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ABSTRACT: Amino acid sequences aiB-crystallin, involved in interaction withA-crystallin, were
determined by using peptide scans. Positionally addressable 20-mer overlapping peptides, representing
the entire sequence oB-crystallin, were synthesized on a PVDF membrane. The membrane was blocked
with albumin and incubated with purifiemA-crystallin. Probing the membrane wittA-crystallin-specific
antibodies revealed residues+427, 60-71, and 88-123 inaB-crystallin to interact witrolA-crystallin.
Residues 4257 and 66-71 interacted more strongly witiA-crystallin than the 88123 sequence of
oB-crystallin. Binding of one of thexB peptides (4257) to aA-crystallin was also confirmed by gel
filtration studies and HPLC analysis. Th8-crystallin sequences involved in interaction witA-crystallin

were distinct from the chaperone sites reported earlier as binding ofBleequence from residues 42

57 does not alter the chaperone-like functiorg¥-crystallin. To identify the critical residues involved

in interaction withaA-crystallin, R50G and P51A mutants ofB-crystallin were made and tested for

their ability to interact withaA-crystallin. The oligomeric size and hydrophobicity of the mutants were
similar. Circular dichroism studies showed that the P51A mutation increasedhbécal content of the

protein. While theaBR50G mutant showed chaperone-like activity similar to wild-tyyf®, aBP51A

showed reduced chaperone function. Fluorescence resonance energy transfer studies showed that the P51A
mutation decreased the rate of subunit exchange attby 63%, whereas the R50G mutation reduced

the exchange rate by 23%. Similar to wild-ty@B, aB-crystallin peptide (4257) effectively competed

with aBP51A andoBR50G for interaction withaA. Thus, our studies showed that th@-crystallin
sequence (4257) is one of the interacting regions @B and oA oligomer formation.

o-Crystallin, a predominant eye lens protein, is a member being faster at 37C than at 25°C. a-Crystallin subunits
of the small heat shock protein (sHSRmily (1). Like other can form homooligomeric and heterooligomeric complexes
members of this familyg-crystallin exhibits chaperone-like  with a high degree of plasticity in their quaternary structure
activity by suppressing aggregation of denaturing proteins (10). The heterooligomer has a greater thermal stability than
(2, 3) and, in some instances, protects the biological activity either homooligomer alonel, 11). It has been suggested
of enzyme proteins as weld). Data suggest that-crystallin that, in vivo,a-crystallin mainly exists as a heterooligomer
exists as a polydisperse aggregate with an average moleculagf g A- to aB-crystallin in a 3:1 ratio10, 11). There is ample
mass of 800 kDa and is composed of two types of subunits, evidence to show that the interaction betwegk and oB-
designateciA- and aB-crystallins §). Each subunit has @ ¢rystallins is essential to form structurally stable complexes
molecular mass of 20 kDa, amwA and oB subunits are (13 14). However, little is known about the actual contact
arranged in the aggregate in yet to be fully understood pints or recognition sites between these subunits. Given the
orgamzathn. Thea-crystgllln F“O'e‘?”'.e is a dynamic 49" fact that the crystal structure of eitheA- or aB-crystallin
gregate with the subunits dissociating and reassociating;g unknown, investigation of contact sites between the

constantly 6_9)‘ yan den Oet_elaar et aloy have show_n subunits will yield valuable information for understanding
that the subunits in aa-crystallin molecule exchange with . .
the structure-function of a-crystallin. Such data can also

a new set of subunits in approximately 24 h. However, be used in ther-crystallin homology modeling studies since
studies by Sun et al6] revealed that the exchange is a fast éhe crystal structure of related proteins is knovis, (16).

process and is temperature-dependent, with the exchang
Removal of the first 63 residues of the N-terminal domain
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On the other hand, using yeast two-hybri®,(20) and format (standard Fmoc chemistry was used to obtea
mammalian two-hybrid system&1), the entire C-terminal  crystallin peptide scan). The peptides were C-terminally
domain ofaB-crystallin has been identified as the domain attached to a PVDF membrane; each spot contained about
responsible for interaction witlwA-crystallin. The two- 10 nmol of each peptide. The peptide library encompassed
hybrid system (yeast or mammalian), however, can give falsethe entireaB-crystallin sequence, and each peptide over-
positives since transient interactions are indistinguishable lapped its consecutive neighbor by 18 residues.
from physiologically relevant interactions between the  Screening oftB-Crystallin Peptide Scans for Binding of
proteins 22). Furthermore, the two-hybrid system is not oA-Crystallin. The peptide membrane was rinsed with
amenable for identification of epitopes<20 amino acid methanol for 10 min, followed by sodium phosphate buffer,
regions) in proteins that are involved in subunit interaction. pH 7.4, plus 0.9% NacCl (PBS) for 20 min. The membrane
Therefore, we studied theA- and aB-crystallin recognition was treated with 1% bovine serum albumin fch to saturate
sites using peptide scans. all nonspecific binding sites. Purified bovieA-crystallin

