6308 Biochemistry2007,46, 6308-6317

Interactions between Important Regulatory Proteins and HunBacrystallin®
Joy G. Ghosh;#' Ananth K. Shenoy, J&/! and John I. Clark* 8"

Biomolecular Structure and Design, Department of Biological Structure, and Department of Ophthalmology,
University of Washington, Seattle, Washington 98195-7420

Receied January 24, 2007; Resed Manuscript Receéd March 21, 2007

ABSTRACT. Protein pin arrays assessed interactions betwe®rcrystallin and 12 regulatory proteins,
including EGF, FGF-2, IGF-1, NGB; TGF{3, VEGF, insulin,3-catenin, caspase-3, caspase-8, Bcl-2,
and Bcl-x, which are important in cellular differentiation, proliferation, signaling, cytoskeletal assembly,
and apoptosis. FGF-2, NGF- VEGF, insulin, and3-catenin had strong interactions with humaB
crystallin peptides, and theB crystallin interactive sequences for these proteins were identified. The
seven remaining proteins (EGF, IGF-1, T@GFeaspase-3, caspase-8, BCI-2, and Bgldid not interact

with aB crystallin. TheaB crystallin sequences that interacted with FGF-2, NGREGF, insulin, and
p-catenin overlapped with sequences that selectively interact with partially unfolded proteins, suggesting
a common function foraB crystallin in chaperone activity and the regulation of cell growth and
differentiation. Chaperone assays conducted with full-lergdhcrystallin and syntheti@B crystallin
peptides confirmed the ability aiB crystallin to protect against the aggregation of FGF-2 and VEGF,
suggesting thawB crystallin protects these proteins against unfolding and aggregation under conditions
of stress. This is the first report in which sequences involved in interactions with regulatory proteins,
including FGF-2, NGF3, VEGF, insulin, and3-catenin, were identified in a small heat shock protein.

Small heat shock proteins (sHSPg)ake up a class of sHSPB3, cvHSP, sHSPB9, and\ crystallin, are constitu-
molecular chaperones with molecular masses<48 kDa tively expressed during development and are believed to be
that display a low degree of sequence similarity, contain a important in cellular processes that include cell morphogen-
highly conserved immunoglobulin-like structural fold called esis, inflammatory response, cell proliferation, mitogenesis,
thea crystallin core domain, and are upregulated in responseplatelet function, and cell differentiatiod,(11, 27—37). The
to cellular stressl(—5). HumanaB crystallin is the archetype interactions between sHSPs and proteins involved in regula-
for sHSPs and “unfolding response proteins” (URP) that tory pathways have not been studied systematically, and
respond to protein unfolding and misfolding under conditions surface domains that mediate these interactions in sHSPs
of cellular stress@, 7). The molecular chaperone activity of have not been identified.

SHSPs, which involves the recognition, binding, solubility, Under physiological conditions,B crystallin is a soluble
and refolding of a wide range of structurally unrelated cytosolic protein. Under conditions of stress or in pathologies
proteins in various states of unfolding, is considered their like Alzheimer's disease, Parkinson’s disease, and age-related
most prominent functional role in viva3{-11). In addition macular degeneration (AMD3®8, 39), oB crystallin migrates

to recognizing, binding, and stabilizing structurally compro- into the nucleus and colocalizes in extracellular plaques, in
mised proteins during or after various forms of stress, SsHSPsLewy bodies, in Drusen, or with the plasma membratge-(
interact with growth factors and filaments under physiologi- 49). aB crystallin localizes with3-catenin and other regula-
cal conditions, suggesting a functional role for sHSPs in tory proteins involved in actin dynamics and cell adhesion
normal developmeng( 9, 12—16). SHSPs play an important  at the leading edges of migrating lens epithelial cedig).(
role in organizing and stabilizing cytoskeleton filament Cell migration is a dynamic process that involves rapid
networks 8, 10, 14, 17—26). Mammalian sHSPs, including  conformational changes in proteins that require protective
oB crystallin, sHSP20, sHSP22, sHSP25/27, sHSPB2, chaperone-like activities to prevent aggregation. It is likely
that aB crystallin is a chaperone fg8-catenin and other
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Table 1: Proteins and Antibodies Used in the Pin Array and Chaperone Assays

