (23). However, some
of these, such as ANS and bis-ANS, also carry electrostatic
charges and thus have the potential to interact with charged
groups on the protein surface. Therefore, to eliminate the effect of
charge-charge interactions between the dye and the protein of
interest, we also used, besides bis-ANS, a neutral dye known as
Nile Red (NR), to determine the surface hydrophobicity of our
proteins. The structures of both dyes used in this study are shown
in Figure 1.
Bis-ANS Binding Profiles of HGD, P23T, P23S, and

P23V. In Figure 2, we plot the fluorescence intensity at 515 nm,
the emission maximum of bis-ANS, in mixtures containing
various mutants of HGD (P23T, P23V, and P23S), as a function
of increasing reagent concentration. As expected, HGD shows
the lowest emission intensity, followed by P23V, P23S, and P23T,
in ascending order of fluorescence emission. Clearly, the fluore-
scence emission of P23T is significantly higher than that of all

FIGURE 1: Chemical structures of bis-ANS and Nile Red.
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the other mutants. These data further highlight the inverse
relationship between the solubility of these mutants determined
previously (6) and the bis-ANS fluorescence profiles shown here.
The P23T mutant with the lowest solubility has the highest
fluorescence emission, while P23V with the highest solubility
(approaching that of the wild type) has the lowest fluorescence
emission, closest to that of the wild type. From the plots shown in
Figure 2,we also obtain the lowest concentrationof bis-ANS that is
sufficient to produce the maximum fluorescence intensity in all the
mutants, i.e., the so-called saturation concentration of bis-ANS,
and note that this concentration is comparable for all four proteins.

The inset of Figure 2 shows the emission spectra, clearly
revealing that the P23T mutant has a substantially higher
emission intensity than the others, as well as a larger blue shift
in the emission maximum. It follows therefore that the surface of
the cataract-associated P23T mutant is much more hydrophobic
than that of the other mutants or the wild type. Setting the
increase in fluorescence emission of P23T arbitrarily at 100%
relative to bis-ANS alone, we estimate that the percent emission
values of P23S, P23V, and HGD are approximately 59, 44, and
34%, respectively. The inset of Figure 2 also shows that the
emission maxima of the other two mutants, P23S and P23V, do
not show a blue shift relative to that of HGD, even though their
emission intensities are higher. We note that the emission of
P23V is closest to that of HGD, as is its solubility determined
previously (6, 24).
Nile Red Binding Profiles of HGD, P23T, P23S, and

P23V. Although NR has been used to probe surface hydro-
phobicity in proteins (11, 25, 26), it is not as popular as ANS and
bis-ANS. We chose NR because it is not charged and thus likely
to show different binding characteristic of the hydrophobic sites
on the protein surface. Moreover, since these methods, although
time-tested, are nevertheless primarily empirical, we reasoned
that the collective weight of evidence using different chemistries

would be more definitive. The data using NR as the extrinsic dye
are shown in Figure 3. Once more we observe that, consistent
with the bis-ANS data shown in Figure 2, the intensity of the
fluorescence emission is inversely related to protein solubility,
and again the P23T mutant stands out with a fluorescence
intensity much higher than those of the wild type and other
mutants. We did not observe saturation of binding even at the
highest concentration ofNRused here. However, wewere unable
to go to concentrations higher than those shown in Figure 3, as
NR precipitates a few minutes after mixing.

The inset of Figure 3 shows that the emission spectra are
broad. A factor contributing to this broadening could be the
unbound NR in solution which shows significantly higher
emission intensity around 660 nm (see the dotted curve in
Figure 3, inset). Furthermore, it is also likely that NR emission
is more sensitive than bis-ANS in binding to sites with different
hydrophobicities. Such broad spectra are also observed in the
case of tubulin polymerization and are apparently a result of
binding to different sites (27). However, the significance of the
data shown in Figure 3 is that, just as with bis-ANS, the emission
of P23T bound to NR is significantly higher than that of the
others. Here again, if we arbitrarily set the increase in fluore-
scence emission of P23T at 100% relative to NR alone, we
estimate that the percent emission values of P23S, P23V,
and HGD are approximately 56, 50, and 44%, respectively,
which are comparable to those obtained with bis-ANS, shown
in Figure 2.
Bis-ANS Fluorescence of Nt-HGD and Nt-P23T. To

