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ABSTRACT: Protein pin arrays identified seven interactive sequences for chaperone activity in humanRB
crystallin using natural lens proteins,âH crystallin andγD crystallin, and in vitro chaperone target proteins,
alcohol dehydrogenase and citrate synthase. The N-terminal domain contained two interactive sequences,
9WIRRPFFPFHSP20 and 43SLSPFYLRPPSFLRAP58. The R crystallin core domain contained four
interactive sequences,75FSVNLDVK82 (â3), 113FISREFHR120, 131LTITSSLS138 (â8), and141GVLTVNGP148

(â9). The C-terminal domain contained one interactive sequence,157RTIPITRE164, that included the highly
conserved I-X-I/V motif. Two interactive sequences,73DRFSVNLDVKHFS85 and131LTITSSLSDGV141,
belonging to theR crystallin core domain were synthesized as peptides and assayed for chaperone activity
in vitro. Both synthesized peptides inhibited the thermal aggregation ofâH crystallin, alcohol dehydrogenase,
and citrate synthase in vitro. Five of the seven chaperone sequences identified by the pin arrays overlapped
with sequences identified previously as sequences for subunit-subunit interactions in humanRB crystallin.
The results suggested that interactive sequences in humanRB crystallin have dual roles in subunit-
subunit assembly and chaperone activity.

HumanRB crystallin is a small heat shock protein (sHSP)
and molecular chaperone. sHSPs are characterized by mo-
lecular masses of<43 kDa, a low degree of sequence
similarity, upregulation in response to environmental stress,
and an ability to protect against the unfolding and aggregation
of proteins through activity as molecular chaperones (1-7).
sHSPs are ubiquitous in cells and tissues throughout the plant
and animal kingdoms and are upregulated in age-related
myopathies, cardiac ischemia, and a variety of protein aggre-
gation diseases, including Alexander’s disease, Alzheimer’s
disease, Creutzfeld-Jakob disease, and Parkinson’s disease
(8-18). In the lens whereR crystallins comprise ap-
proximately 33% of the total protein content, the accumula-
tion of post-translational modifications is associated with
protein unfolding that favors attractive interactions between
proteins and formation of aggregates that are large enough
to result in light scattering and cataract (19-30). In theory,
high concentrations ofR crystallins in lens cytoplasm can
bind unfoldingâ/γ crystallin proteins, stabilize transparent
cell structure, and protect against aggregation and opacifi-
cation through their function as molecular chaperones (31-
36). In a normal lens,RB crystallin is a structural protein
that interacts weakly with theâ/γ crystallins and is closely
associated with the filament network (37, 38).

While X-ray crystal structures exist forâ andγ crystallin,
the structure ofRB crystallin is based on spectroscopic data

and homology models (39-47). Spectroscopic data, second-
ary structure prediction, and X-ray crystal structures of two
homologous sHSPs,Methanococcus jannaschi(Mj) sHSP16.5
and wheat sHSP16.9, indicated that sHSPs are characterized
by three structural domains, an N-terminal domain that varies
in primary sequence, anR crystallin core domain that is
conserved in terms of primary sequence and secondary
structure, and a C-terminal extension that is variable in
sequence. In the crystal structures of Mj sHSP16.5 and wheat
sHSP16.9, the N-terminal domain is largely helical or
unstructured, theR crystallin core domain is an immuno-
globulin-like fold, and the C-terminal extension domain
protrudes from theR crystallin core domain and is unstruc-
tured and flexible (46). The immunoglobulin-like fold
adopted by theR crystallin core domain is aâ sandwich
composed of two antiparallelâ sheets formed by six to nine
â strands connected by loops of variable lengths. The
formation of dimers in wheat sHSP16.9 is due to interactions
between theâ2 andâ3 strands of one monomer with theâ6
strand contained in the loop connectingâ5 andâ7 of another
monomer. The C-terminal extension contains a conserved
I-X-I/V motif, where I is isoleucine, V is valine, and X is
any natural amino acid. In wheat sHSP16.9, the I-X-I motif
of one monomer interacts with residues of theâ4 andâ8
strands of another monomer to form the higher-order
dodecameric quaternary structure observed in the crystal
structure. WhileRB crystallin contains the same three
structural domains found in Mj sHSP16.5 and wheat
sHSP16.9, the complex assembly of humanRB crystallin is
larger and more polydisperse than the two sHSPs that have
been crystallized. This suggests that the dimer interface and
the oligomerization interface inRB crystallin may be
different from those of the smaller homologous sHSPs.
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Proteolysis and domain-swapped chimeric mutants ofRB
crystallin andCaenorhabditis eleganssHSP12.2 indicated
that sequences in all three structural domains of sHSPs were
important for complex assembly and chaperone activity (48,
49). The identity of specific residues or sequences in each
domain important for the complex assembly and chaperone
activity of RB crystallin and other small heat shock proteins
remains to be determined.

In a previous study using a protein pin array of sequential
and overlapping 8-mer peptides of humanRB crystallin, the
interactive domains required for subunit-subunit interactions
and complex assembly in humanRB crystallin were identi-
fied (47). The N-terminal sequence (37LFPTSTSLSPFYL-
RPPSF54), threeR crystallin core domain sequences [75FS-
VNLDVK 82 (â3), 131LTITSSLS138 (â8), and141GVLTVNGP148

(â9)], and the C-terminal sequence (155PERTIPITREEK166)
were identified as subunit-subunit interaction sites inRB
crystallin. The pin array studies confirmed and expanded on
spectroscopic observations, mutational studies, proteolytic
degradation experiments, and a two-hybrid screen that
characterized interactive domains in sHSPs. The subunit-
subunit interactive domains identified by the pin arrays were
consistent with the dimer and complex interfaces (â3, â8,
â9, and the I-X-I/V motif) identified in the crystal structures
of Mj sHSP16.5 and wheat sHSP16.9 with one exception.
The pin arrays did not identify sequences in the loop region
connectingâ5 andâ7 as interactive sequences for dimer-
ization inRB crystallin (39, 45, 47). In separate reports using
peptide scanning techniques, sequences for subunit-subunit
assembly and chaperone function were identified inRB
crystallin and a small heat shock protein, sHSPB, that were
consistent with the sequences identified by the pin arrays
(47, 50, 51). A sequence in theR crystallin core domain of
RA crystallin, KFVIFLDVKHFSPEDLTVK which is ho-

mologous to the sequence75FSVNLDVK82 from the R
crystallin core domain of humanRB crystallin, was reported
to have chaperone-like activity in vitro (52).