The peptide scan method for studying the protgirotein (5 mg/lO mL of PBS) was allowed to interact with the
interactions uses overlapping peptides that encompass thd@eptide membrane at 3T for 4 h with gentle shaking. The
entire subunit of an oligomeric protein, and these peptides unboundxA-crystallin was removed with three PBS washes.
are subsequently tested for binding to the interacting subunits/The peptide-boundA-crystallin was electrotransferred@)
protein @3—27). With this approach, since the peptide Onto a nitrocellulose membrane. The transferegktcrys-
sequence at each spot on membrane is already known, théa"m was detected WithA—cryStaIIin—speCific antibody using
location of the peptide sequence (as well as the binding site)@ chemiluminescence blotting substrate kit according to the
can be immediately identified in one of the native proteins. instructions from the supplier (Pierce).

The pept|de scanning method has been successfu”y used to Confirmation of thelB-CrystaIIin Peptide Interaction with
identify binding sites in a number of proteins that interact @A-Crystallin. The interaction of the peptide (TSLSPFYL-
with molecular chaperone Dna|<24)’ to map the adult RPPSFLRA, residues 457 of aB—crystaIIin, named as
hemoglobin B chain and A chain interactioB5}, and to ~ recognition sequence 1 or RS-1) withA-crystallin was
map the interleukin-10/interleukin-10 receptor combining confirmed in following manner. Synthetic peptide (146)
sites 26). In those studies, peptide libraries of 20 residues ~ Was mixed with purified bovine lengA-crystallin (50049)
were screened. The results of those studies also corroborate@nd incubated in 50 mM phosphate, pH 7.5, plus 0.1 M NaCl

the structural data obtained from X-ray crystallographic (buffer A) at 37°C. After 4 h, the mixture was subjected to

studies. gel filtration on a BIOSEP SEC 3000 column (Phenomenex)
In the present study, we used the peptide scan method toWhi(_:h had been_previously equilibrated with buffe_r A. The
determine thetA-crystallin interaction sites inB-crystallin.  €/ution was monitored at 280 nm, and 0.5 mL fractions were

We show that two regions inB-crystallin, spanning from collected. TheoA-crystallin peak was collected and con-
residues 4257 and 66-71 (named as recognition sequence centrated, and the sample was analyzed by a reverse-_phase
1 and 2, respectively), are particularly involved in interaction HPLC on a C18 column (Vydac 218TP104 Separations

with aA-crystallin. To further identify the critical residues CrouP. Hesparia, CA) using a®0% linear gradient formed
involved in aA—oB interaction, we mutated recognition between water and acetonitrile containing 0.1% TFA. A flow

: ; ; ; te of 1 mL/min was maintained, and the elution was
sequence 1 (RS-1) imB-crystallin that interacted withlA- rate. . ! .
crystallin at R50 with G and P51 with A. We studied the monitored at 220 nm. Peptide (10@) by itself andaA-

effect of mutation on structurefunction properties otB- crystalli_n (100ug) were injectgad pnto the column as controls.
crystallin. The Arg residue was chosen for mutation study As additional controls, the binding of a reverse sequence of
because of its charge. Replacement of this residue with aR>-1 (ARLFSPPRLYFPSLST, 10@) and another hydro-
small and neutral amino acid such as Gly will provide Phobic sequence aiB-crystallin (MDIAIHHPWIRRPFF-
information about the role of charge interactions in oligomer PFH: residues 118, 100ug) with aA-crystallin (50049)

formation. Because Pro is a knowhsheet breaker2g), was investigated.

replacing Pro with Ala (am-helix former) allows investiga- In another experiment, 10@g of aA-crystallin and 100
tion of the role played by the structural elements on the #9 ©Of the peptide TSLSPFYLRPPSFLRAPSWF (Trp-

interacting properties aiB-crystallin. Of the two mutations, pontaining RS'l_ sequence, named as peptide 22) were mixed
we found that the P51A mutation led to slow subunit N buffer A. Intrinsic fluorescence spectra of the sample at

exchange withuA (63% slower compared to wild type). 0 time and after 16 h at 37C were recorded in a Jasco FP
750 spectrofluorometer (excitation 295 nm, emission-300