protein or peptide catalog no. supplier molecular mass (kDa) concentratn (
rhEGF RDI-115 Research Diagnostics 6.2 0.2419
rhFGF-2 234-FSE R&D Systems 17.4 0.0052
rhFGF-2 00081101 National Cancer Institute 16 3.12
rhIGF-1 RDI-111 Research Diagnostics 7.6 0.1974
rhNGF{$ N 1408 Sigma 27 0.0185
rhTGF-18 89091902 National Cancer Institute 25 0.0003
rhVEGF 32203 National Cancer Institute 34 0.2206
rh insulin 1-0259 Sigma 5.8 1.5497
rhBcl-2 827-BC R&D Systems 27 0.0926
rhBcl-xL 894-BX R&D Systems 28 0.0893
rhcaspase-3 707-C3/CF R&D Systems 28 0.0179
rhcaspase-8 218769 Calbiochem 55 0.0005
rhg-catenin n/a Purified 86 0.0249
rh oB crystallin n/& Purified 20.2 n/a
DRFSVNLDVKHFS custom synthesis Advanced ChemTech 1.6 a n/a
LTITSSLSDGV custom synthesis GenScript Corp. 1.1 an/a
FISREFHR custom synthesis GenScript Corp. 11 an/a
ERTIPITRE custom synthesis GenScript Corp. 1.1 an/a
antibody catalog no. supplier primary Ab dilution secondary Ab dilution
rabbit polyclonal anti-EGF RDI-EGFabrP Research Diagnostics 400 10000
mouse monoclonal anti-FGF- F6162 Sigma 40000 40000
rabbit polyclonal anti-IGF-1 RDI-ILGFlabrP Research Diagnostics 400 20000
rabbit polyclonal anti-NGFB RDI-NGFabrP Research Diagnostics 2000 10000
rabbit polyclonal anti-TGFB 3711 Cell Signaling Technology 5000 40000
rabbit polyclonal anti-VEGF RDI-VEGFabrP Research Diagnostics 5000 20000
mouse monoclonal anti-insulin 12018 Sigma 500 20000
mouse monoclonal anti-Bcl-2 MAB827 R&D Systems 2000 20000
mouse monoclonal anti-Bcl-xL 2300-MC R&D Systems 5000 40000
mouse monoclonal anti-caspase-3 MAB707 R&D Systems 5000 40000
rabbit polyclonal anti-caspase-8 51-1100 Zymed 5000 40000
mouse monoclonal anfi-catenin RDI-BCATENINabm Research Diagnostics 250 20000
rabbit anti-mouse IgG-HRP A 9044 Sigma hla n/e
goat anti-rabbit IgG-HRP SAB-300 Stressgen an/a n/a&

2 Not applicable.

fluid, and the increased level of expressiorod crystallin EXPERIMENTAL PROCEDURES
after stroke and under neurological conditions, suggest that ] . ]
similar pathways may mediate the stabilization and secretion ELISA-Based Protein Pin Array Assaproteins and
of VEGF, NGF3, and insulin 64, 55). The intracellular and ~ @ntibodies used in the protein pin array assay are listed in
extracellular physiological actions ofB crystallin and the ~ Table 1. The protein pin array assays were performed as
specific function of individual interactive sequences in the described previously with each protein being assayed two
folding, stability, and function of signaling molecules like O three times&1). The loss of efficiency of the protein pin
FGF, VEGF, ang8-catenin are an important area for future array was measured as described previously and was found
studies of SHSPs in normal cell activities and in disease. t0 be insignificant for up to 30 assay8( 61). For each
This study used protein pin arrays to identify interactive target protein, the pin array quantifies differences in interac-
sequences in humanB crystallin for selected proteins tions between peptides on the pin array and the target protein
reported to be involved in the cellular pathways that are (61). When a new target protein is used, the antibody
important for cell differentiation 42, 31, 37, 50, 56—61). reactions and affinities change so quantitative comparisons
Protein pin array analysis determined that humaB are difficult to make for different target proteins. Quantitative
crystallin contained interactive sequences for FGF-2, NGF- and systematic validation of the pin array results using SPR
B, VEGF, insulin, ang3-catenin, while EGF, IGF-1, TGF-  (62) and other binding assays are being conducted to compare
with aB crystallin. TheoaB crystallin sequences that had the Chaperone Assay$he effect of full-lengthoB crystallin
strongest interactions with FGF-2, NGE-VEGF, insulin, and syntheti@B crystallin peptides on the thermal unfolding
and S-catenin overlapped with previously identifieB and aggregation of FGF-2 was measured as described
crystallin chaperone and filament interactive sequences,previously (2). Briefly, 3.12uM FGF-2 was incubated in
suggesting thaoB crystallin may be important for the the absence and presence of 3(W2full-length oB crystallin
folding and processing of these proteins in vivo. Chaperone or syntheticoB crystallin peptidessDRFSVNLDVKHF Sgs,
assays conducted with full-length wt hume crystallin 11FISREFHR2, and 13:L TITSSLSDGVi4, in 200 uL of
and synthesizeB crystallin interactive sequences- 10 mM PBS buffer (pH 7.2). The optical density at 360 nm
DRFSVNLDVKHFSs, 11FISREFHR, 131l TITSSLS- (ODg3gp) was measured at 10 min intervals for 90 min at
DGV141, andiseERTIPITREg, confirmed thaB crystallin 45 °C using a Pharmacia Biotech Ultrospec 3000 spectro-
protected FGF-2 and VEGF from unfolding and aggregation photometer. The O3, of FGF alone after 90 min was set
through its surface interactive sequences. to 100% aggregation. The effect of full-lengtiB crystallin
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Ficure 1: Interactions betweenB crystallin peptides and EGF, TGF-IGF-1, caspase-3, caspase-8, Bcl-2, B¢land FGF-2. The
amino acid sequences of the overlappir® crystallin peptides are plotted on thkeaxis. The absorbances of th& crystallin peptides in