In this report, protein pin arrays identified and character-
ized interactive sequences that were mapped to a three-
dimensional (3D) structural model. Seven interactive domains
for chaperone function in humanRB crystallin were identi-
fied as sequences that interacted with denaturedâH crystallin,
γD crystallin, alcohol dehydrogenase, and citrate synthase.
Two of the interactive peptides,73DRFSVNLDVKHFS85 and
131LTITSSLSDGV141, were synthesized and observed to have
chaperone activity in vitro against the thermal aggregation
of âH crystallin, ADH, and CS. The seven interactive
sequences for chaperone function identified by the pin arrays
overlapped with the interactive domains for subunit-subunit
interactions and complex assembly identified previously (47).
Taken together, these data suggest that interactive domains
in RB crystallin mediate dual functions of chaperone activity
and subunit-subunit assembly.

MATERIALS AND METHODS

Synthesis of Pins, Binding, and Detection of Peptides
Binding to Ligand Proteins.The RB crystallin protein pin
array was used to measure the extent of interaction between
peptides and chaperone target proteins, including bovineâH

crystallin, humanγD crystallin, equine alcohol dehydro-
genase (ADH), and porcine citrate synthase (CS) as described
previously (Figure 1) (47). The purities of the target proteins
used in the pin array assays, bovineâH crystallin, human
γD crystallin, equine alcohol dehydrogenase (ADH), and
porcine citrate synthase (CS), were determined to be>90%
by SDS-PAGE. In addition, primary antibodies for each
target protein were specific to that target protein, and
consequently, contaminating proteins that may bind to the

FIGURE 1: Schematic for the protein pin array assay. Refer to Materials and Methods for detailed protocols. The absorbance corresponding
to the blue coloration in each well was measured at 450 nm (λ) and plotted against the amino acid sequence of the corresponding peptide
in that well (Figures 2 and 3). Wells containing peptides that have strong interactions with target proteins are dark blue, and wells containing
peptides that have weak or no interaction with target proteins are light blue or clear.
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peptides will not be detected. Eighty-four sequential and
overlapping peptide fragments corresponding to residues
1-175 of humanRB crystallin were synthesized employing
a simultaneous peptide synthesis strategy developed by
Geysen, called multipin peptide synthesis (Mimotopes, San
Diego, CA) (53, 54). Peptides were immobilized on deriva-
tized polyethylene pins arranged in a microtiter ELISA plate
format. Each peptide was eight amino acids in length, and
consecutive peptides were offset by two amino acids. All
peptides were bound covalently to the surface of the plastic
pins. The first peptide was1MDIAIHHP8 and the last peptide
168PAVTAAPK175 for humanRB crystallin. All proteins and
antibodies were purchased from suppliers as listed in Table
1.

Human myoglobin did not interact with theRB crystallin
peptides and was the negative control for the protein pin
array assay (47). Positive interactions resulted in the blue
color in the wells of the ELISA plate. The intensity of the
blue color in the wells was measured at 450 nm using an
ELISA plate reader (BioTek, Winooski, VT). The intensity
of the blue color (plotted on theX-axis) was a measure of
the level of interaction betweenRB crystallin peptides
(plotted on theY-axis) and target proteins. To measure the
effect of temperature on the interactions between interactive
peptides and the target proteins, the target proteins were
heated in a water bath at 45°C for 15 min prior to use. Pin
arrays are unable to differentiate between monomers, dimers,
or oligomers of target proteins that exist in solution. Instead,
pin arrays are very sensitive detectors of interactions between
individual peptides and the entire population (monomers,
dimers, or oligomers) of specific target proteins that may
exist in solution under specific conditions. Each target protein
was assayed two to five times. A single pin array was used
for all experiments, and no change in interactions was ob-
served after more than 30 repetitions. The last three peptides
of the protein pin array,163REEKPAVT170, 165EKPAVTAA172,
and167PAVTAAPK174, correspond to the epitope (163REEK-
PAVTAAPKK175) recognized by the primary antibody for
humanRB crystallin. A positive reaction is observed for these
three peptides in the absence of humanRB crystallin as the
ligand due to direct binding of the anti-humanRB crystallin
antibody to these three peptides. The loss of efficiency for
the pin array was measured using this assay. The loss of
efficiency for the pin array was determined to be<5% after
more than 30 assays.

Molecular Modeling of HumanRB Crystallin.The homol-
ogy modeling program Molecular Operating Environment

(MOE) (Chemical Computing Group, Inc., Montreal, PQ)
was used to construct the 3D homology model of human
RB crystallin as described previously (47). The software
included modules for multiple-sequence alignment, structure
superposition, contact analysis, fold identification, analysis
of the stereochemical quality of the predicted models which
takes into account parameters such as planarity, chirality,φ

andψ preferences,ø angles, nonbonded contact distances,
and unsatisfied donors and acceptors (55). The wheat
sHSP16.9 crystal structure was chosen as the template for
the homology modeling of humanRB crystallin because the
sequence of wheat sHSP16.9 is most similar with that of
humanRB crystallin (40% in theR crystallin core domain
and 25.4% overall) of all the available crystal structures of
sHSPs. In building the homology model of humanRB
crystallin, the primary sequence of humanRB crystallin was
aligned with the template protein, wheat sHSP16.9 primary
sequence using ClustalX (56, 57). The predicted secondary
structure of humanRB crystallin was then obtained (JPred)
and verified with the available spin labeling information for
the structural elements (58). The secondary structure of
humanRB crystallin was then aligned structurally with the
observed secondary structure of wheat sHSP16.9. This
alignment was used to create a series of 10 energy-minimized
models in MOE. Each model was evaluated using the
ModelEval module of MOE, and the best fit was selected
as the final model and verified with Procheck (59). TheRB
crystallin 3D model computed on the basis of the X-ray
crystal structures of wheat sHSP16.9 and Mj sHSP16.5 was
consistent with the electron spin resonance (ESR) data and
previous homology models ofRB crystallin (58, 60-63).
When the 3D homology model ofRB crystallin was
superimposed on the crystal structures of wheat sHSP16.9
and Mj sHSP16.5, the CR root-mean-square deviation of the
fit was 3.25 Å (47). Superimposition of the conservedR
crystallin core domains of the three structures resulted in a
CR root-mean-square deviation of 2.06 Å. Hydrophobic
surface areas formed by the chaperone sequences were
calculated by a custom script provided by the manufacturer
(Chemical Computing Group, Inc.). Graphical representations
of humanRB crystallin were made using PyMol and MOE.