understandhow themutation of Pro23 toThr leads to an increase
in surface hydrophobicity, we refer to our recent NMR stud-
ies (8). In that study, we showed that it is primarily the local, small
changes in the N-terminal domain of HGD that are likely to lead
to the formation of hydrophobic patches on the surface of P23T.
Therefore, if that were indeed the case, we hypothesized that we
should also observe a difference in hydrophobicity in the isolated

FIGURE 2: Relative fluorescence intensity at the emission maximum,
515 nm (excitation at 390 nm) for mixtures of bis-ANS with human
γD-crystallin and its mutants (P23V, P23S, and P23T) at various bis-
ANS concentrations. The protein concentrationwas kept constant at
0.1 mg/mL (∼5 μM) in 0.1 M phosphate buffer (pH 7.0). Symbols
represent the data, and lines aremerely visual guides. The inset shows
the corresponding fluorescence emission spectra of the mixtures at a
bis-ANS concentration of 250 μM. The dotted line is the emission
spectrum of bis-ANS alone.

FIGURE 3: Relative fluorescence intensity at the emission maximum,
650 nm (excitation at 540 nm), for mixtures of Nile Red with human
γD-crystallin and itsmutants (P23V, P23S, and P23T) at variousNile
Red concentrations. The protein concentration kept constant at
0.1 mg/mL (∼5 μM) in 0.1 M phosphate buffer (pH 7.0). Symbols
represent the data, and lines aremerely visual guides. The inset shows
the corresponding fluorescence emission spectra of the mixtures at a
Nile Red concentration of 80 μM. The dotted line is the emission
spectrum of Nile Red alone.
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N-terminal domains of HGD and P23T, just as in the full-length
proteins.

To test this hypothesis, we reacted the N-terminal domains of
HGD and P23T (Nt-HGD and Nt-P23T, respectively) with bis-
ANS. The results shown inFigure 4 compare the emission spectra
of the two N-terminal domains and their corresponding parent
proteins when bound to bis-ANS. Here the spectra are shown
after subtraction of the emission spectrum of bis-ANS alone,
which allows us to compare the magnitude of the fluorescence
change in all four cases. From the difference spectrum (HGD
minusNt-HGD), we can estimate the contribution ofCt-HGDto
the fluorescence intensity. Similarly, from the difference spectrum
(P23T minus Nt-P23T), we can estimate the contribution of Ct-
P23T. From such simple subtraction methods, the data in
Figure 4 show that of the total difference in fluorescence intensity
betweenHGDandP23T,∼10% is contributed by the C-terminal
domain and the remaining 90%by theN-terminal domain. These
conclusions are based on our assumption that the fluorescence
arising from the N-terminal domain alone does not change from
that observed in the intact proteins.

It should be noted thatNt-P23T rapidly aggregates (for details,
see Figure 7), even at low concentrations, e.g., 0.1 mg/mL, at
pH 7 and ambient temperature. Therefore, for these and other
experiments, we stored it at pH 4.5 in low-ionic strength buffer
(20 mM acetate) and increased the pH of the solution to 7 just
before use by mixing it with 0.1 M phosphate buffer (pH 7.0).
Structures of Nt-HGD and Nt-P23T. From the discussion

given above, it is evident that the difference between the bis-ANS
fluorescence of Nt-P23T and Nt-HGD is comparable to that
observed in the parent proteins (Figures 2 and 4), which clearly
suggests that the difference arises directly from the mutation.
This conclusion is further strengthened bymeasuring the far- and
near-UV CD spectra of the two proteins (panels A and B of
Figure 5, respectively). For the CD measurements, the samples
were prepared in pH 4.5 buffer to prevent the aggregation of Nt-
P23T which is significant at pH 7. The HGD spectrum shown
here was measured under identical conditions for reference.