the presence of EGF (black bars), TBRwhite bars), IGF-1 (left diagonally striped bars), caspase-3 (horizontally striped bars), caspase-8
(right diagonally striped bars), Bcl-2 (dotted bars), Bgl{xertically striped bars), and FGF-2 (gray bars) are plotted orivthgis. The
predicted secondary structureaB crystallin based on homology modeling and electron spin resonance studies is shown in thefgtot (
helix andO for § strand). The three structural domainsod® crystallin, the N-terminal domain, the crystallin core domain, and the
C-terminal domain, are shown below the secondary structure. In the presence of FGF-2, 88Bot84tallin peptides had absorbances
higher than the baseline (Algs = 0.10). In the presence of EGF, TGF4GF-1, caspase-3, caspase-8, Bcl-2, and Behwne of the 84

oB crystallin peptides had absorbances higher than the baseline. FGF-2 interaci8witystallin, while EGF, TGF3, IGF-1, caspase-3,
caspase-8, Bcl-2, and Bc|-have no measurable interactions witB crystallin.

and syntheticoB crystallin peptides on the dithiothreitol
(DTT)-induced unfolding and aggregation of VEGF was
measured as described below. VEGF (148l) was
incubated in the absence and presence of AM&ull-length

oB crystallin or syntheticaB crystallin peptides;;3-IS-
REFHR 20 and15sERTIPITREg4 in 200uL of 10 MM PBS
buffer (pH 7.2) and 75uM DTT. The optical density at
360 nm (ORgy) was measured at 10 min intervals for
90 min at 37°C using a Pharmacia Biotech Ultrospec 3000
spectrophotometer. The Qf3 of the VEGF alone after
90 min was set to 100% aggregation.

The aggregation of FGF and VEGF in the presence of
full-length aB crystallin and the synthetioB crystallin
peptides was assessed as a percentage of the aggregation
FGF or VEGF alone as follows:

having the highest absorbance (Ads= 2.42). These

83 aB crystallin peptides formed a pattern of five absorbance
peaks where the maximum absorbance was recorded as a
central peptide flanked by peptides with lower absorbances.
The central peptidegsFPFHSPSR, 4/FYLRPPSE,, 75
FSVNLDVng, 111HGF|SREEQO, andlglLT|TSSL8138 from

each peak were identified as interactive peptidesuB
crystallin that mediated interactions with FGF-2. In contrast,
when EGF, TGH3, Bcl-2, Bcel-x, caspase-3, and caspase-8
were assayed for interactions with B crystallin pin array,

no absorbances higher than the baseline {#bs0.10) were
measured. The absence of absorbances higher than the
baseline absorbance indicated that these proteins did not
Plteract with theaB crystallin peptides.