RESULTS

InteractiVe Sites forâH andγD Crystallin inrB Crystallin.
Protein pin arrays enabled the identification of interactive
sequences necessary for the chaperone activity of humanRB
crystallin. Interactions between immobilized 8-mer human

Table 1: List of Proteins and Antibodies Used in the Protein Pin Array Assaysa

protein catalog no. supplier amount of protein used/well

bovineâH crystallin SPP-235 Stressgen Inc. (Victoria, BC) 0.05µmol
humanγD crystallin recombinant, purified 0.05µmol
equine alcohol dehydrogenase 05646 Sigma-Aldrich (St. Louis, MO) 0.05µmol
porcine citrate synthase 103381 Roche Diagnostics (Indianapolis, IN) 0.05µmol

antibody catalog No. supplier dilution

mouse anti-â crystallin SPA-230 Stressgen Inc. 1:1000
mouse anti-γ crystallin Custom 1:1000
rabbit anti-alcohol dehydrogenase AB1202 Chemicon International (Temecula, CA) 1:40000
mouse anti-citrate synthase RDI-CBL 249 RDI Diagnostics Inc. 1:1000

a Column 1 lists the name of the purchased or synthesized protein or antibody. Column 2 lists the catalog number of the purchased or synthesized
protein or antibody. Column 3 lists the supplier of the purchased protein or antibody. Column 4 lists the concentration of the protein or antibody
used in the pin array assay.
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RB crystallin peptides and unheated and preheatedâH

crystallin, a natural protein constituent of lens cells, were
assessed as absorbances at 450 nm (λ) and 23°C. Maximum
absorbances were measured for the peptide sequences

9WIRRPFFP16, 45SPFYLRPP52, 47FYLRPPSF54, 51PPSFL-
RAP58, 69RLEKDRFS76, 75FSVNLDVK82, 89LKVKVLGD 96,
113FISREFHR120, 121KYRIPADV128, 131LTITSSLS138, 141GV-
LTVNGP148, and 157RTIPITRE164 when unheatedâH crys-

FIGURE 2: Pattern of interactions between humanRB crystallin 8-mer peptides immobilized on pins and unheatedâH crystallin at 23°C
and âH crystallin preheated at 45°C for 15 min. The amino acid sequences of each 8-mer humanRB crystallin peptide immobilized
sequentially on 84 pins in a 96-well ELISA plate format are listed on theY-axis. The absorbances measured at 450 nm for the interactions
between theRB crystallin peptides and unheatedâH crystallin (striped bars) or preheatedâH crystallin (white bars) using an ELISA-based
colorimetric method are listed on the primaryX-axis. The length of the bars is proportional to the strength of the interaction of that peptide
with unheated or preheated humanâH crystallin (the longer the bar, the stronger the interaction). Interactions were not observed at every
peptide, and there were distinct patterns of interactions with both unheated and preheatedâH crystallin. An absorbance value of<0.134
with preheatedâH crystallin was considered the baseline for nonspecific interactions. The interaction of the majority of peptides (56 of 84)
was stronger with preheatedâH crystallin than with unheatedâH crystallin. The difference in the measured absorbance (A450@45 °C -
A450@RT) for each peptide represents the increased or decreased level of interaction of that peptide with preheated humanâH crystallin
relative to unheatedâH crystallin (plotted to the right as black bars). Overall, the interaction betweenRB crystallin peptides was stronger
with preheatedâH crystallin than with unheatedâH crystallin.
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tallin was the target protein (Figure 2, striped bars). Similar
absorbance maxima were measured for interactions between
RB crystallin peptides andâH crystallin that was preheated
at 45 °C for 15 min (Figure 2, white bars).RB crystallin
peptides that had positive interactions with unheated and
preheatedâH crystallin were identical and differed only in
the magnitude of the observed absorbances (Figure 2, black
bars). For all sequences in the pin array, 80 of 84RB
crystallin peptides had higher absorbances with preheated
âH crystallin than with unheatedâH crystallin (A450@45°C
- A450@23°C > 0), while the absorbances of the remaining
four peptides were similar for preheated and unheatedâH

crystallin (A450@45 °C - A450@23 °C ∼ 0). Peptides with
maximum absorbance were flanked on either side by one or
two overlapping peptides with lower absorbances giving the
appearance of a peak. The overlapping flanking peptides were
shifted toward the N- or C-termini by two amino acids from
the peptide recording the maximum absorbance. Peptides
with the maximum difference in the magnitude of absorbance
(A450@45 °C - A450@23 °C) in each peak are listed in
column 2 of Table 2. Far-UV CD spectroscopy indicated
that the loss of secondary structure ofâH crystallin upon
heating at 45°C for 15 min was<10%, and the ellipticity
value of the major absorption peaks in the near-UV CD
spectrum of preheatedâH crystallin decreased by less than
20% (Figures 4a and 5a).

When âH crystallin was replaced withγD crystallin, a
native protein constituent of lens cytoplasm from the same
gene family as theâ crystallins, as the ligand in the pin array,
12 interactive sequences were identified (Figure 3, striped
bars). The 12 peptides that recorded maximum absorbances
at 450 nm (λ) with unheatedγD crystallin were3IAIHH-
PWI10, 9WIRRPFFP16, 21PFFPFHSP28, 25DQFFGEHL32,
43SLSPFYLR50, 47FYLRPPSF54, 52SFLRAPSW59, 75FSVNLD-
VK82, 111HGFISREF118, 117EFHRKYRI124, 131LTITSSLS138,
and 141GVLTVNGP148. Maximum absorbances were mea-
sured at similar peptide sequences inRB crystallin whenγD
crystallin was preheated at 45°C for 15 min (Figure 3, white
bars). The magnitude of the absorbances was higher at 56
of 84RB crystallin peptides (Figure 3, black bars) and lower
at 16 of the 84 peptides whenγD crystallin was preheated

at 45 °C for 15 min. The measured absorbances for the
remaining 12 peptides were similar in magnitude for both
unheated and preheatedγD crystallin.RB crystallin peptides
that had the highest absorbances with unheated or preheated
γD crystallin were flanked on either side by one or two
overlapping peptides with lower absorbances giving the
appearance of a peak. The overlapping flanking peptides were
shifted toward the N- or C-termini by two amino acids from
the peptide recording the maximum absorbance. Peptides
with the maximum difference in magnitude of absorbance
(A450@45 °C - A450@23 °C) in each peak were listed in
column 3 of Table 2. Far-UV CD spectroscopy indicated
that the loss of secondary structure ofγD crystallin upon
heating at 45°C for 15 min was<10%, and the ellipticity
value of the major absorption peaks in the near-UV CD
spectrum of preheatedγD crystallin decreased by less than
25% (Figures 4b and 5b).

