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ABSTRACT. Protein pin arrays identified seven interactive sequences for chaperone activity in blBman
crystallin using natural lens proteirf crystallin andyD crystallin, and in vitro chaperone target proteins,
alcohol dehydrogenase and citrate synthase. The N-terminal domain contained two interactive sequences,
oWIRRPFFPFHSR and 43SLSPFYLRPPSFLRAR. The a crystallin core domain contained four
interactive sequencesfFSVNLDVKg; (33), 11FISREFHR 20, 13.L TITSSLS135 (58), andi4iGVLTVNGP, 45

(89). The C-terminal domain contained one interactive sequeg®¥] IPITRE; e, that included the highly
conserved I-X-I/V motif. Two interactive sequencef)RFSVNLDVKHFSss and 3L TITSSLSDGVi43,
belonging to thex crystallin core domain were synthesized as peptides and assayed for chaperone activity
in vitro. Both synthesized peptides inhibited the thermal aggregati@n ofystallin, 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 subsuiiunit interactions in humauB crystallin.

The results suggested that interactive sequences in hutBacrystallin have dual roles in subunit

subunit assembly and chaperone activity.

HumanaB crystallin is a small heat shock protein (sHSP) and homology models36—47). Spectroscopic data, second-
and molecular chaperone. sHSPs are characterized by moary structure prediction, and X-ray crystal structures of two
lecular masses 043 kDa, a low degree of sequence homologous sHSP#Jethanococcus jannasciivlj) sHSP16.5
similarity, upregulation in response to environmental stress, and wheat sHSP16.9, indicated that sHSPs are characterized
and an ability to protect against the unfolding and aggregation by three structural domains, an N-terminal domain that varies
of proteins through activity as molecular chaperories?). in primary sequence, aa crystallin core domain that is
SHSPs are ubiquitous in cells and tissues throughout the plantonserved in terms of primary sequence and secondary
and animal kingdoms and are upregulated in age-relatedstructure, and a C-terminal extension that is variable in
myopathies, cardiac ischemia, and a variety of protein aggre-sequence. In the crystal structures of Mj sHSP16.5 and wheat
gation diseases, including Alexander’s disease, Alzheimer'ssHSP16.9, the N-terminal domain is largely helical or
disease, Creutzfeld-Jakob disease, and Parkinson’s diseasenstructured, thex crystallin core domain is an immuno-
(8—18). In the lens whereo crystallins comprise ap-  globulin-like fold, and the C-terminal extension domain
proximately 33% of the total protein content, the accumula- protrudes from the crystallin core domain and is unstruc-
tion of post-translational modifications is associated with tured and flexible 46). The immunoglobulin-like fold
protein unfolding that favors attractive interactions between adopted by thex crystallin core domain is # sandwich
proteins and formation of aggregates that are large enoughcomposed of two antiparall@l sheets formed by six to nine
to result in light scattering and catarad®¢30). In theory, B strands connected by loops of variable lengths. The
high concentrations ofc crystallins in lens cytoplasm can  formation of dimers in wheat SHSP16.9 is due to interactions
bind unfolding/y crystallin proteins, stabilize transparent petween thgg2 and3 strands of one monomer with tj3é
cell structure, and protect against aggregation and opacifi- strand contained in the loop connectjffgjand37 of another
cation through their function as molecular chaperods-( monomer. The C-terminal extension contains a conserved
36). In a normal lenspB crystallin is a structural protein  |-X-I/\VV motif, where | is isoleucine, V is valine, and X is
that interacts weakly with th@/y crystallins and is closely  any natural amino acid. In wheat SHSP16.9, the I-X-I motif
associated with the filament network7 38). of one monomer interacts with residues of i and38

While X-ray crystal structures exist f¢randy crystallin,  strands of another monomer to form the higher-order
the structure obB crystallin is based on spectroscopic data  dodecameric quaternary structure observed in the crystal
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Ficure 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 f)nar{d 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.

Proteolysis and domain-swapped chimeric mutantsB®f mologous to the sequencgFSVNLDVKsg, from the a
crystallin andCaenorhabditis elegansHSP12.2 indicated  crystallin core domain of humamB crystallin, was reported
that sequences in all three structural domains of SHSPs werdo have chaperone-like activity in vitr®2).
important for complex assembly and chaperone activig ( In this report, protein pin arrays identified and character-
49). The identity of specific residues or sequences in eachized interactive sequences that were mapped to a three-
domain important for the complex assembly and chaperonedimensional (3D) structural model. Seven interactive domains
activity of oB crystallin and other small heat shock proteins for chaperone function in humarB crystallin were identi-
remains to be determined. fied as sequences that interacted with denatrextystallin,

In a previous study using a protein pin array of sequential ¥D crystallin, alcohol dehydrogenase, and citrate synthase.
and overlapping 8-mer peptides of hume crystallin, the ~ Two of the interactive peptidesDRFSVNLDVKHF S5 and
interactive domains required for subungiubunit interactions 13- TITSSLSDGVu4y, were synthesized and observed to have

and complex assembly in huma crystallin were identi- chaperone activity in vitro against the thermal aggregation
fied (47). The N-terminal sequencgAFPTSTSLSPFYL- of Bu crystallin, ADH, and CS. The seven interactive
RPPSE,), threea crystallin core domain sequencesHs- sequences for chaperone function identified by the pin arrays
VNLDVK g (33), 13 TITSSLS35 (88), andiu:GVLTVNGP s overlapped with the interactive domains for subtisiibunit
(89)], and the C-terminal sequencgsPERTIPITREEKge) interactions and complex assembly identified previousH).(
were identified as subunisubunit interaction sites inB Taken together, these data suggest that interactive domains

Crysta”in_ The p|n array studies confirmed and expanded on in o.B CrySta”in mediate dual functions of Chaperone aCtiVity
spectroscopic observations, mutational studies, proteolyticand subunitsubunit assembly.