The absorbances of 64 of the 8B crystallin peptides
were higher than the baseline (Aks= 0.10) when NGF3
was the ligand in the pin array assay (Figure 2, gray bars).
The 64aB crystallin peptides that interacted with NG
formed a pattern of four absorbance maxima for peptides
that had the highest absorbance flanked by peptides with
lower absorbances. Absorbance maxima were recorded
pin array and 12 proteins (EGF, IGF-1, T@FBcl-2, Bcl- for the peptides ssSFLRAPSW, 118 ISREFHRz,
Xi, caspase-3, caspase-8, FGF-2, NGMEGF, insulin,and 13l TITSSLS;35 and14d. TVNGPRK;s0 These peptides were
B-catenin) were assessed using a pin array assay. In thedentified as NGF3 interactive peptides in humanB
presence of human FGF-2 (Figure 1, gray bars), 83 of the crystallin. All four interactive sequences were localized in
84 oB crystallin peptides had absorbances higher than thethe N-terminal domain and the crystallin core domain.
baseline (Abgo = 0.10), with the peptida/FYLRPPSE, When VEGF was the ligand in the pin array assay

ODs4, (VEGF/FGF+ aB crystallin peptide)
OD;4, (VEGF/FGF alone)

% aggregation=

RESULTS

Interactions between peptides of #hB crystallin protein
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FIGURE 2: Interactions betweenB crystallin peptides and NGB-and VEGF. The amino acid sequences of the overlappBigrystallin
peptides are plotted on théaxis. The absorbances of thd crystallin peptides in the presence of NBRgray bars) and VEGF (black
bars) are plotted on thé-axis. The predicted secondary structureBfcrystallin based on homology modeling and electron spin resonance
studies is shown in the plot(for helix andO for 8 strand). The three structural domainsod crystallin, the N-terminal domain, the
crystallin core domain, and the C-terminal domain, are shown below the secondary structure. In the presencg 064N6F84 0B
crystallin peptides had absorbances higher than the baselings¢Ab6.10), and in the presence of VEGF, 47 of @8 crystallin peptides

had absorbances higher than the baseline.

(Figure 2,- black bars), 47 of the &B crystallin peptides peptidessPFFPFHSR), 477/ YLRPPSE,, :sFSVNLDVKgy, g
had absorbances higher than the baseline, with the peptidd KVKVLGD gg, 11FISREFHR2q, 13.L TITSSLS, 35 and 45
HPWIRRPHR,4 having the highest absorbance (Adas—= VNGPRKQV;s,, which were identified ag-catenin inter-
1.04). The 47aB crystallin peptides that interacted with active peptides in humamB crystallin.
VEGF formed a pattern of six absorbance maxima for TheaB crystallin sequencesDRFSVNLDVKHFSss, 115
peptides that had the highest absorbance flanked by peptideFISREFHR 2, and 13L TITSSLSDGVy4, that had strong
with lower absorbances. Absorbance maxima were recordedinteractions with FGF-2 were previously identified as
for the peptides;HPWIRRPR4, 40LRPPSFLRg, o1VKV- chaperone sequences in humehcrystallin. Consequently,
LGDVlgg, 117EFHRKYRI124 14 TVNGPRK:50, and 15+ these three peptides were synthesized and tested for their
RTIPITRE,s which were identified as VEGF interactive individual effect on the thermal aggregation of FGF-2
peptides in humaB crystallin. (Figure 4, gray bars). In the presence of full-length wt human
Similar to those of NGFB and VEGF, interactions aB crystallin, the extent of thermal aggregation of FGF-2
betweeruB crystallin peptides and two signaling molecules, was approximately 70% of the extent of aggregation in the
human insulin (Figure 3, gray bars) and humaaatenin absence of wtrB crystallin. In the presence of the peptides
(Figure 3, black bars), were assessed using the pin arrayDRFSVNLDVKHFS and LTITSSLSDGV, the level of
assay. When human insulin was the ligand in the pin array aggregation of FGF-2 was 39 and 28%, respectively, a much
assay, all 841B crystallin peptides had absorbances higher stronger effect on aggregation than that for full-length wt
than the baseline and the maximum absorbancethbs oB crystallin. In the presence of the FISREFHR peptide,
1.25) was recorded for the peptidgEKPAVTAA 17, A the level of FGF-2 aggregation increased approximately 26%,
pattern of nine absorbance peaks was observed with maxi-although in the presence of a 10-fold excess of FISREFHR
mum absorbances being recorded for the peptides  (31uM), the level of FGF-2 aggregation decreased to 42%
RRPFFPFH, 33L ESDLFPT, 4L RPPSFLRg, 7sFSVNLD- (data not shown). Similarly, the ability of full-length human
VK gz, 9aVLGDVIEV 100, 12PADVDPLT:35 131.SSDGVL Ty44 oB crystallin and two synthetiaB crystallin peptides;i1z
151QVSGPER158, and16£KPAVTAA172, which were iden- FISREFHR 29 and 156ERTIPITREg4 tO inhibit the DTT-
tified as insulin interactive peptides in humaB crystallin. induced aggregation of VEGF was assessed spectroscopically
When humarg-catenin was the ligand in the pin array assay, (Figure 4, black bars). Full-length wt humatB crystallin
76 of the 840B crystallin peptides had absorbances higher decreased the level of VEGF aggregation by approximately
than the baseline (Abg = 0.10), and the maximum 57%, while the FISREFHR and ERTIPITRE peptides
absorbance (Ahs, = 0.79) was recorded for the peptigle decreased the level of VEGF aggregation by approximately
FYLRPPSE,. A pattern of seven absorbance peaks was 43%. Together, these results confirmed the importance of
observed with maximum absorbances being recorded for thethe interactive sequences in therystallin core domain and
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Ficure 3: Interactions betweemB crystallin peptides anfd-catenin and insulin. The amino acid sequences of the overlaprgystallin
peptides are plotted on théaxis. The absorbances of th® crystallin peptides in the presence of insulin (gray bars)/&edtenin (black
bars) are plotted on thé-axis. The predicted secondary structureBfcrystallin based on homology modeling and electron spin resonance
studies is shown in the plot{for helix andO for § strand). The three structural domainsod crystallin, the N-terminal domain, the
crystallin core domain, and the C-terminal domain, are shown below the secondary structure. In the presence of insuli cajistdllin
peptides had absorbances higher than the baselinasAb®.10), while in the presence gfcatenin, 76 of 84:B crystallin peptides had
absorbances higher than the baseline.