Chaperone Sites for ADH and CS inrB Crystallin. In
addition to interactions with physiological target proteins in
the â/γ crystallin family, interactions of theRB crystallin
peptides with unheated and preheated chaperone target
proteins, alcohol dehydrogenase (ADH), and citrate synthase
(CS) were assessed. Prior to use in the pin array assay, the
secondary structures ofâH crystallin, γD crystallin, ADH,
and CS were determined using far-ultraviolet circular dichro-
ism (UV CD) at 23°C, after heating at 45°C for 15 min
and after heating at 50°C for 60 min (Figure 4). The
maximum ellipticity (Θmax) for âH crystallin was observed
to be at 214 nm (λ) at all three temperatures, and the
magnitude of the maximum ellipticity (Θmax) decreased from
-5576 deg cm2 dmol-1 at 23°C to -5043 deg cm2 dmol-1

after heating at 45°C for 15 min and to-4501 deg cm2

dmol-1 after heating at 50°C for 60 min (Figure 4a).
Similarly, theΘmax for γD crystallin was observed to be at
217 nm (λ) at all three temperatures, and the magnitude of
Θmax decreased from-5571 deg cm2 dmol-1 at 23 °C to
-5150 deg cm2 dmol-1 after heating at 45°C for 15 min
and to-4719 deg cm2 dmol-1 after heating at 50°C for 60
min (Figure 4b). TheΘmax for ADH was at 215 nm (λ), and
the magnitude of theΘmax decreased from-5190 deg cm2

dmol-1 at 23°C to -5139 deg cm2 dmol-1 after heating at

Table 2: List ofRB Crystallin Peptides that Recorded the Highest Absorbances in the Presence of Unheated and PreheatedâH Crystallin, γD
Crystallin, ADH, and CSa

region âH crystallin γD crystallin ADH CS common

N-terminus 3IAIHHPWI10

N-terminus 9WIRRPFFP16 9WIRRPFFP16 9WIRRPFFP16 9WIRRPFFP16
9WIRRPFFPFHSP20N-terminus 21PFFPFHSP28 21PFFPFHSP28 23FPFHSPSR30

N-terminus 25DQFFGEHL32 27FFGEHLLE34

N-terminus 37LFPTSTSL44

43SLSPFYLRPPSFLRAP58
N-terminus 45SPFYLRPP52 43SLSPFYLR50 43SLSPFYLR50 43SLSPFYLR50

N-terminus 47FYLRPPSF54 47FYLRPPSF54 49LRPPSFLR56 47FYLRPPSF54

N-terminus 51PPSFLRAP58 53SFLRAPSW60 55LRAPSWFD62

core domain 69RLEKDRFS76 69RLEKDRFS76
75FSVNLDVK82core domain 75FSVNLDVK 82 75FSVNLDVK 82 75FSVNLDVK 82 75FSVNLDVK 82

core domain 89LKVKVLGD 96

core domain 113FISREFHR120 111HGFISREF118 113FISREFHR120
113FISREFHR120core domain 121KYRIPADV128 117EFHRKYRI124 115SREFHRKY122

core domain 131LTITSSLS138 131LTITSSLS138 131LTITSSLS138 131LTITSSLS138 131LTITSSLS138

core domain 141GVLTVNGP148 141GVLTVNGP148 141GVLTVNGP148 143LTVNGPRK150 141GVLTVNGP148

C-terminus 157RTIPITRE164 157RTIPITRE164 157RTIPITRE164 157RTIPITRE164

a Column 1 lists the region ofRB crystallin where each chaperone sequence is located. Column 2 lists the interactive sequences inRB crystallin
for humanâH crystallin. Column 3 lists the interactive sequences inRB crystallin for humanγD crystallin. Column 4 lists theRB crystallin peptide
chaperone sequences for ADH. Column 5 lists theRB crystallin peptide chaperone sequences for CS. Column 6 lists the seven common chaperone
sequences that were observed to interact with three or more preheated chaperone target proteins.
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45 °C for 15 min, indicating a<1% loss of secondary
structure upon heating at 45°C (Figure 4c). The magnitude
of the Θmax of ADH further decreased to-2523 deg cm2

dmol-1 after heating at 50°C for 60 min, indicating a>50%

loss of secondary structure upon heating at 50°C (Figure
4c). TheΘmax for CS was at 215 nm (λ), and the magnitude
of the Θmax decreased from-13076 deg cm2 dmol-1 at 23
°C to -11070 deg cm2 dmol-1 after heating at 45°C for 15

FIGURE 3: Pattern of interactions between humanRB crystallin 8-mer peptides immobilized on pins and unheatedγD crystallin at 23°C
and γD crystallin preheated at 45°C for 15 min. The amino acid sequences of each 8-mer humanRB crystallin peptide immobilized
sequentially on 84 pins in a 96-well ELISA plate format are listed on theY-axis. The absorbances measured at 450 nm for the interactions
between theRB crystallin peptides and unheatedγD crystallin (striped bars) or preheatedγD crystallin (white bars) using an ELISA-based
colorimetric method are listed on the primaryX-axis. The length of the bars is proportional to the strength of the interaction of that peptide
with unheated or preheated humanγD crystallin. Interactions were not observed at every peptide, and there were distinct patterns of interactions
with both unheated and preheatedγD crystallin. An absorbance value of<0.348 with preheatedγD crystallin was considered the baseline
for nonspecific interactions. The interaction of the majority of peptides (56 of 84) was stronger with preheatedγD crystallin than with
unheatedγD crystallin. The difference in the measured absorbance (A450@45°C - A450@RT) for each peptide represents the increased or
decreased level of interaction of that peptide with preheated humanγD crystallin relative to unheatedγD crystallin (plotted on the right as
black bars). Overall, the interaction betweenRB crystallin peptides was stronger with preheatedγD crystallin than with unheatedγD
crystallin.
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min, indicating an∼15% loss of secondary structure upon
heating at 45°C (Figure 4d). When CS was heated at 50°C
for 60 min, theΘmax of CS decreased to-648 deg cm2

dmol-1, indicating a>95% loss of secondary structure at
50 °C (Figure 4d).

Prior to use in the pin array assay, the tertiary structures
of âH crystallin, γD crystallin, ADH, and CS were deter-
mined using near-ultraviolet circular dichroism at 23°C, after
heating at 45°C for 15 min and after heating at 50°C for
60 min (Figure 5). The maximum absorption peak forâH

crystallin was at 267 nm (λ) at 23°C. The magnitude of the
absorption peak at 267 nm (λ) decreased from 30.71 deg

cm2 dmol-1 at 23°C to 24.22 deg cm2 dmol-1 upon heating
âH crystallin at 45°C for 15 min, indicating partial unfolding
at 45°C, and to 15.78 deg cm2 dmol-1 upon heating at 50
°C for 60 min, indicating substantial unfolding at 50°C
(Figure 5a). The maximum absorption peak forγD crystallin
was at 269 nm (λ) at 23°C. The magnitude of the absorption
peak at 269 nm (λ) decreased from 17.26 deg cm2 dmol-1

at 23°C to 12.74 deg cm2 dmol-1 upon heatingγD crystallin
at 45°C for 15 min, indicating partial unfolding at 45°C,
and to 6.75 deg cm2 dmol-1 upon heating at 50°C for 60
min, indicating substantial unfolding at 50°C (Figure 5b).
The maximum absorption peak for ADH was at 270 nm (λ)