EXPERIMENTAL PROCEDURES 400 nm; bandwidth of 5 nm). A mixture of peptide 22 and
oA-crystallin incubated for 16 h at 37C was then passed
Materials. Bovine lensoA-crystallin was prepared ac- through a gel filtration column (BIOSEP SEC 3000 column
cording to the method previously described9); oA- equilibrated in buffer A), and thelA-crystallin peak was
Crystallin antibody was a gift from Dr. Richard Cenedella collected and subjected to intrinsic fluorescence analysis as
(College of Osteopathic Medicine, Kirksville, MO). Super- above. The fluorescence was also recorded for the peptide
Signal West Dura Extended Duration substrate was pur- and aA-crystallin by themselves at O time and after 16 h
chased from Pierce Chemical Co. (Rockford, IL). Peptides incubation.
and the peptide scan membrane were supplied by Invitrogen Construction, Expression, and Purification of Wild-Type
Corp. Twenty amino acid long peptides were synthesized aA-, Wild-TypexB- and MutanioB-Crystallins.HumanoA-
within defined spots on the membrane in a configuration andaB-crystallin cDNA (obtained from Dr. J. M. Petrash,
which mimics the standard 96-well microtiter plate array Washington University, St. Louis, MO) were cloned into a
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pET23d vector (Novagen) at tiNcd/Hindlll site. aBR50G °C, the temperatures at which the chaperone assays were
andaBP51A mutants were constructed using a Quik-Change done. oB wild type and mutants (10Qtg each) were
site-directed mutagenesis kit (Stratagene). Mutations wereincubated in 0.05 M phosphate buffer containing 0.15 M
confirmed by automated DNA sequencing. The proteins were NaCl, pH 7.4, separately in the absence of target protein,
expressed irEscherichia coliBL21(DE3)pLysS cells (In- and absorbance at 360 nm was monitored for 60 min.
vitrogen), as described by Horwitz et aBlj, and were Labeling of Recombinan&A-, aB-, and aB-Crystallin
purified according to the method previously describ&®) . Mutants.Purified aA-crystallin was labeled with Alexa fluor
The purity of the recombinant proteins was checked by 488, and wild-type and mutantB-crystallins were labeled
SDS-PAGE, and the mass was confirmed by ESI mass with Alexa fluor 350 according to the manufacturer's
spectrometry. (Molecular Probes) recommendations. Brieftycrystallin
Molecular Size DeterminationThe oligomer size was  subunits were mixed with Alexa fluor dye in PBS supple-
determined by gel filtration of 100g each of wild-type and  mented with 100 mM sodium bicarbonate. The reaction was
aB mutants on a BIOSEP SEC 4000 (Phenomenex) columnallowed to proceed fol h atroom temperature. Labeled
equilibrated with 0.05 M phosphate buffer containing 0.15 proteins were separated from excess Alexa fluor dye by
M NaCl, pH 7.4. The mass was calculated from the passing through a gel (Bio-Gel P-30) supplied with the kit.
calibration curve generated by using molecular weight The first fluorescent peak, representing the labeled protein,
markers (ranging fronM; 700000 to 29000) from Sigma. was collected, and the slower running free dye band was
Tryptophan Fluorescence Measuremeriffie intrinsic discarded.
fluorescence spectra of the wild-type and mutari- Fluorescence Resonance Energy Transfer Measurements.
crystallins were recorded using a Jasco FP-750 spectrofluo-The rate of subunit exchange betweeB-crystallin (both
rometer. Protein samples of 0.2 mg/mL in 0.05 M phosphate g type and mutants) andA-crystallin was measured
buffer containing 0.15 M NaCl, pH 7.4, were excited at 295 ysing the fluorescence resonance energy transfer (FRET)
nm, and emission spectra were recorded between 300 aHQechnique. Alexa fluor 350-conjugated wild-typdB-crys-
400 nm. tallin and its mutants were used as the energy donors, and
Bis-ANS Fluorescence Measuremetits0.2 mg/mL wild-  Alexa fluor 488-conjugatedtA-crystallin was the energy
type and mutant proteins taken in 0.05 M phosphate buffer acceptoraB-350, aBP51A-350, andxBR50G-350 [25ug
containing 0.15 M NaCl was added 1M bis-ANS. The  each (separately)] and 74 of aA-labeled with Alexa flour
samples were excited at 385 nm, and the emission spectraygg were taken in PBS (a 3dA to oB ratio was used to
were recorded from 400 to 600 nm using a Jasco spectro-mimic the in vivo situation,) and the sample was incubated
fluorometer. at 37°C. The subunit exchange was monitored by exciting
Circular Dichroism StudiesChanges in protein secondary  the sample at 346 nm (excitation wavelength for Alexa fluor
structure were measured by far- and near-UV CD spectra in350) and measuring the emission spectra from 400 to 600
an AVIV circular dichroism spectrometer. Proteins were used nm (emission for Alexa fluor 488 is at 520 nm) for-3 h.
at a concentration of 0.2 mg/mL for far-UV and at 3 mg/ As the exchange progresses, there is a decrease in the
mL for near-UV measurements. The reported CD spectrafluorescence intensity of the donor with a concomitant