Both far- and near-UV spectra show that the N-terminal
domains of the two proteins have nearly identical structures.
Mills et al. (28) have reported the far-UV CD spectrum of
Nt-HGD, but their sample (unlike ours) contains an N-terminal
His-tag. Our far-UV CD spectrum of Nt-HGD appears to be
visually comparable to their spectrum. The differences in our far-
UV CD spectra of Nt-HGD and Nt-P23T are minor and
comparable to the small differences reported by Evans et al. (9)
for intact HGD and P23T. Because NMR studies (10) show that

the two proteins have nearly identical structures, it is reasonable
to conclude that the differences observed in our far-UV CD
spectra of Nt-HGD and Nt-P23T are also not significant. In
general, the near-UVCDspectrum ismore sensitive to changes in
tertiary structure and side chain rearrangements in proteins than
the far-UV CD spectrum. Thus, the difference we observe in the
near-UV CD between these proteins may reflect the minor
changes in structure that were observed in the NMR spectra of
the parent proteins (8, 10). Overall, therefore, it is reasonable to
conclude that there is no significant structural change between

FIGURE 4: Fluorescence emission spectra of HGD, Nt-HGD, P23T,
andNt-P23T inmixtureswith bis-ANS. Spectra are corrected for bis-
ANS by subtraction of its contribution. The protein concentration
was∼5 μM,and the bis-ANS concentrationwas 250μMin each case.
The excitation wavelength was 390 nm.

FIGURE 6: Fluorescence emission spectra (excitation at 390 nm) for
mixtures of bis-ANS with bovine serum albumin (BSA), albumin
from chicken egg white (ovalbumin), lysozyme from chicken egg
white, ribonuclease A from bovine pancreas (RNase A), and HGD
and P23T at protein concentrations of ∼5 μM and a bis-ANS
concentration of 250 μM in 0.1 M phosphate buffer (pH 7.0). The
dotted line shows the emission spectrum of 250 μMbis-ANS alone in
the same buffer.

FIGURE 5: (A) Far-UV and (B) near-UV CD spectra of Nt-HGD,
Nt-P23T, andHGDatpH4.5.Protein concentrationswere 0.1mg/mL
in 5 mM acetate buffer for the far-UV CD measurements and 1.2
mg/mL in 20 mM acetate buffer for the near-UV CD measurements.



6126 Biochemistry, Vol. 49, No. 29, 2010 Pande et al.

Nt-HGD and Nt-P23T beyond what is expected from the
structures of the parent proteins.
Defining a Measure of Surface Hydrophobicity. We also

compared the fluorescence emission spectra of bis-ANS binding
to several well-studied proteins with those of HGD and P23T
(Figure 6). This enabled us to obtain amore quantitative estimate
of the magnitude of the surface hydrophobicity difference
between HGD and P23T. From the data shown in Figure 6,
we deduce that the difference in surface hydrophobicity between
HGD and P23T (∼9%) is comparable to that between ribo-
nucleaseA (RNaseA) and lysozyme (∼8%), when the increase in
fluorescence emission for bovine serum albumin (BSA) (with the
largest magnitude of fluorescence emission in Figure 6) is
arbitrarily set to 100% relative to that of bis-ANS alone. All
the reference proteins used here, namely, RNase A, lysozyme,
ovalbumin, and BSA, were tested previously for surface hydro-
phobicity using ANS (29). Our data shown in Figure 6 are in
good agreement with this published work. Thus, a comparison
with the hydrophobicity data of some well-studied proteins
provides an empirical measure of the increase in the surface
hydrophobicity of P23T.
Correlation of the Increase in Hydrodynamic Radius