FIGURE 4: Far-UV CD ofâH crystallin,γD crystallin, alcohol dehydrogenase (ADH), and citrate synthase (CS). Spectra were collected for
âH crystallin (A), γD crystallin (B), ADH (C), and CS (D), at 23, 45, and 50°C. The UV CD spectra ofâH andγD crystallin remained
largely unchanged between 23 and 50°C (83, 84). The spectra for ADH at 23 and 45°C were similar, while at 50°C, there was a
significant decrease in the ellipticity at 215 nm. The spectra for CS showed decreased ellipticity at 215 nm with an increase in temperature
from 23 to 50°C. Far-UV CD spectra indicated thatâH crystallin andγD crystallin were thermostable and remained folded up to 50°C
and ADH remained folded up to 45°C but unfolded at 50°C. CS was the least thermostable of the four chaperone target proteins and
unfolded at 45°C. The amount of unfolding in response to the increase in temperature was as follows: CS. ADH > âH crystallin∼ γD
crystallin.
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at 23°C. The magnitude of the absorption peak at 270 nm
(λ) decreased from 44.27 deg cm2 dmol-1 at 23°C to 14.23
deg cm2 dmol-1 upon heating ADH at 45°C for 15 min,
indicating partial unfolding at 45°C, and to-2.37 deg cm2

dmol-1 upon heating at 50°C for 60 min, indicating
substantial unfolding at 50°C (Figure 5c). The maximum
absorption peak for CS was at 257 nm (λ) at 23 °C. The
magnitude of the absorption peak decreased at 257 nm (λ)
from 42.54 deg cm2 dmol-1 at 23 °C to 25.20 deg cm2

dmol-1 upon heating CS at 45°C for 15 min, indicating
partial unfolding at 45°C, and to 20.95 deg cm2 dmol-1 upon
heating at 50°C for 60 min, indicating substantial unfolding
at 50°C (Figure 5d).

The pattern of absorbance at 450 nm (λ) when RB
crystallin peptides were assayed with unheated and preheated
ADH was similar to the absorbance pattern obtained with
unheated and preheatedâH/γD crystallin (Figure 6). Maxi-
mum absorbances were measured for theRB crystallin
peptide sequences9WIRRPFFP16, 13PFFPFHSP20, 27FFGE-
HLLE34, 37LFPTSTSL44, 43SLSPFYLR50, 48LRPPSFLR55,
69RLEKDRFS76, 75FSVNLDVK82, 115SREFHRKY122,

131LTITSSLS138, 141GVLTVNGP148, and 157RTIPITRE164

when ADH was used as the ligand in the pin array assay.
The absorbance for 34 of the 84 peptides increased when
ADH was preheated at 45°C for 15 min (A450@45 °C -
A450@23 °C > 0), while the absorbance for the remaining
50 peptides was similar for preheated and unheated ADH
(A450@45 °C - A450@23 °C ∼ 0). The difference in
magnitude of the absorbance of an interactive peptide
sequence with preheated and unheated ADH (A450@45 °C
- A450@23 °C) was a measure of the increased level of
interaction of that peptide with preheated ADH relative to
that with unheated native ADH.RB crystallin peptides that
had the highest difference in magnitude of absorbances with
preheated and unheated ADH (A450@45°C - A450@23°C)
were flanked on either side by one or two peptides with
smaller differences in magnitude of absorbances giving the
appearance of peaks. The overlapping flanking peptides were
shifted from the peak peptide toward the N- or C-termini by
two amino acids from the peptide recording the maximum
absorbance. Peptides with the maximum difference in
magnitude of absorbance (A450@45 °C - A450@23 °C) in

FIGURE 5: Near-UV CD ofâH crystallin,γD crystallin, ADH, and CS. Spectra were collected forâH crystallin (A),γD crystallin (B), ADH
(C), and CS (D) at 23, 45, and 50°C. The ellipticity of the absorption peaks in the near-UV CD spectra ofâH crystallin, γD crystallin,
ADH, and CS decreased by 20-60% upon heating at 45°C for 15 min.
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each peak were listed in column 4 of Table 2. The results
confirmed that the interaction between humanRB crystallin
was stronger with preheated ADH than with unheated native
ADH.

The pattern of absorbance at 450 nm (λ) when RB
crystallin peptides were assayed with unheated and preheated
CS was similar to the absorbance pattern obtained with
unheated and preheatedâH/γD crystallin and ADH (Figure

7). Ten sequences in humanRB crystallin (9WIRRPFFP16,
23FPFHSPSR30, 43SLSPFYLR50, 47FYLRPPSF54, 55LRAPS-
WFD62, 75FSVNLDVK82, 113FISREFHR120, 131LTITSSLS138,
143LTVNGPRK150, and157RTIPITRE164) were identified by
their absorbance maxima in the presence of CS as the target
protein in the pin array assay.RB crystallin peptides that
had the highest differences in magnitude of absorbances with
preheated and unheated CS (A450@45 °C - A450@23 °C)

FIGURE 6: Pattern of interaction between humanRB crystallin peptides and ADH. TheY-axis lists the amino acid sequences of the 8-mer
peptides that are immobilized sequentially in a 96-well format. The difference in the measured absorbances of each peptide with preheated
partially denatured ADH and unheated native ADH (A450@45°C - A450@RT) represents an increased or decreased level of interaction of
that peptide with partially denatured ADH and native ADH and was represented as a horizontal bar on theX-axis. Thirty-four of 84
peptides had a stronger interaction with partially denatured ADH than with native ADH, while the remaining 50 had a similar interaction
with either native or partially denatured ADH. The interaction betweenRB crystallin peptides was stronger with preheated unfolded ADH
than with unheated native ADH. An absorbance difference (A450@45 °C - A450@RT < 0.05) was considered the baseline.
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were flanked on either side by one or two peptides with lower
differences in magnitude of absorbances giving the appear-
ance of peaks. The overlapping flanking peptides were shifted
from the peak peptide toward the N- or C-termini by two
amino acids from the peptide recording the maximum
absorbance. The difference in magnitude of absorbance for
each peptide with partially unfolded and native CS (A450@45
°C - A450@23 °C) represented an increased level of

interaction of that peptide with preheated unfolded CS
relative to that with unheated native CS. The extent of
interaction of 72 of 84RB crystallin peptides increased when
CS was preheated at 45°C for 15 min (A450@45 °C -
A450@23 °C > 0), while the absorbance for the remaining
12 peptides was similar for both native and partially unfolded
CS (A450@45 °C - A450@23 °C ∼ 0). Peptides with the
maximum difference in magnitude of absorbance (A450@45

FIGURE 7: Pattern of interaction between humanRB crystallin peptides and CS. TheY-axis lists the amino acid sequences of the 8-mer
peptides that are immobilized sequentially in a 96-well format. The difference in the measured absorbances of each peptide with preheated
partially denatured CS and unheated native CS (A450@45°C - A450@RT) represents an increased or decreased level of interaction of that
peptide with preheated partially denatured CS and unheated native CS and was represented as a horizontal bar on theX-axis. Seventy-two
of 84 peptides had a stronger interaction with partially denatured CS than with native CS, while the remaining 12 had a similar interaction
between native and partially denatured CS. The interaction betweenRB crystallin peptides was stronger with preheated unfolded CS than
with unheated native CS. An absorbance difference (A450@45 °C - A450@RT < 0.11) was considered the baseline.
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°C - A450@23°C) in each peak were listed in column 5 of
Table 2. The increase in the magnitude of the absorbances
of the peptides with preheated CS indicated thatRB crystallin
peptides had a stronger interaction with preheated partially
unfolded CS than with unheated native CS.