C-terminal extension for chaperone activityod® crystallin 31, 37, 50, 56—58). aB crystallin sequences that had strong
with the growth factors FGF-2 and VEGF. interactions with NGF3, VEGF, insulin, 5-catenin, and
The aB crystallin interactive sequences for subunit FGF-2 overlapped with sequences that were previously
subunit interactions, chaperone activity, filament interactions, identified as chaperone sequences crystallin €0, 63,
and interactions with growth factors, insulin, afictatenin 64) (Figure 5). The overlap between the interactive sequences
were compared for similarities in secondary structure and for FGF-2, NGFg, VEGF, insulin, and3-catenin and the
mapped to the surface of the three-dimensional model of chaperone sequencesod crystallin suggested a functional
humanaB crystallin (Figure 5). Overlap was observed in relationship among key elements of signaling pathways for

four regions ofaB crystallin, including the33, 58, andj9 cell differentiation, stabilization of cytoplasmic filaments,
sequences in the crystallin core domain, and the C-terminal and the chaperone activity afB crystallin 60). This
extension containing the conserved lle-X-lle motif. T8 hypothesis was confirmed by chaperone assays comparing

8, andf9 sequences were localized in the same region of the effectiveness of full-length humamB crystallin and
the a crystallin core domain and formed a surface for syntheticoB crystallin peptides in protecting against the
interactions with various types of substrate proteins. Although aggregation of FGF and VEGF. In addition, previous studies
oB crystallin contains conserved surfaces that interact with found thataB crystallin inhibits the DTT and heat-induced
a wide variety of proteins, there appear to be additional aggregation of insulin@5—68). The results demonstrated
surfaces that are selective for interactions with specific that specifionB crystallin interactive peptides were capable
protein targets. The collective response of these interactiveof protecting key regulatory proteins from unfolding and
surfaces results in the recognition, stabilization, solubility, aggregation. The direct functional demonstration ods

and refolding of structurally compromised substrates by full- crystallin sequences provides support for the hypothesis that
lengthaB crystallin. the chaperone function ofB crystallin is not limited to stress
conditions and has an important function in regulating normal
cellular growth and development.