degradation experiments, and a two-hybrid screen that

characterized interactive domains in sHSPs. The subunit MATERIALS AND METHODS
subunit interactive domains identified by the pin arrays were  Synthesis of Pins, Binding, and Detection of Peptides
consistent with the dimer and complex interfacgs, (68, Binding to Ligand ProteinsThe oB crystallin protein pin

$9, and the I-X-I/V motif) identified in the crystal structures array was used to measure the extent of interaction between
of Mj sHSP16.5 and wheat sHSP16.9 with one exception. peptides and chaperone target proteins, including bgsine
The pin arrays did not identify sequences in the loop region crystallin, humanyD crystallin, equine alcohol dehydro-
connectingf5 and37 as interactive sequences for dimer- genase (ADH), and porcine citrate synthase (CS) as described
ization inaB crystallin 39, 45, 47). In separate reports using  previously (Figure 1)47). The purities of the target proteins
peptide scanning techniques, sequences for subsuliunit used in the pin array assays, bovifig crystallin, human
assembly and chaperone function were identifiedoB yD crystallin, equine alcohol dehydrogenase (ADH), and
crystallin and a small heat shock protein, SsHSPB, that were porcine citrate synthase (CS), were determined te 8%
consistent with the sequences identified by the pin arraysby SDS-PAGE. In addition, primary antibodies for each
(47, 50, 51). A sequence in the crystallin core domain of  target protein were specific to that target protein, and
oA crystallin, KFVIFLDVKHFSPEDLTVK which is ho- consequently, contaminating proteins that may bind to the
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Table 1: List of Proteins and Antibodies Used in the Protein Pin Array A8says

protein catalog no. supplier amount of protein used/well
bovinepy crystallin SPP-235 Stressgen Inc. (Victoria, BC) 070,30]]
humanyD crystallin recombinant, purified 0.Qamol
equine alcohol dehydrogenase 05646 Sigma-Aldrich (St. Louis, MO)
porcine citrate synthase 103381 Roche Diagnostics (Indianapolis, IN) uthob
antibody catalog No. supplier dilution
mouse antj3 crystallin SPA-230 Stressgen Inc. 1:1000
mouse antiy crystallin Custom 1:1000
rabbit anti-alcohol dehydrogenase AB1202 Chemicon International (Temecula, CA) 1:40000
mouse anti-citrate synthase RBCBL 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.

peptides will not be detected. Eighty-four sequential and (MOE) (Chemical Computing Group, Inc., Montreal, PQ)
overlapping peptide fragments corresponding to residueswas used to construct the 3D homology model of human
1-175 of humaruB crystallin were synthesized employing oB crystallin as described previouslyd). The software
a simultaneous peptide synthesis strategy developed byincluded modules for multiple-sequence alignment, structure
Geysen, called multipin peptide synthesis (Mimotopes, San superposition, contact analysis, fold identification, analysis
Diego, CA) 63, 54). Peptides were immobilized on deriva- of the stereochemical quality of the predicted models which
tized polyethylene pins arranged in a microtiter ELISA plate takes into account parameters such as planarity, chirality,
format. Each peptide was eight amino acids in length, and andy preferencesy angles, nonbonded contact distances,
consecutive peptides were offset by two amino acids. All and unsatisfied donors and acceptoES)( The wheat
peptides were bound covalently to the surface of the plasticSHSP16.9 crystal structure was chosen as the template for
pins. The first peptide wadMDIAIHHP g and the last peptide  the homology modeling of humaiB crystallin because the
168PAVTAAPK 175 for humanaB crystallin. All proteins and sequence of wheat sHSP16.9 is most similar with that of
antibodies were purchased from suppliers as listed in TablehumanaB crystallin (40% in theo crystallin core domain
1. and 25.4% overall) of all the available crystal structures of
Human myoglobin did not interact with theB crystallin SHSPs. In building the homology model of humam
peptides and was the negative control for the protein pin crystallin, the primary sequence of humaB crystallin was
array assay47). Positive interactions resulted in the blue aligned with the template protein, wheat sHSP16.9 primary
color in the wells of the ELISA plate. The intensity of the sequence using Clustal’s, 57). The predicted secondary
blue color in the wells was measured at 450 nm using an structure of humaiB crystallin was then obtained (JPred)
ELISA plate reader (BioTek, Winooski, VT). The intensity and verified with the available spin labeling information for
of the blue color (plotted on th¥-axis) was a measure of the structural elements5@). The secondary structure of
the level of interaction betweenB crystallin peptides humanoB crystallin was then aligned structurally with the
(plotted on theY-axis) and target proteins. To measure the observed secondary structure of wheat sHSP16.9. This
effect of temperature on the interactions between interactive alignment was used to create a series of 10 energy-minimized
peptides and the target proteins, the target proteins weremodels in MOE. Each model was evaluated using the
heated in a water bath at 48 for 15 min prior to use. Pin ~ ModelEval module of MOE, and the best fit was selected
arrays are unable to differentiate between monomers, dimersas the final model and verified with Proched9). TheaB
or oligomers of target proteins that exist in solution. Instead, crystallin 3D model computed on the basis of the X-ray
pin arrays are very sensitive detectors of interactions betweencrystal structures of wheat sHSP16.9 and Mj sHSP16.5 was
individual peptides and the entire population (monomers, consistent with the electron spin resonance (ESR) data and
dimers, or oligomers) of specific target proteins that may previous homology models aiB crystallin 68, 60—63).
exist in solution under specific conditions. Each target protein When the 3D homology model o&iB crystallin was
was assayed two to five times. A single pin array was used superimposed on the crystal structures of wheat sHSP16.9
for all experiments, and no change in interactions was ob- and Mj sHSP16.5, the €root-mean-square deviation of the
served after more than 30 repetitions. The last three peptidedit was 3.25 A @7). Superimposition of the conserved
of the protein pin array,edREEKPAVT176, 16sEKPAVTAA 175, crystallin core domains of the three structures resulted in a
and1sPAVTAAPK 174 correspond to the epitopesfREEK- Ca root-mean-square deviation of 2.06 A. Hydrophobic
PAVTAAPKK 175) recognized by the primary antibody for surface areas formed by the chaperone sequences were
humanaB crystallin. A positive reaction is observed for these calculated by a custom script provided by the manufacturer
three peptides in the absence of hunedhcrystallin as the  (Chemical Computing Group, Inc.). Graphical representations
ligand due to direct binding of the anti-humas crystallin of humanaB crystallin were made using PyMol and MOE.
antibody to these three peptides. The loss of efficiency for
the pin array was measured using this assay. The loss oiRESULTS