Seven interactive sequences for chaperone function inRB
crystallin (9WIRRPFFPFHSP20, 43SLSPFYLRPPSFLRAP58,
75FSVNLDVK82, 113FISREFHR120, 131LTITSSLS138, 141GV-
LTVNGP148, and 157RTIPITRE164) were identified as se-
quences that had the strongest interactions with the model
chaperone target proteins, ADH and CS, and the physiologi-
cal proteins,âH/γD crystallin, that were preheated at 45°C
for 15 min (column 6 of Table 2). Two of the chaperone
sequences are in the N-terminal region, and four are
nonoverlapping chaperone sequences in the conservedR
crystallin core domain; a single nonoverlapping chaperone
sequence is in the C-terminal extension ofRB crystallin.

Chaperone Assays of the InteractiVe Sequences.Two
RB crystallin sequences,73DRFSVNLDVKHFS85 and
131LTITSSLSDGV141, that were in the conservedR crystallin
core domain and were observed to have positive interactions
with preheated target proteins in the pin array were synthe-
sized to determine their chaperone activity in vitro. The
chaperone activity of the peptides was measured as their
ability to protect against the thermal aggregation of three
chaperone target proteins,âH crystallin, ADH, and CS, in
chaperone assays performed at 50°C (Figure 8). A non-
interactiveRB crystallin sequence,111HGKHEERQDE120,
was used as the negative control in the chaperone assays
(Figure 8). On the basis of near- and far-UV CD, the three
target proteins unfolded in the order CS. ADH . âH

crystallin when they were heated at 50°C for 60 min (Figures
4 and 5). The extent of thermal aggregation ofâH crystallin,
ADH, and CS was measured as light scattering at 340 nm

FIGURE 8: Chaperone assays of two positive interactive sequences,73DRFSVNLDVKHFS85 and131LTITSSLSDGV141, and a noninteractive
sequence,111HGKHEERQDE120, from theR crystallin core domain of humanRB crystallin (control). (A) The extent of thermal aggregation
of chaperone target proteinsâH crystallin, ADH, and CS in the absence of peptides was measured as light scattering at 340 nm (λ). Each
target protein was heated at 50°C for 60 min in the absence or presence of one of the peptides. The amount of aggregation correlated with
the amount of unfolding observed with near- and far-UV CD.âH crystallin, the most thermostable of the three proteins, aggregated the least
and had an absorbance maximum of 0.05 AU, followed by ADH with an absorbance maximum of 0.23 AU and CS with an absorbance
maximum of 0.72 AU in 60 min (unfolding/aggregation, CS> ADH > âH crystallin). The chaperone activity of each peptide was calculated
as the percent protection in which the aggregation of each target protein in the absence of any peptides was set at 0% protection. The ability
of the 73DRFSVNLDVKHFS85, 131LTITSSLSDGV141, and111HGKHEERQDE120 sequences to protect against the thermal aggregation of
âH crystallin (B), ADH (C), and CS (D) was tested in vitro (vertical bars). A 50:1 peptide:target protein molar ratio resulted in modest
protection ofâH crystallin and ADH by the two positive peptides, while the control peptide had no protective ability. A 10:1 peptide:target
protein molar ratio was sufficient in conferring significant protection against the aggregation of CS by73DRFSVNLDVKHFS85 and
131LTITSSLSDGV141. The control peptide111HGKHEERQDE120 conferred partial protection against the aggregation of CS.
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(λ) in the presence and absence of each peptide. The
chaperone activity of each peptide was calculated as the
percent protection in which the aggregation of each target
protein in the absence of any peptides was set at 0%
protection (Figure 8). The interactive peptides73DRFS-
VNLDVKHFS85 and 131LTITSSLSDGV141 were effective
inhibitors of aggregation of all three chaperone target
proteins. The greatest protection was observed with CS, the
target protein that was the most unfolded upon heating at
50 °C. Less protection was observed with the partially
unfolded target proteins,âH crystallin and ADH. A 50:1
peptide:âH crystallin/ADH molar ratio resulted in approxi-
mately 30% protection for bothâH crystallin and ADH, while
a 10:1 peptide:CS molar ratio resulted in greater than 70%
protection of CS against thermal aggregation. No protection
against aggregation was observed with the control peptide,
111HGKHEERQDE120, even at a 50:1 molar ratio.

Mapping Chaperone Sites to the 3D Structure of Human
rB Crystallin.The seven sequences identified as interactive
domains for chaperone function in humanRB crystallin using
protein pin arrays (column 6 of Table 1) were assigned
secondary structure based on electron spin resonance (ESR)
and homology modeling data (Figure 9).9WIRRPFFPFHSP20

in the N-terminal region,113FISREFHR120 in the loop region
of the R crystallin core domain, and157RTIPITRE164 in the
C-terminal region were unstructured motifs, while43SLSP-
FYLR50 (R3) and 47FYLRPPSF54 (R4) formed a helix-
turn-helix motif in the N-terminal region. The remaining
peptides,75FSVNLDVK82 (â3), 131LTITSSLS138 (â8), and
141GVLTVNGP148 (â9), formed threeâ strand motifs in the
R crystallin core domain (Figure 9).