Twelve proteins important for cell differentiation and  Antibodies, growth factors, enzymes, and receptors have
development were evaluated in this study, and FGF-2, NGF- very high substrate specificities and affinities consistent with
B, VEGF, insulin, angB-catenin were determined to interact their functional role. In contrast, sHSPs make up a class of
positively with specific sequences in humaB crystallin. proteins whose cytoprotective functions involve a range of
These results were consistent with previous reports in which substrates and cellular pathways. Interactions of SHSP with
oB crystallin was shown to be involved in pathways unfolding or misfolding proteins are selective and not
involving FGF-2, NGF8, VEGF, -catenin, and insulinl, specific. The dynamic functional mechanism of sHSP

DISCUSSION
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Ficure 4: Effect of full-length wt humamB crystallin and four synthetiaB crystallin peptides on the aggregation of FGF-2 and VEGF.

The thermal aggregation of FGF-2 at 45 (A) and the DTT-induced aggregation of VEGF at ®7 (B) were assessed spectroscopically

as the optical density at 360 nm (@) for 90 mins. The chaperone activities of full-lengthaB crystallin and thexB crystallin peptides

were calculated using the Qf measured at the end of the assay (C). ThedobF the target proteins FGF and VEGF at the end of 90

mins was set to 100% aggregation. WB crystallin decreased FGF and VEGF aggregation by 30% and 43% respectively. The DR
(DRFSVNLDVKHFS) peptide decreased FGF aggregation by 61%. The FI (FISREFHR) increased FGF aggregation by 26%, but decreased
VEGF aggregation by 59%. The LT (LTITSSLSSDGV) peptide decreased FGF aggregation by 72% which was the strongest protective
effect observed for the synthetic peptides. The ER (ERTIPITRE) peptide decreased VEGF aggregation by 57%. Synthetic peptides of the
interactive domains of humamB crystallin were effective inhibitors of aggregation.

interaction appears to be mediated by the coordination of suggests that in addition to protecting cardiac cytoskeletal
multiple interactive sequences on the surface of assembledproteins from unfolding and aggregatian crystallin has

SHSP complexes and individual SHSP suburt@).( a protective role in VEGF signaling during myocardial
Sequences involved in mediating th& crystallin—FGF infarction @7—30, 32, 36, 56, 75—77). This hypothesis was
interaction overlapped with previously identified crys- supported by chaperone assays in which full-leng

tallin chaperone sequences (Figure 5), which was consistentrystallin and two syntheti@B crystallin chaperone se-
with a previous report in whichB crystallin was shownto  quences inhibited the aggregation of VEGF under reducing
promote the refolding of partially unfolded FGF at 26 conditions. ThenB crystallin peptides that protect FGF and
(12). FGF is labile and structurally unstable at physiological VEGF against unfolding and aggregation have the potential
temperatures, and the identification of FGF chaperone for use as FGF and VEGF stabilizers in therapeutic formula-
sequences inB crystallin suggests a biological role for the tions for the treatment of advanced coronary artery disease
chaperone activity ofiB crystallin in FGF signaling{0— (CAD) (78, 79).

72). This hypothesis was supported by chaperone assays in Like the FGF interactive sequencesdB crystallin, all
which full-length wt aB crystallin inhibited the thermal  four oB crystallin sequences that interacted with NGF-
aggregation of FGF. The overlap between interactive se- overlapped with previously identifie@B crystallin chaperone
quences imB crystallin for VEGF and for chaperone activity sequences, suggesting thaB crystallin may chaperone
was consistent with the upregulation of both VEGF aiftl NGF-3 in vivo. These results are consistent with the role of
crystallin in response to stress following myocardial infarc- NGF43 in neuronal signaling and the close association of
tion (56, 73, 74). The identification of chaperone sequences oB crystallin with microtubules and microtubule-associated
that mediate interactions betweaB crystallin and VEGF proteins 40, 41, 58, 80). The identification of chaperone



6314 Biochemistry, Vol. 46, No. 21, 2007

Pt Pt P Pt Pt et Pt ot ot Pt

ot Pt Pt Pt ot ot P ot P P Pt

Ghosh et al.