efficiency for the pin array was determined to k8% after Interactive Sites fofy andyD Crystallin inoB Crystallin.
more than 30 assays. Protein pin arrays enabled the identification of interactive
Molecular Modeling of HumanB Crystallin. The homol- sequences necessary for the chaperone activity of haBan

ogy modeling program Molecular Operating Environment crystallin. Interactions between immobilized 8-mer human
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Interaction of human aB crystallin peptides with human By crystallin
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Ficure 2: Pattern of interactions between hunwB crystallin 8-mer peptides immobilized on pins and unheg@gdrystallin at 23°C

and By crystallin preheated at 45C for 15 min. The amino acid sequences of each 8-mer humiarrystallin peptide immobilized
sequentially on 84 pins in a 96-well ELISA plate format are listed onais. The absorbances measured at 450 nm for the interactions
between thexB crystallin peptides and unheatgd crystallin (striped bars) or preheatgd crystallin (white bars) using an ELISA-based
colorimetric method are listed on the primafyaxis. The length of the bars is proportional to the strength of the interaction of that peptide
with unheated or preheated hum@an 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 pregheatestallin. An absorbance value f0.134

with preheategiy crystallin was considered the baseline for nonspecific interactions. The interaction of the majority of peptides (56 of 84)
was stronger with preheatedy, crystallin than with unheatefly crystallin. The difference in the measured absorbarge@45 °C —
As0@RT) for each peptide represents the increased or decreased level of interaction of that peptide with preheatgd ¢tnystatin
relative to unheategdy, crystallin (plotted to the right as black bars). Overall, the interaction betw®earystallin peptides was stronger

with preheate¢by crystallin than with unheate@y crystallin.

oB crystallin peptides and unheated and prehegigd  WIRRPFFRg, 4sSPFYLRPR,, 4/FYLRPPSkE,, s5:PPSFL-
crystallin, a natural protein constituent of lens cells, were RAPsg, sgRLEKDRF S5, 7sFSVNLDVK gy, gsl KVKVLGD g,
assessed as absorbances at 450im@mnd 23°C. Maximum 113FISREFHR 20, 121KYRIPADV 128, 13L TITSSLS 35 14:1GV-
absorbances were measured for the peptide sequenceETVNGP4s and s/RTIPITRE, when unheate@y crys-
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Table 2: List ofaB Crystallin Peptides that Recorded the Highest Absorbances in the Presence of Unheated and Pieepstallin, yD
Crystallin, ADH, and CS

region Pu crystallin yD crystallin ADH CS common
N-terminus 3slAIHHPWI 19
N-terminus JWIRRPFFP 6 WIRRPFFP 6 WIRRPFFP 6 WIRRPFFP 6
N-terminus ~PFFPFHSR +PFFPFHSR, ~FPFHSPSR SWIRRPFFPFHSR
N-terminus 2sDQFFGEHLg; 2FFGEHLLE,
N-terminus 37LFPTSTSL4
N-terminus 15SPFYLRPR; 4SLSPFYLR, 4SLSPFYLR, 4SLSPFYLR,
N-terminus ~ 4FYLRPPSE, +FYLRPPSE, +L RPPSFLRs +FYLRPPSE, 435L.SPFYLRPPSFLRAR
N-terminus 5:PPSFLRARg s:S5FLRAPSW, s RAPSWFD;
core domain so0RLEKDRFS sRLEKDRFS¢ FSVNLDVK
coredomain  7sFSVNLDVK g, 7SVNLDVK g, 7 SVNLDVK gz 7SVNLDVK g, & 82
core domain gL KVKVLGD g6
core domain 113F|SREFHR20 11HGF|SREE;{3 115|SREFHR_20 3F|SREFHR
core domain  12KYRIPADV 158 11EFHRKYRI124 11 SREFHRK Y22 1 20
core domain 131LT|TSSLS 138 13LT|TSSLS 138 13LT|TSSLS 138 13LT|TSSLS 138 131LT|TSSLS_|_33
core domain 1416VLTVNG P14g 14£3VLTVNGP148 14;EJVLTVNG P14g 144.TVNGPRK150 14;EJVLTVNGP148
C-terminus 157RT|P|TRE154 15‘,RT|P|TRE154 15‘RT|P|TRE154 15‘,RT|P|TRE164

aColumn 1 lists the region aiB crystallin where each chaperone sequence is located. Column 2 lists the interactive sequeBaaystallin
for humangy crystallin. Column 3 lists the interactive sequenceahcrystallin for humarnyD crystallin. Column 4 lists theB crystallin peptide
chaperone sequences for ADH. Column 5 listsdBecrystallin 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.

tallin was the target protein (Figure 2, striped bars). Similar at 45 °C for 15 min. The measured absorbances for the
absorbance maxima were measured for interactions betweememaining 12 peptides were similar in magnitude for both
aB crystallin peptides an@y crystallin that was preheated unheated and preheatgd crystallin.aB crystallin peptides

at 45°C for 15 min (Figure 2, white barspB crystallin that had the highest absorbances with unheated or preheated
peptides that had positive interactions with unheated andyD crystallin were flanked on either side by one or two
preheatedy crystallin were identical and differed only in  overlapping peptides with lower absorbances giving the
the magnitude of the observed absorbances (Figure 2, blackappearance of a peak. The overlapping flanking peptides were

bars). For all sequences in the pin array, 80 of && shifted toward the N- or C-termini by two amino acids from
crystallin peptides had higher absorbances with preheatedthe peptide recording the maximum absorbance. Peptides
Bu crystallin than with unheatefly crystallin (Ass0@45°C with the maximum difference in magnitude of absorbance