The observed interactive domains were mapped to a
computed 3D homology model of humanRB crystallin to
identify the 3D structure of the interactive chaperone
sequences (Figure 10a). A space-filling model of the human
RB crystallin was generated to view and analyze the
interactive domains for the chaperone function inRB
crystallin (Figure 10b). The three interactive sequences (â3,
â8, andâ9) appeared to form one of the external surfaces
of the R crystallin core domain, aâ sandwich structure

resembling an immunoglobulin-like fold, which is charac-
teristic of small heat shock proteins. Theâ strand residues
that were oriented internally stabilized the structure of theâ
sandwich. Side chains that were oriented externally contrib-
uted to the interactions with chaperone target proteins.
Residues in the N- and C-termini did not appear to be
involved directly in the tertiary structure of theR crystallin
core domain. The core domain sequence113FISREFHR120

formed part of the loop region that connected the twoâ
sheets of the core domain and contributed to its structural
integrity. The accessible surface area of the exposed residues
of the N-terminal interactive sequences was calculated to
be 71% hydrophobic, followed by the C-terminal extension
region that was 69% hydrophobic and theR crystallin core
domain that was 64% hydrophobic. The proportion of
hydrophobic surface over the interactive sequences was
consistent with the importance of hydrophobic interactions
in the recognition of unfolding proteins by sHSP molecular
chaperones (52, 64-69).

DISCUSSION

Small heat shock proteins (sHSPs) make up a family of
stress proteins and molecular chaperones with molecular
masses of up to 43 kDa that contain an N-terminal domain
variable in length and primary sequence, a conservedR
crystallin core domain, and a C-terminal extension domain
that contains the highly conserved I-X-I/V motif. In this
report, protein pin arrays identified seven interactive se-
quences (9WIRRPFFPFHSP20, 43SLSPFYLRPPSFLRAP58,
75FSVNLDVK82, 113FISREFHR120, 131LTITSSLS138, 141GVL-
TVNGP148, and157RTIPITRE164) as being important for the
chaperone activity of humanRB crystallin using endogenous
target proteinsâH/γD crystallins and nonphysiological targets
ADH and CS. Although it is possible that interactions of
RB crystallin with nativeâH crystallin andγD crystallin that
require secondary structure might evade detection by the
protein pin arrays, it is likely that the pin arrays identified
most sequences involved in the interactions ofRB crystallin
with nativeâH crystallin andγD crystallin. The interactive
peptides identified by the pin arrays were not the most

FIGURE 9: Comparison of the peptides identified using the humanRB crystallin pin arrays with previously reported interactive sequences
for RB crystallin. Sequences identified as interactive domains important for chaperone activity using protein pin arrays are boxed. Subunit-
subunit interaction sites identified by the protein pin arrays are highlighted in gray. Site-specific mutations that altered the chaperone
function of RB crystallin are shown below the residue(s) that were substituted or deleted (∆). The secondary structure ofRB crystallin
predicted by ESR and homology modeling is shown in the form of∼ symbols which represent helices and9 symbols which representâ
strands (47, 60, 62). All reported point mutations that were observed to have an effect on the chaperone activity ofRB crystallin overlapped
with the consensus sequences for chaperone function identified by the pin array assays. The sequence identified by Sreelakshmi et al. (50)
is shown in italics.
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hydrophobic peptides in the humanRB crystallin protein pin
array. On the basis of the hydrophobicity values provided
by the manufacturer, the interactive peptides9WIRRPFF-
PFHSP20, 43SLSPFYLRPPSFLRAP58, and 131LTITSSLS138

were quite hydrophobic. Fourteen noninteractive peptides
in the humanRB crystallin pin array were more hydro-
phobic than the remaining interactive peptides,
75FSVNLDVK82, 113FISREFHR120, 141GVLTVNGP148, and
157RTIPITRE164 (47).

Far-UV CD analysis indicated that there was a<10% loss
of secondary structure ofâH crystallin andγD crystallin when
they were heated at 45°C for 15 min. However, the
magnitude of the absorption peaks in the near-UV CD spectra
of âH crystallin andγD crystallin decreased by∼20-25%,
which indicated conformational changes in the tertiary
structures of those proteins. In the absence of significant
unfolding and loss of secondary structure ofâH crystallin
andγD crystallin as determined by far-UV CD, the increased
level of interaction between interactiveRB crystallin peptides
and preheatedâH crystallin andγD crystallin suggested that
the interactive domains ofRB crystallin detected conforma-
tional changes in tertiary structure that resulted from preheat-
ing âH crystallin andγD crystallin. It appeared that the pin
arrays are as sensitive as near-UV CD in detecting perturba-
tions in the tertiary structure of unfolded proteins.

Two of the seven chaperone sequences were in the
N-terminus and four in the conservedR crystallin core
domain, and one was in the C-terminal extension containing
the highly conserved I-X-I/V motif. The pin array results
suggested that point mutations within the interactive domains
can be expected to modify the chaperone activity ofRB
crystallin and point mutations outside the interactive domains
can be expected to have little or no effect on chaperone
activity. While systematic studies have not been reported for
the sequence motifs identified using the pin arrays to date,
literature results are consistent with the suggestion that the
sequences identified by the pin arrays are important motifs
for the chaperone-like activity of humanRB crystallin (63,

70-75). Mutagenesis ofRB crystallin in which deletions of
the C-terminal extension included arginine 157 resulted in
diminished chaperone activity in vitro when compared to
that of full-lengthRB crystallin (76). Arginine 157 is present
in the157RTIPITRE164 chaperone sequence identified by the
pin arrays. X-ray solution scattering on a truncation mutant
of RB crystallin (RB crystallin 57-157) indicated that the
R crystallin domain in the absence of the N- and C-terminal
extensions formed dimers and had decreased chaperone-like
activity in vitro as compared to full-lengthRB crystallin (77).
When two consensus chaperone sequences (73DRFSVNLD-
VKHFS85 and 131LTITSSLSDGV141) belonging to theR
crystallin core domain were synthesized and tested for
protection against thermal unfolding and aggregation of
chaperone target proteinsâH crystallin, ADH, and CS in vitro,
a substantial protective effect was observed. The chaperone
assays confirmed that the sequences identified using the pin
array were important for the chaperone activity ofRB
crystallin and were consistent with an earlier study in which
hydrophobic probes and chaperone assays identified theRB
crystallin sequence73DRFSVNLDVK82 as an interactive
sequence for chaperone activity (78). Selected point or
combination mutations in the interactive sequences ofRB
crystallin can be expected to improve or diminish chaperone
activity. A higher concentration of both peptides was required
to protect against the aggregation ofâH crystallin and ADH
than to protect against the aggregation of CS. Circular
dichroism analysis indicated thatâH crystallin was partially
unfolded and both ADH and CS were almost completely
unfolded at 50°C. Taken together, the chaperone assay and
circular dichroism data suggested that the peptides were more
efficient in protecting against the aggregation of a completely
unfolded protein and less efficient in protecting against the
aggregation of partially unfolded or nativelike proteins.