(Rh) and Scattering Intensity of Nt-P23T with the Fluore-
scence Emission Intensity Due to Bis-ANS Binding. Figure 7
shows that at pH 7,Nt-P23T aggregates over time, resulting in an
increase in the light scattering intensity. This leads to an increase
in the hydrodynamic radius of the clusters from∼1 to∼250 nm in
3 h. Here, as in our previous paper (6), we use “cluster” and
“aggregate” interchangeably to describe the solid phase. Larger
aggregates are formed from the smaller clusters and may become
irreversible, a phenomenon well understood in colloidal sys-
tems (30). As the aggregate size grows, there is a corresponding
decrease in the intensity of the bis-ANS fluorescence. Notably,
throughout this period, the Nt-HGD solution does not register
any change. The hydrodynamic radius of Nt-HGD corresponds
to that of the monomeric protein, and the bis-ANS fluorescence
remains virtually constant. These results vividly demonstrate that
the same hydrophobic surface patches inNt-P23T that bind to bis-
ANS are also involved in the self-aggregation of the N-terminal
domain. This is clearly shown by the fact that as the protein
aggregates grow in size and number, the number of hydrophobic
sites for bis-ANS binding available on the surface of Nt-P23T
decreases. Eventually, as the aggregate size grows sufficiently
large, the protein aggregates precipitate. The temporal changes

observed in Nt-P23T solutions are highly significant since they
explain why the bis-ANS fluorescence of Nt-P23T is lower in
intensity than that of Nt-HGD for the same protein concentra-
tion, beyond a certain time point.
Mapping Hydrophobic Patches on the Protein Surface.

In Figure 8 are shown the models for HGD and P23T based on
the X-ray-derived (18) and NMR-derived (10) structures, respec-
tively. The colored patches displayed on their surfaces were
computed using the SHARP2 server (20, 21) as described above
(Materials and Methods). In Figure 8A, the yellow patch on
HGD corresponds to a moderately hydrophobic region based on
the surface hydrophobicity scale on the left and includes residues
K2, T4, H15, Y16, E17, C18, and R36, and the red patch corres-
ponds to low surface hydrophobicity and includes residues P23,
N24, Q47, P48, N49, Y50, andR76. In Figure 8B, the contiguous
teal and cyan patch near the bottom shows a considerable
increase in the level of hydrophobicity in the P23T mutant and
covers residues K2, T4, Y6, F11, Q12, G13, R14, H15, Y16, E17,
S20, and R36, whereas the smaller cyan patch, which also
corresponds to a higher level of hydrophobicity, includes residues
Y45, Y50, G52, L53, Q54, F56, R58, M69, R76, and R79
(numbered as in the HGD crystal structure). Thus, the putative
potentially hydrophobic patches in HGD reorganize and extend
to cover a larger surface area and may represent the “sticky
patches” that engage in the formation of protein clusters and
solid precipitate. Figure 8 also shows that residue 23, which is a
Pro in HGD and part of the red patch of weaker hydrophobicity
(Figure 8A), is replaced with a Thr in P23T (Figure 8B) and is at
the bottom of the smaller teal patch, just outside the region of
considerably higher hydrophobicity. We should clarify that this
computation is presented here only as a model to show how this
mutation could lead to aggregation driven by hydrophobic
protein-protein interactions and drastically lowered solubility.
We do not claim to have identified the exact location of the sticky
patches on the surface of P23T.

DISCUSSION

Several laboratories have explored the basis for cataract
formation due to the P23T mutation in human γD-crystallin
(6, 9, 10). It is evident from all of these studies that despite the
dramatic decrease in solubility, the protein structure remains
folded and undergoes veryminor changes due to themutation. In
our previous investigations (6, 24), we noted that P23T as well as
related mutants of HGD (i.e., P23S and P23V) all showed a
retrograde solubility profile in addition to the solubility being
significantly compromised. This was in sharp contrast to wild-
type HGD, which is soluble to concentrations greater than
400 mg/mL. On the basis of this work (6), we concluded that
the minor structural changes accompanying the mutation had
resulted in the creation of protein clusters that were held together
by predominantly hydrophobic interactions. Subsequently, it
was observed (24) that an analogue of P23T, i.e., the P23V
mutant, engages in highly anisotropic protein-protein interac-
tions in the solid aggregated state. This conclusion was derived
from the observation that the P23V mutation, while altering the
solubility of the protein and the chemical potential of the solid
(i.e., crystal) phase, does not affect the phase separation proper-
ties of the solution phase (i.e., the liquid-liquid phase boundary
is indistinguishable from that of the wild type). Thus, the work of
McManus et al. (24) suggests that the interprotein interactions in
P23V are anisotropic, in that the orientation effects due to the
anisotropy are manifest only in the solid phase but are randomly