— Ays0@23°C > 0), while the absorbances of the remaining (A4s0@45 °C — A450@23 °C) in each peak were listed in
four peptides were similar for preheated and unhe@ed column 3 of Table 2. Far-UV CD spectroscopy indicated
crystallin (Ays0@45°C — Ays0@23°C ~ 0). Peptides with that the loss of secondary structuredd crystallin upon
maximum absorbance were flanked on either side by one orheating at 45C for 15 min was<10%, and the ellipticity
two overlapping peptides with lower absorbances giving the value of the major absorption peaks in the near-UvV CD
appearance of a peak. The overlapping flanking peptides werespectrum of preheateeD crystallin decreased by less than
shifted toward the N- or C-termini by two amino acids from 25% (Figures 4b and 5b).
the peptide recording the maximum absorbance. Peptides Chaperone Sites for ADH and CS @B Crystallin. In
with the maximum difference in the magnitude of absorbance addition to interactions with physiological target proteins in
(As50@45 °C — Asiso@23 °C) in each peak are listed in  the /y crystallin family, interactions of theB crystallin
column 2 of Table 2. Far-UV CD spectroscopy indicated peptides with unheated and preheated chaperone target
that the loss of secondary structure @&f crystallin upon proteins, alcohol dehydrogenase (ADH), and citrate synthase
heating at 45C for 15 min was<10%, and the ellipticity (CS) were assessed. Prior to use in the pin array assay, the
value of the major absorption peaks in the near-UV CD secondary structures @ crystallin, yD crystallin, ADH,
spectrum of preheatel; crystallin decreased by less than and CS were determined using far-ultraviolet circular dichro-
20% (Figures 4a and 5a). ism (UV CD) at 23°C, after heating at 48C for 15 min
When By crystallin was replaced witlyD crystallin, a and after heating at 50C for 60 min (Figure 4). The
native protein constituent of lens cytoplasm from the same maximum ellipticity @may for Su crystallin was observed
gene family as thg crystallins, as the ligand in the pin array, to be at 214 nm A) at all three temperatures, and the
12 interactive sequences were identified (Figure 3, striped magnitude of the maximum ellipticitymay) decreased from
bars). The 12 peptides that recorded maximum absorbances-5576 deg cridmol~* at 23°C to —5043 deg crhidmol™
at 450 nm {) with unheatedyD crystallin wereslAIHH- after heating at 45C for 15 min and to—4501 deg cr
PWlyo, sWIRRPFFRs, 21PFFPFHSR, 2sDQFFGEHLs,, dmol?! after heating at 50°C for 60 min (Figure 4a).
43SLSPFYLR, 4FYLRPPSE,, 5,.SFLRAPSW,, 7sFSVNLD- Similarly, the ®max for yD crystallin was observed to be at
VK gy, 111HGFISRER1g 117/EFHRKYRI 24, 131 TITSSLS; 3, 217 nm ¢) at all three temperatures, and the magnitude of
and 14:GVLTVNGP4s Maximum absorbances were mea- Ona decreased from-5571 deg crhidmol™ at 23°C to
sured at similar peptide sequencestB crystallin whenyD —5150 deg crhidmol™ after heating at 453C for 15 min
crystallin was preheated at 46 for 15 min (Figure 3, white  and to—4719 deg crhdmol* after heating at 50C for 60
bars). The magnitude of the absorbances was higher at 5@min (Figure 4b). Theé . for ADH was at 215 nmJ), and
of 84 aB crystallin peptides (Figure 3, black bars) and lower the magnitude of th@,« decreased from-5190 deg crh
at 16 of the 84 peptides wherD crystallin was preheated dmol ! at 23°C to —5139 deg cridmol ! after heating at
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Interaction of human aB crystallin peptides with human yD crystallin
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Ficure 3: Pattern of interactions between hunma@ crystallin 8-mer peptides immobilized on pins and unheat@ccrystallin at 23°C

and yD crystallin preheated at 45C for 15 min. The amino acid sequences of each 8-mer humiwrystallin peptide immobilized
sequentially on 84 pins in a 96-well ELISA plate format are listed onais. The absorbances measured at 450 nm for the interactions
between thexB crystallin peptides and unheateB crystallin (striped bars) or preheatgd crystallin (white bars) using an ELISA-based
colorimetric method are listed on the primafyaxis. The length of the bars is proportional to the strength of the interaction of that peptide
with unheated or preheated humab crystallin. Interactions were not observed at every peptide, and there were distinct patterns of interactions
with both unheated and preheated crystallin. An absorbance value &f0.348 with preheategD crystallin was considered the baseline
for nonspecific interactions. The interaction of the majority of peptides (56 of 84) was stronger with preppategstallin than with
unheated/D crystallin. The difference in the measured absorbafge@45°C — A4so@RT) for each peptide represents the increased or
decreased level of interaction of that peptide with preheated hybasrystallin relative to unheategD crystallin (plotted on the right as
black bars). Overall, the interaction betweeB crystallin peptides was stronger with preheajdd crystallin than with unheategD
crystallin.