The interactive sequences identified using the pin arrays
were mapped onto a 3D model ofRB crystallin to analyze
the structural topography of the chaperone interface (47). In
the absence of an X-ray crystal or NMR structure, it was

FIGURE 10: Three-dimensional map of theRB crystallin interactive domains. Interactive domains of humanRB crystallin identified by the
pin arrays are colored red, while noninteractive regions are colored blue. (A) Ribbon representation of the secondary and tertiary structure
of humanRB crystallin. The sequences9WIRRPFFPFHSP20, 113FISREFHR120, and157RTIPITRE164 did not have secondary structure. The
sequence43SLSPFYLRPPSFLRAP58, formed the R3-turn-R4 motif, while the sequences75FSVNLDVK82, 131LTITSSLS138, and
141GVLTVNGP148 formed â strand motifsâ3, â8, andâ9, respectively. (B) Solid models of the 3D structure of humanRB crystallin.
Surfaces of residues in the interactive domains9WIRRPFFPFHSP20, 43SLSPFYLRPPSFLRAP58, 75FSVNLDVK82, 113FISREFHR120,
131LTITSSLS138, 141GVLTVNGP148, and 157RTIPITRE164 that are solvent accessible are colored pink. The surfaces of residues in the
noninteractive regions ofRB crystallin are colored gray. Seventy-two percent of the collective accessible surface area of the N-terminal
sequences9WIRRPFFPFHSP20 and 43SLSPFYLRPPSFLRAP58 was hydrophobic; 67% of the collective accessible surface area of theR
crystallin core domain sequences,75FSVNLDVK82 (â3), 131LTITSSLS138 (â8), and141GVLTVNGP148 (â9), was hydrophobic. The loop
region sequence113FISREFHR120 was 61% hydrophobic, and the C-terminal extension sequence157RTIPITRE164 was 59% hydrophobic.
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observed that superposition of the computedRB crystallin
homology model with the crystal structure of Mj sHSP16.5
and wheat sHSP16.9 was remarkable with a CR root-mean-
square deviation of 2.06 Å for theR crystallin core domain
(39, 45). Secondary structure was assigned to the interactive
sequences identified by the pin arrays on the basis of electron
paramagnetic resonance data (EPR) and a multiple-sequence
alignment of humanRB crystallin with the crystal structures
of wheat sHSP16.9 and Mj sHSP16.5 (39, 45, 58, 62). The
N-terminal chaperone sequence,9WIRRPFFPFHSP20, was
unstructured and formed a surface that was 70% hydropho-
bic, while the sequence43SLSPFYLRPPSF54 formed a helix-
turn-helix motif with an external surface that was 72%
hydrophobic and favorable for binding exposed hydrophobic
patches of unfolding proteins. Three of the four sequences
in the R crystallin core domain [75FSVNLDVK82 (â3),
131LTITSSLS138 (â8), and141GVLTVNGP148 (â9)] were â
strands and formed a surface that was 67% hydrophobic.
The C-terminal chaperone sequence157RTIPITRE164 con-
taining the highly conserved I-X-I/V motif was unstructured
and formed a surface that was 59% hydrophobic. The
chaperone sequences43SLSPFYLRPPSF54, 75FSVNLDVK82,
131LTITSSLS138, 141GVLTVNGP148, and 157RTIPITRE164

identified in this report overlapped significantly with se-
quences identified previously as subunit-subunit interaction
sites in RB crystallin using protein pin arrays (Figure 9,
shaded residues) (47). The sequence43SLSPFYLRPPSF54

identified by the pin arrays is a subset of the sequence
42TSLSPFYLRPPSFLRA57, previously reported as an inter-
active region inRB crystallin that interacts with humanRA
crystallin (50, 51). Both synthesized peptides,73DRFS-
VNLDVKHFS85 and131LTITSSLSDGV141, that protectedâH

crystallin, ADH, and CS from aggregation were previously
identified as interactive sequences for subunit-subunit
interactions inRB crystallin (47). The results suggested that
interactive sequences inRB crystallin may have dual roles
in subunit assembly and chaperone function, which is
consistent with previous mutagenesis data in which loss of
chaperone function was accompanied by decreased assembly
size (49, 79). The identification of common sequences for
subunit-subunit interactions and chaperone activity inRB
crystallin by the pin arrays suggests that dissociation ofRB
crystallin complexes may be required for the exposure of
chaperone sequences that can bind unfolding chaperone target
proteins. This hypothesis is consistent with previous studies
of the role of oligomeric equilibrium in regulating the
chaperone activity of HSP27 andRB crystallin (80, 81).
Shashidharamurthy et al. (80) reported that dissociation of
the HSP27 oligomer was required for interactions with
destabilized T4 lysozyme mutants. Srinivas et al. (81)
reported that arginine hydrochloride enhanced the chaperone
activity of RB crystallin by accelerating its subunit-subunit
dynamics.

The lack of interactive sequences similar to theRB
crystallin N-terminal and C-terminal chaperone se-
quences,9WIRRPFFPFHSP20, 43SLSPFYLRPPSFLRAP58,
and 157RTIPITRE164, in sHSPs ofC. elegans(sHSP12.2,
sHSP12.3, and sHSP12.6, respectively) could account for
the absence of chaperone-like activity ofC. eleganssHSPs
in vitro (82). The interface formed by theR crystallin core
domain peptides75FSVNLDVK82 (â3), 131LTITSSLS138 (â8),
and 141GVLTVNGP148 (â9) that interacted with all four

chaperone target proteins and collectively formed an external
surface that was 67% hydrophobic was previously identified
as the interface for the assembly of humanRB crystallin
subunits using pin arrays (47). The interface provides residues
for both hydrophobic and hydrophilic interactions with native
proteins (RA and RB crystallin) as well as with unfolding
chaperone target proteins (âH crystallin andγD crystallin).
The structure of theR crystallin core domain is highly
conserved in the small heat shock protein family, and
sequences homologous to theRB crystallin chaperone
sequences75FSVNLDVK82, 113FISREFHR120, 131LTITSSLS138,
and141GVLTVNGP148 in other small heat shock proteins are
expected to be involved in the chaperone function of other
sHSPs. In summary, pin array assays, in vitro chaperone
assays, and circular dichroism spectroscopy of target proteins
identified the sequences in full-lengthRB crystallin that were
responsible for interactions with a broad range of target
proteins, including proteins that are almost completely
unfolded (ADH and CS) and proteins that are partially
unfolded (âH crystallin andγD crystallin). Protein pin arrays
were effective in identifying protein-protein interactive
domains in humanRB crystallin that were important in
oligomeric assembly and in interactions with unfolding
chaperone target proteins. Further investigation of the specific
sequences and 3D structures of the interactive domains in
physiologically relevant small heat shock proteins, including
human sHSP27 andMycobacterium tuberculosissHSP16.3,
will provide new information about the function of sHSPs
and molecular chaperones in disease. Our results suggest that
the collective response of sHSPs to protein unfolding
involves several interactive domains and that sHSPs are
exquisitely sensitive to protein unfolding. These results could
account for the selectivity and sensitivity of small heat shock
proteins and their adaptation to the needs of specific cells
and their response to stress.
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