FIGURE 7: Temporal change in hydrodynamic radius (left axis, solid
line), light scattering intensity (left axis, dashed line), and fluorescence
emission (emission maximum of 515 nm, excitation at 390 nm,
right axis, dotted line) for bis-ANS mixtures with Nt-HGD (9) and
Nt-P23T (1) in 0.1 M phosphate buffer (pH 7.0). Bis-ANS and
protein concentrations are 250 μM and 0.1 mg/mL (5 μM), respec-
tively.
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distributed and averaged out in solution. These arguments
should also hold for the P23T and P23S mutants but cannot be
experimentally demonstrated, because it has not been possible to
concentrate their aqueous solutions to sufficiently high values to
observe liquid-liquid phase separation, or to suppress aggrega-
tion and crystallize them.

We also note that such an anisotropic distribution of hydro-
phobic patches on the protein surface is not readily apparent.Our
recent NMR studies (8) showed that the effect of the P23T
mutation is localized primarily in the N-terminal domain. Thus,
the sticky patches created in the P23Tmutant that lead to protein
clusters and solid precipitation are likely to reside mainly in the
N-terminal domain. In fact, using the SHARP2 server (21), we
concluded that potentially hydrophobic surface patches already
exist in HGD but are rendered more hydrophobic and hence
more effective in promoting the aggregation of P23T (8).

As stated in Results, this study was undertaken to probe the
surface hydrophobicity issue of P23T directly using molecules
such as bis-ANS that are sensitive to the surface hydrophobicity
of proteins. Bis-ANS is a better alternative to themore commonly
used ANS (11, 29) because of its superior fluorescence proper-
ties (22). Using bis-ANS,we have shown here that the intensity of
fluorescence emission of the three mutant proteins, P23T, P23S,
and P23V, correlates inversely with their solubility profiles that
we determined earlier: the higher the surface hydrophobicity, the
lower the solubility of the mutant proteins at ambient tempera-
ture. While this is precisely what we expected on the basis of our
earlier work (6, 24), we do not yet understand why the P23T
mutant shows the largest increase in surface hydrophobicity. In
fact, we previouslymade several mutations at and adjacent to site
23, in an attempt to address this issue (6), but it still remains
unresolved. The close correspondence between our fluorescence
data obtained using bis-ANS and Nile Red makes a compelling
case for the dominant role played by surface hydrophobicity in
facilitating the aggregation of P23T, and leads us to conclude that
it is indeed the extent of surface hydrophobicity that correlates
inversely with protein solubility.

In earlier studies, we (8) and others (10) observed that upon
introduction of a mutation at site 23, the C-terminal end of the
protein remains minimally affected. Interestingly, while our data

showed minor structural perturbation in the C-terminal domain,
Jung et al. (10), even to their surprise, showed no perturba-
tion whatsoever in the C-terminus. In any event, both studies
agreed that the main structural change resided in the N-terminal
domain. It seemed logical, therefore, to examine the N-terminal
domains alone (residues 1-82) of HGDand P23T (i.e., Nt-HGD
and Nt-P23T, respectively) for changes in surface hydrophobi-
city. The data showed that as expected, the difference in the
surface hydrophobicities of these two proteins observed by bis-
ANS fluorescence is closely similar to that in the intact, full-
length proteins. More specifically, as we showed in Results (see
Bis-ANSFluorescence ofNt-HGDandNt-P23T), it appears that
∼90% of the difference in surface hydrophobicity between HGD
and P23T can be ascribed to theN-terminal domain alone, with a
minor portion (∼10%) arising from the C-terminal domain. This
is qualitatively consistent with our NMR study (8) which showed
that there is only a small change in the C-terminal domain upon
mutation. Thus, it is clear that the mutation of Pro23 to Thr in
HGD leads to an increase in surface hydrophobicity largely in the
N-terminal domain.