45 °C for 15 min, indicating a<1% loss of secondary loss of secondary structure upon heating at’60(Figure
structure upon heating at 4& (Figure 4c). The magnitude  4c). The®naxfor CS was at 215 nmif, and the magnitude
of the Omax of ADH further decreased te-2523 deg crh of the ®nax decreased from-13076 deg crhdmol? at 23
dmol* after heating at 50C for 60 min, indicating & 50% °C to —11070 deg crhdmol after heating at 48C for 15
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Ficure 4: Far-UV CD ofpy crystallin,yD crystallin, alcohol dehydrogenase (ADH), and citrate synthase (CS). Spectra were collected for
Bu crystallin (A), yD crystallin (B), ADH (C), and CS (D), at 23, 45, and 8G. The UV CD spectra oy andyD crystallin remained

largely unchanged between 23 and 3D (83, 84). The spectra for ADH at 23 and 4% were similar, while at 50C, 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 that crystallin andyD crystallin were thermostable and remained folded up t6G0

and ADH remained folded up to 4%C but unfolded at 50C. 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:ADS! > fy crystallin~ yD

crystallin.

min, indicating an~15% loss of secondary structure upon cn? dmol! at 23°C to 24.22 deg cidmol* upon heating
heating at 45C (Figure 4d). When CS was heated at°&D Bu crystallin at 45°C for 15 min, indicating partial unfolding
for 60 min, the®x of CS decreased te-648 deg cri at 45°C, and to 15.78 deg chdmol™ upon heating at 50
dmol™?, indicating a>95% loss of secondary structure at °C for 60 min, indicating substantial unfolding at 3C
50 °C (Figure 4d). (Figure 5a). The maximum absorption peak;far crystallin
Prior to use in the pin array assay, the tertiary structures was at 269 nmA) at 23°C. The magnitude of the absorption
of Bu crystallin, yD crystallin, ADH, and CS were deter- peak at 269 nmA) decreased from 17.26 deg €imol*
mined using near-ultraviolet circular dichroism at°Z3 after at 23°C to 12.74 deg cidmol~* upon heating/D crystallin
heating at 45C for 15 min and after heating at 5C for at 45°C for 15 min, indicating partial unfolding at 4%,
60 min (Figure 5). The maximum absorption peak far and to 6.75 deg cidmol™ upon heating at 50C for 60
crystallin was at 267 nmij at 23°C. The magnitude of the  min, indicating substantial unfolding at 3C (Figure 5b).
absorption peak at 267 nni)(decreased from 30.71 deg The maximum absorption peak for ADH was at 270 i (
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Ficure 5: Near-UV CD offy crystallin,yD crystallin, ADH, and CS. Spectra were collected farcrystallin (A), yD crystallin (B), ADH
(C), and CS (D) at 23, 45, and 5C. The ellipticity of the absorption peaks in the near-UV CD spectrAiofrystallin, yD crystallin,
ADH, and CS decreased by 260% upon heating at 45C for 15 min.

at 23°C. The magnitude of the absorption peak at 270 nm 13,L TITSSLS135, 141GVLTVNGP145 and 15RTIPITREs,
(1) decreased from 44.27 deg tamol* at 23°C to 14.23
deg cni dmol™* upon heating ADH at 45C for 15 min,
indicating partial unfolding at 48C, and to—2.37 deg crh
dmol~! upon heating at 50°C for 60 min, indicating

substantial unfolding at 50C (Figure 5c¢). The maximum

absorption peak for CS was at 257 niA) at 23°C. The

magnitude of the absorption peak decreased at 2574pm (

from 42.54 deg crhdmol?! at 23 °C to 25.20 deg cfh
dmol~! upon heating CS at 43C for 15 min, indicating
partial unfolding at 45C, and to 20.95 deg chamol™* upon

heating at 50C for 60 min, indicating substantial unfolding

at 50°C (Figure 5d).

The pattern of absorbance at 450 n#) (vhen oB
crystallin peptides were assayed with unheated and preheateavere flanked on either side by one or two peptides with
ADH was similar to the absorbance pattern obtained with smaller differences in magnitude of absorbances giving the
unheated and preheatgd/yD crystallin (Figure 6). Maxi-
mum absorbances were measured for tt2 crystallin
peptide sequenceSVIRRPFFRg, 13PFFPFHSR, ,7FFGE-
HLLE34, 37LFPTSTSLy, 43SLSPFYLRo, 4sLRPPSFLRs,

6oRLEKDRF S,

75FSVNLDVK gy,

115SREFHRKY:2y,

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 45C for 15 min Qus¢@45°C —
Ays0@23°C > 0), while the absorbance for the remaining
50 peptides was similar for preheated and unheated ADH
(Asso@45 °C — Aus0@23 °C ~ 0). The difference in
magnitude of the absorbance of an interactive peptide
sequence with preheated and unheated ABIHy@45 °C

— Aiso@23 °C) was a measure of the increased level of
interaction of that peptide with preheated ADH relative to
that with unheated native ADHB crystallin peptides that
had the highest difference in magnitude of absorbances with
preheated and unheated ADPL{@45°C — As50@23°C)

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 absorbanc@f(@45 °C — Ass0@23 °C) in
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Interaction of human oB crystallin peptides with alcohol dehydrogenase
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ADH.
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FIGURE 6: Pattern of interaction between humaB crystallin peptides and ADH. Th¥é-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 ADNg@45°C — A4;sod@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 barXeaxtee 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 betweBrcrystallin peptides was stronger with preheated unfolded ADH

than with unheated native ADH. An absorbance differerfego@45°C — Ass0@RT < 0.05) was considered the baseline.

Amino acid sequence of peptides

each peak were listed in column 4 of Table 2. The results 7). Ten sequences in huma crystallin (WIRRPFFRg,
confirmed that the interaction between hunedh crystallin 23FPFHSPSR), 43SLSPFYLR, 47FYLRPPSKE,, ssL RAPS-
was stronger with preheated ADH than with unheated native WFDeg;, 7sFSVNLDVKgy, 113FISREFHR 20, 131L TITSSLS; 36,
ADH. 143 TVNGPRK 50, and157RTIPITRE164) were identified by

The pattern of absorbance at 450 nit) (vhen aB their absorbance maxima in the presence of CS as the target
crystallin peptides were assayed with unheated and preheategrotein in the pin array assagB crystallin peptides that
CS was similar to the absorbance pattern obtained with had the highest differences in magnitude of absorbances with
unheated and preheatg8d/yD crystallin and ADH (Figure preheated and unheated C&s@45 °C — Ass0@23 °C)
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Interaction of human oB crystallin peptides with citrate synthase
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Interaction between peptides with
unfolded CS is stronger than the
interaction with native CS.