$¢~~

o~

1 ~ 88
aB crystallin MDIATHHPWIRRPFFPFHSPSRLFDQFFGEHLLESDLFPTSTSLSPFYLRPPSFLRAPSWFDTGLSEMRLEKDRFSVNLDVEKHFSFPEE

Assembly | 39PTSTSLSPas|[47FYLRPPSFsa_|
Chaperone 47FYLRPPSFs4 75FSVNLDVKs2
Filament sWIRRPFFPis | 43SLSPFYLR50 |[51PPSFLRAPss |
NGF 53SFLRAPSWs0

VEGF 7HPWIRRPF14 4sLRPPSFLRss

FGF 15SFPFHSPSR22 47FYLRPPSFs4 75FSVNLDVKe2
B-catenin 75FSVNLDVKez)

L L L h& ~ L 175

oB crystallin  LKVKVLGDVIEVHGKHEERQDEHGFISREFHRKYRIPADVDPLTITSSLSSDGVLTVNGPRKQVSGPERTIPITREEKPAVTAAPKK

Assembly [121LTITSSLS138] [141GVLTVNGP1as|

Chaperone |13 TITSSLS 38| [11GVLTVNGP 48|

Filament [131LTITSSLS138] [r1GVLTVNGPyas|

NGF u3FISREFHR120 1ILTITSSLS138. 143 TVNGPRKis0

VEGF 91IVKVLGDVlss 17EFHRKYRI124 143LTVNGPRK150 157RTIPITRE154

FGF 1HGFISREF 18 131LTITSSLS138

p-catenin [BLTITSSLS 18] [145VNGPRKQVI52]

Insulin [12sPADVDPLT132] ~ [137LSSDGVLT144]  [151QVSGPERTis8) [165EKPAVTAAI72]

o crystallin core domain
L]

C-Terminus é

N-Terminus

Growth factor surfaces B-catenin surfaces

« crystallin core domain
.

N-Terminus

Chaperone surfaces

o crystallin core domain

N-Terminus

w crystallin core domain
.

Filament surfaces

o crystallin core domain
~ .

N-Terminus

Insulin surfaces

Ficure 5: Comparison of theB crystallin interactive sequences and surfaces for subsalbunit interactions, chaperone activity, filament
interactions, growth factor interaction@,catenin interactions, and insulin interactions. The secondary structure of luBnarystallin is
shown above its primary sequenee iepresents helix ang representg strand). The interactive sequences for subunit assembly (orange),
chaperone activity (green), filament interactions (dark blue), growth factor interactions N@&ESF, and FGF-2) (yellow), interactions
with -catenin (pink), and interactions with insulin (light blue) are enclosed in boxes below the primary sequedcergétallin (top).
Sequences containingstrandss3, 38, and39 as well as helical sequences in the N-terminal domain had the strongest interactions with
most ligands. The interactive sequences were mapped to the surface of a three-dimensional homology model &dB louystallin, and
the 53—/38—/39 surface appears to be a common surface that mediates interactions with multiple proteins.

sequences for NGB-on the surface ofiB crystallin, the

crystallin may inhibit3-catenin degradation and facilitate

archetype of sHSPs, suggests that the chaperone activity ofj-catenin signaling through the Wnt pathway, which regu-
aB crystallin and other sHSPs may selectively protect key lates cell proliferation and differentiatiorB4, 85). This
growth factors and signaling molecules that are important hypothesis is consistent with the rolea@B crystallin as an

for normal cellular processes post-stres®8 crystallin
colocalizes with f-catenin in actin networks, and like
p-catenin,aB crystallin migrates into the nucleus under
conditions of cell stress in cultur@4, 35, 50, 81-83). The
identification of chaperone sequencesuiB crystallin that
mediate interactions witf-catenin is consistent with the role
of aB crystallin in stabilization of cytoskeletal networks3
60, 61). By protectings-catenin during cellular streseB

anti-apoptotic and oncogenic protei®6( 87).

This is the first report of specific sequences in the sHSP
and molecular chaperoneB crystallin, that interact with
FGF-2, NGFg, VEGF, insulin, ands-catenin. Synthetic
peptides based on the interactive sequencefatrystallin
were observed to protect against the aggregation of FGF-2
and VEGF in vitro. Taken together, the results suggest the
potential importance of SHSPs and molecular chaperones in
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the regulation of key components of signaling pathways and 22.

cell differentiation under stress and nonstress conditions. A
potential role foraB crystallin in regulation of proliferation,
differentiation, and structural stabilization during normal

development as well as in response to stress associated with
myocardial and neurodegenerative disease would be an

important advance in understanding the normal function of
SHSPs.
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