In the case of Nt-P23T, the increase in surface hydrophobicity
makes the protein unstable at pH 7. It rapidly aggregates and
forms increasingly large clusters. We have observed that the
larger the cluster size, the weaker the binding to bis-ANS. Thus,
the same hydrophobic sites that bind to bis-ANS appear to be
responsible for the self-aggregation of the N-terminal domain.

The data shown in Figure 6 in which we compare the bis-ANS
binding to several proteins, including HGD and P23T, show that
relative to other well-studied proteins, the increase in the surface
hydrophobicity of P23T is relatively small. Thus, it is not simply
the absolute surface hydrophobicity of the mutant protein per se,
but the net increase in surface hydrophobicity that is the
dominant trigger for the lowering of solubility.

On the basis of ourNMRdata (8), we speculated that there are
two potentially hydrophobic patches on the surface of HGD,
which are likely to engage in hydrophobic interactions in P23T.
We examined all 20 recently available NMR structures of the
P23T mutant (10) and compared them to our high-resolution
X-ray crystal structure of HGD (18). Specifically, we compared
the total surface hydrophobicity and found that by this measure

FIGURE 8: Surface representation of (A) the crystal structure of HGD (PDB entry 1HK0) and (B) NMR structure 3 of P23T (PDB entry 2KFB).
The potentially sticky patches on the surface of HGD [colored red and yellow in panel A and described previously (8)] appear to extend over a
wider surface and become more hydrophobic in P23T (B). The models are depicted here according to the surface hydrophobicity color scale. In
panel B, the small rectangle at the bottom of the smaller cyan patch marks the location of residue 23. This figure was created in PyMol (32).
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nearly all the NMR structures of P23T show a higher hydro-
phobicity than HGD.We analyzed one of the structures of P23T
with the highest hydrophobicity index for possible hydrophobic
patches on theN-terminal domain, and found two patches nearly
identical to those we reported previously (8). The smaller patch
had a significantly higher hydrophobicity in P23T than in HGD,
while the larger patch also showed an increase in hydrophobicity,
but of a smallermagnitude. These data shown inFigure 8 serve as
a reasonable model for understanding our experimental data.

In summary, our experimental data published previously (6, 8)
taken together with the work of McManus et al. (24), and the
studies reported here, lead us to conclude that (i) the cataract-
associated P23T mutation in HGD leads to a significantly lower
and retrograde solubility of the protein, which aggregates, even as
its overall structure remains essentially unaltered, (ii) these
aggregates are formed by a net increase in the number of
hydrophobic protein-protein interactions that are anisotropic
in the solid (crystal) phase, (iii) NMR data suggested the
formation of hydrophobic patches on the surface of the N-term-
inal domain of P23T relative to HGD, and (iv) chemical probes
of surface hydrophobicity have now provided compelling evi-
dence that the N-terminal domain is the major contributor to the
net increase in hydrophobicity due to the mutation.

While these data provide a plausible mechanism for lens
opacity due to the P23Tmutation, we recognize that the question
of the phenotypic heterogeneity of the resulting cataract is more
challenging to explain. Because protein aggregation is triggered
by the creation of hydrophobic surface patches in this case, it is
conceivable that a variety of distinct nucleation sites in vivo give
rise to different aggregate forms depending on where the initial
hydrophobic cluster nucleates, for example, at the cell membrane
or with other crystallins or non-crystallin protein components
within the fiber cell, all due to an increase in surface hydro-
phobicity. Such interactions could generate a variety of pheno-
types. We should also note however that, as in the case of sickle
hemoglobin (31), which also exhibits several distinct phenotypes,
genetic determinants not linked to theHGDgene couldmodulate
the phenotype and contribute to phenotypic heterogeneity
as well.
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