\ \
A450nm @ 45°C > A450nm @ RT

Amino acid sequence of peptides
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FiGure 7: Pattern of interaction between humaB crystallin peptides and CS. Théaxis 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 B8,@45°C — A4so@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 horizontaDbakisn Sleventy-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 betaBesrystallin peptides was stronger with preheated unfolded CS than

with unheated native CS. An absorbance differeregy@45 °C — A4s0@RT < 0.11) was considered the baseline.

were flanked on either side by one or two peptides with lower interaction of that peptide with preheated unfolded CS
differences in magnitude of absorbances giving the appear-relative to that with unheated native CS. The extent of
ance of peaks. The overlapping flanking peptides were shiftedinteraction of 72 of 84(B crystallin peptides increased when
from the peak peptide toward the N- or C-termini by two CS was preheated at 4% for 15 min @ys0@45 °C —
amino acids from the peptide recording the maximum Ass0@23°C > 0), while the absorbance for the remaining
absorbance. The difference in magnitude of absorbance forl2 peptides was similar for both native and partially unfolded
each peptide with partially unfolded and native @g{@45 CS Aus0@45 °C — Ay50@23 °C ~ 0). Peptides with the
°C — Ass0@23 °C) represented an increased level of maximum difference in magnitude of absorbandg{@45

o
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FicurRe 8: Chaperone assays of two positive interactive sequepRFSVNLDVKHFSs and 3L TITSSLSDGV, 43, and a noninteractive
sequenceyHGKHEERQDE 2, from thea crystallin core domain of humamB crystallin (control). (A) The extent of thermal aggregation

of chaperone target protei crystallin, ADH, and CS in the absence of peptides was measured as light scattering at 340 Baclf

target protein was heated at 80 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 @Rcrystallin, 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, €SADH > j, 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 7;s3DRFSVNLDVKHFSgs, 13 L TITSSLSDGV4;, and11:HGKHEERQDE ;0 sequences to protect against the thermal aggregation of

Bu 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 offy 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 GPRFSVNLDVKHFSss and

13L TITSSLSDGV141. The control peptide;;HGKHEERQDE, conferred partial protection against the aggregation of CS.

°C — Aiso@23°C) in each peak were listed in column 5 of Chaperone Assays of the Intera&i SequencesTwo
Table 2. The increase in the magnitude of the absorbancesB crystallin sequences;sDRFSVNLDVKHFSs and
of the peptides with preheated CS indicated tcrystallin 13L TITSSLSDGW 44, that were in the conservedcrystallin
peptides had a stronger interaction with preheated partially core domain and were observed to have positive interactions
unfolded CS than with unheated native CS. with preheated target proteins in the pin array were synthe-
Seven interactive sequences for chaperone functioBin  sized to determine their chaperone activity in vitro. The
crystallin GWIRRPFFPFHSR, 43SLSPFYLRPPSFLRAR, chaperone activity of the peptides was measured as their
75sFSVNLDVKgy, 11FISREFHR 0, 131L TITSSLS; 35 141GV- ability to protect against the thermal aggregation of three
LTVNGPy4s and ;sRTIPITRE,) were identified as se- chaperone target proteing, crystallin, ADH, and CS, in
guences that had the strongest interactions with the modelchaperone assays performed at “&D (Figure 8). A non-
chaperone target proteins, ADH and CS, and the physiologi-interactiveoB crystallin sequence,;;HGKHEERQDE,
cal proteinsSu/yD crystallin, that were preheated at 46 was used as the negative control in the chaperone assays
for 15 min (column 6 of Table 2). Two of the chaperone (Figure 8). On the basis of near- and far-UV CD, the three
sequences are in the N-terminal region, and four are target proteins unfolded in the order C& ADH > Sy
nonoverlapping chaperone sequences in the consexved crystallin when they were heated at 8D for 60 min (Figures
crystallin core domain; a single nonoverlapping chaperone 4 and 5). The extent of thermal aggregatiofafcrystallin,
sequence is in the C-terminal extensionods crystallin. ADH, and CS was measured as light scattering at 340 nm
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Ficure 9: Comparison of the peptides identified using the humBrcrystallin pin arrays with previously reported interactive sequences

for aB crystallin. Sequences identified as interactive domains important for chaperone activity using protein pin arrays are boxedl. Subunit
subunit interaction sites identified by the protein pin arrays are highlighted in gray. Site-specific mutations that altered the chaperone
function of aB crystallin are shown below the residue(s) that were substituted or delgjedl{e secondary structure ofB crystallin

predicted by ESR and homology modeling is shown in the formy afymbols which represent helices alldsymbols which represeit

strands 47, 60, 62). All reported point mutations that were observed to have an effect on the chaperone actiBtgystallin overlapped

with the consensus sequences for chaperone function identified by the pin array assays. The sequence identified by Sreelakshmi et al. (
is shown in italics.

(4) in the presence and absence of each peptide. Theresembling an immunoglobulin-like fold, which is charac-
chaperone activity of each peptide was calculated as theteristic of small heat shock proteins. Tfestrand residues
percent protection in which the aggregation of each target that were oriented internally stabilized the structure ofthe
protein in the absence of any peptides was set at 0%sandwich. Side chains that were oriented externally contrib-
protection (Figure 8). The interactive peptide®RFS- uted to the interactions with chaperone target proteins.
VNLDVKHFSgs and 13L TITSSLSDGV 4, were effective Residues in the N- and C-termini did not appear to be
inhibitors of aggregation of all three chaperone target involved directly in the tertiary structure of thecrystallin
proteins. The greatest protection was observed with CS, thecore domain. The core domain sequengfISREFHR 2
target protein that was the most unfolded upon heating atformed part of the loop region that connected the o
50 °C. Less protection was observed with the partially sheets of the core domain and contributed to its structural
unfolded target proteing3y crystallin and ADH. A 50:1 integrity. The accessible surface area of the exposed residues
peptidefSy crystallin/ADH molar ratio resulted in approxi- of the N-terminal interactive sequences was calculated to
mately 30% protection for botby crystallin and ADH, while be 71% hydrophobic, followed by the C-terminal extension
a 10:1 peptide:CS molar ratio resulted in greater than 70% region that was 69% hydrophobic and therystallin core
protection of CS against thermal aggregation. No protection domain that was 64% hydrophobic. The proportion of
against aggregation was observed with the control peptide,hydrophobic surface over the interactive sequences was
111HGKHEERQDE,, even at a 50:1 molar ratio. consistent with the importance of hydrophobic interactions
Mapping Chaperone Sites to the 3D Structure of Human in the recognition of unfolding proteins by sHSP molecular
aB Crystallin. The seven sequences identified as interactive chaperones52, 64—69).
domains for chaperone function in humaB crystallin using
protein pin arrays (column 6 of Table 1) were assigned DISCUSSION
secondary structure based on electron spin resonance (ESR) Small heat shock proteins (SHSPs) make up a family of
and homology modeling data (Figure §)VIRRPFFPFHSR stress proteins and molecular chaperones with molecular
in the N-terminal region,1FISREFHRin the loop region  masses of up to 43 kDa that contain an N-terminal domain
of the a crystallin core domain, ang/RTIPITREe4 in the variable in length and primary sequence, a consemed
C-terminal region were unstructured motifs, Whi$§LSP-  crystallin core domain, and a C-terminal extension domain
FYLRso (a3) and sFYLRPPSE, (a4) formed a helix- that contains the highly conserved I-X-I/V motif. In this
turn—helix motif in the N-terminal region. The remaining report, protein pin arrays identified seven interactive se-
peptides,;sFSVNLDVKs;, (83), 131l TITSSLSi3s (58), and quences WIRRPFFPFHSR, 43SLSPFYLRPPSFLRAR,
141IGVLTVNGP145 (89), formed thregd strand motifs in the  ;sFSVNLDVKsy, 1:FI1SREFHR g, 13.L TITSSLS 35 14:GVL-
o crystallin core domain (Figure 9). TVNGPus andisRTIPITRE,s) as being important for the
The observed interactive domains were mapped to achaperone activity of humamB crystallin using endogenous
computed 3D homology model of humaB crystallin to target proteingu/yD crystallins and nonphysiological targets
identify the 3D structure of the interactive chaperone ADH and CS. Although it is possible that interactions of
sequences (Figure 10a). A space-filling model of the human aB crystallin with native8y crystallin andyD crystallin that
aB crystallin was generated to view and analyze the require secondary structure might evade detection by the
interactive domains for the chaperone function B protein pin arrays, it is likely that the pin arrays identified
crystallin (Figure 10b). The three interactive sequen@8s (  most sequences involved in the interactionsBfcrystallin
/38, andp9) appeared to form one of the external surfaces with native 8y crystallin andyD crystallin. The interactive
of the a crystallin core domain, @ sandwich structure  peptides identified by the pin arrays were not the most
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Ficure 10: Three-dimensional map of theB crystallin interactive domains. Interactive domains of hura@ncrystallin identified by the

pin arrays are colored red, while noninteractive regions are colored blue. (A) Ribbon representation of the secondary and tertiary structure
of humanaB crystallin. The sequence®VIRRPFFPFHSR, 113FISREFHR 0, and;sRTIPITRE;s4 did not have secondary structure. The
sequence;sSLSPFYLRPPSFLRAR, formed the a3—turn—a4 motif, while the sequencegFSVNLDVKg,, 13l TITSSLS;35 and
11GVLTVNGP, 45 formed 3 strand motifsf3, 48, andj9, respectively. (B) Solid models of the 3D structure of hunod crystallin.
Surfaces of residues in the interactive domaiMélRRPFFPFHSR, 43SLSPFYLRPPSFLRAR, sFSVNLDVKg,, 113FISREFHR

131L TITSSLS 138 141GVLTVNGP45 and 1s/RTIPITREs, that are solvent accessible are colored pink. The surfaces of residues in the
noninteractive regions aiB crystallin are colored gray. Seventy-two percent of the collective accessible surface area of the N-terminal
sequencesWIRRPFFPFHSR and 4sSLSPFYLRPPSFLRAR was hydrophobic; 67% of the collective accessible surface area af the
crystallin core domain sequencesiSVNLDVKg; (53), 13LTITSSLS 35 (58), and14:GVLTVNGP, 45 (59), was hydrophobic. The loop
region sequenceg FISREFHR,o was 61% hydrophobic, and the C-terminal extension sequgfR&IPITRE;s, was 59% hydrophobic.

hydrophobic peptides in the huma crystallin protein pin 70—75). Mutagenesis ofiB crystallin in which deletions of
array. On the basis of the hydrophobicity values provided the C-terminal extension included arginine 157 resulted in
by the manufacturer, the interactive peptid¥¢lRRPFF- diminished chaperone activity in vitro when compared to
PFHSRB,, 4sSLSPFYLRPPSFLRAR, and 13L TITSSLS;35 that of full-lengthaB crystallin (76). Arginine 157 is present
were quite hydrophobic. Fourteen noninteractive peptidesin the ;s/RTIPITREss4 chaperone sequence identified by the
in the humanaB crystallin pin array were more hydro- pin arrays. X-ray solution scattering on a truncation mutant
phobic than the remaining interactive peptides, of aB crystallin @B crystallin 574157) indicated that the
7sFSVNLDVKg,, 11FISREFHR 20, 141GVLTVNGP,45 and o crystallin domain in the absence of the N- and C-terminal
15RTIPITREs4 (47). extensions formed dimers and had decreased chaperone-like
Far-UV CD analysis indicated that there was #0% loss activity in vitro as compared to full-lengiaB crystallin (77).
of secondary structure @f; crystallin andyD crystallin when When two consensus chaperone sequengBRESVNLD-
they were heated at 48C for 15 min. However, the  VKHFSgs and 13L TITSSLSDGW41) belonging to thea
magnitude of the absorption peaks in the near-UV CD spectracrystallin core domain were synthesized and tested for
of By crystallin andyD crystallin decreased by20—25%, protection against thermal unfolding and aggregation of
which indicated conformational changes in the tertiary chaperone target proteifig crystallin, ADH, and CS in vitro,
structures of those proteins. In the absence of significant a substantial protective effect was observed. The chaperone
unfolding and loss of secondary structure/&f crystallin assays confirmed that the sequences identified using the pin
andyD crystallin as determined by far-UV CD, the increased array were important for the chaperone activity @B
level of interaction between interactiud3 crystallin peptides  crystallin and were consistent with an earlier study in which
and preheatefly crystallin andyD crystallin suggested that  hydrophobic probes and chaperone assays identifiedBhe
the interactive domains @fB crystallin detected conforma-  crystallin sequencesDRFSVNLDVKg, as an interactive
tional changes in tertiary structure that resulted from preheat-sequence for chaperone activity8f. Selected point or
ing fn crystallin andyD crystallin. It appeared that the pin  combination mutations in the interactive sequencesB®f
arrays are as sensitive as near-UV CD in detecting perturba-crystallin can be expected to improve or diminish chaperone
tions in the tertiary structure of unfolded proteins. activity. A higher concentration of both peptides was required
Two of the seven chaperone sequences were in theto protect against the aggregationgf crystallin and ADH
N-terminus and four in the conserved crystallin core than to protect against the aggregation of CS. Circular
domain, and one was in the C-terminal extension containing dichroism analysis indicated tha, crystallin was partially
the highly conserved I-X-1/V motif. The pin array results unfolded and both ADH and CS were almost completely
suggested that point mutations within the interactive domains unfolded at 50°C. Taken together, the chaperone assay and
can be expected to modify the chaperone activityo&f circular dichroism data suggested that the peptides were more
crystallin and point mutations outside the interactive domains efficient in protecting against the aggregation of a completely
can be expected to have little or no effect on chaperone unfolded protein and less efficient in protecting against the
activity. While systematic studies have not been reported for aggregation of partially unfolded or nativelike proteins.
the sequence motifs identified using the pin arrays to date, The interactive sequences identified using the pin arrays
literature results are consistent with the suggestion that thewere mapped onto a 3D model aB crystallin to analyze
sequences identified by the pin arrays are important motifs the structural topography of the chaperone interfd@. (n
for the chaperone-like activity of humarB crystallin 63, the absence of an X-ray crystal or NMR structure, it was
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observed that superposition of the computdsl crystallin
homology model with the crystal structure of Mj sHSP16.5
and wheat sHSP16.9 was remarkable withoar@ot-mean-
square deviation of 2.06 A for the crystallin core domain
(39, 45). Secondary structure was assigned to the interactive

Biochemistry, Vol. 44, No. 45, 20094867

chaperone target proteins and collectively formed an external
surface that was 67% hydrophobic was previously identified
as the interface for the assembly of humaB crystallin
subunits using pin arrayd?). The interface provides residues
for both hydrophobic and hydrophilic interactions with native

sequences identified by the pin arrays on the basis of electronproteins (A and aB crystallin) as well as with unfolding
paramagnetic resonance data (EPR) and a multiple-sequencehaperone target proteinS{ crystallin andyD crystallin).

alignment of humanB crystallin with the crystal structures
of wheat sHSP16.9 and Mj sHSP1639(45, 58, 62). The
N-terminal chaperone sequeng®d/IRRPFFPFHSR, was

unstructured and formed a surface that was 70% hydropho-

bic, while the sequencgSLSPFYLRPPSE 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 a crystallin core domain 7/fFSVNLDVKg, (53),

131L TITSSLS135 (58), and141GVLTVNGP,45 (59)] were 3
strands and formed a surface that was 67% hydrophobic.
The C-terminal chaperone sequenedRTIPITRE4 cON-
taining the highly conserved I-X-1/V motif was unstructured
and formed a surface that was 59% hydrophobic. The
chaperone sequencgSLSPFYLRPPSE, ;sFSVNLDVKg,,
131LTITSSLS135 141GVLTVNGP145 and 15:RTIPITRE64
identified in this report overlapped significantly with se-
quences identified previously as subutstibunit interaction
sites inaB crystallin using protein pin arrays (Figure 9,
shaded residuesy(). The sequencg;SLSPFYLRPPSE
identified by the pin arrays is a subset of the sequence
42T SLSPFYLRPPSFLR4, previously reported as an inter-
active region inoB crystallin that interacts with humamA
crystallin 60, 51). Both synthesized peptidessDRFS-
VNLDVKHFSgs and;3,L TITSSLSDGV, 4, that protectegsy
crystallin, ADH, and CS from aggregation were previously
identified as interactive sequences for subtsitbunit
interactions imB crystallin @7). The results suggested that
interactive sequences B crystallin may have dual roles

in subunit assembly and chaperone function, which is
consistent with previous mutagenesis data in which loss of

The structure of thex crystallin core domain is highly
conserved in the small heat shock protein family, and
sequences homologous to theB crystallin chaperone
sequencesFSVNLDVKs,, 11 ISREFHR0, 13L TITSSLS; 34
and;41GVLTVNGP,45in 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-lengitB 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 (3 crystallin andyD crystallin). Protein pin arrays
were effective in identifying proteinprotein interactive
domains in humaroB 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 andycobacterium tuberculoseHSP16.3,

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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