are the average of five scans. _ increase in acceptor fluorescence. The rate of subunit
Chaperone-like Actity. The ability of the wild-type,  exchange was calculated as described by Bova e8Jl. (
mutant proteins, and theA—RS-1 peptide complex to To examine the ability of mutant proteins to replace wild-

prevent protein aggregation was determined using citratetype aB from aA-aB oligomer, 25ug of aB (wild type
synthase (CS) and alcohol dehydrogenase (ADH) as theunlabeled) and 7mg of aA-488 were taken in PBS, and

substrates. _ the sample was incubated at 32 for 4 h. Then, 25:g of
CS Aggregation AssayCS, 75ug (Roche Molecular g (wild type or mutants labeled with Alexa fluor 350) was
Biochemicals), in 1 mL of 40 mM HepesKOH buffer (pH added to the reaction mix, and the time-dependent decrease

7.4) was heated at 4 for 1 h in thepresence of 35 and i, gonor fluorescence and concomitant increase in acceptor
50 ug of wild-type and mutant proteins. The extent of f,0rescence was monitored for-a h.

aggregation was measured by monitoring the light scattering To check the effect of RS-1 peptide on subunit exchange

at 360 nm in a Shimadzu spectrophotometer. In a separate . eerA and oB 25 ug of aBP51A-350, 75ug of aA-

experiment, aggregation of CS (7&) was monitored in 488, and 25
: , g of aB (unlabeled as a control) or 75 or 100
the presence of 20 and 4% of the aA—RS-1 peptide ug of RS-1 peptide were taken in PBS, and the subunit

complex, Wild-typea/) (45 ug) was used as a control exchange was monitored at 3C. Similarly, the reaction
ADH Aggregation AssayAggregation of ADH, 80Qug X ge wi I ‘ . Similarly, i

Si ied out at 3T.in 0.05 M phosphate buffer V25 done WithxBR50G-350.

orBinnG 15 M Nl a om P e Protein concentrations were determined using the BCA

containing 0.15 M NaCl and 100 mM EDTA in the presence protein assay reagent (bicinchoninic acid, Pierce) using BSA

of 20 ug of either wild-type or mutantB-crystallins. Light : X
scattering was measured up to 100 min. In a separate assayas a standard. We also standardized this method to measure

ADH (400 ug) aggregation was monitored in the presence Peptide concentration and found it to be satisfactory.
of 20 and 459 of theaA—RS—l peptide complextA (45 RESULTS
ug) and RS-1 peptide (50g) were used as controls. ADH

was also incubated in the presence of RS-1 peptide:§0 We screened PVDF membrane-bour@-crystallin pep-
to see if it possesses any chaperone-like activity. tides for aA-crystallin binding. TheoB-crystallin peptide
Determination of Protein StabilityThe stability of wild- array was composed of 20-mer peptides overlapping by 18

type aB and theaB mutants was determined at 37 and 43 residues and thus representing all potential binding sites for
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Peptide sequence Spot number of RS-1 peptide taxA-crystallin. In Figure 3B, the peak
eluting at 34.02 min is the RS-1 peptide, whereas the peak
at 43.77 min representgA-crystallin. A C18 column analysis

of an aliquot of a mixture of RS-1 peptide ané-crystallin

prior to gel filtration is shown in Figure 3C and depicts the
elution time for RS-1 peptide an@A-crystallin. However,
when the reverse sequence of RS-1 peptide was used in place
of RS-1 peptide, there was no evidence of this peptide
binding toaA-crystallin. C18 column analysis (Figure 3E)
showed onlyaA-crystallin as a component of the high

molecular weight protein peak from the BIOSEP SEC 3000

; . ; . column (Figure 3D). A similar result was obtained when
procedure discussed in Experimental Procedures. The representatNﬁ . . .
peptide spots are marked in the grids. The extent of binding is NYdrophobicoB-crystallin peptide +18 was used (data not

indicated by the intensity of spots. Darker spots indicate stronger Shown). Taken together, these data indicate that the binding
interactions. Peptide sequences corresponding to the spots are alsof RS-1 peptide taxA-crystallin is sequence-specific.

1 B
] 16
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FPTSTSLSPFYLRPPSFLRA
TSTSLSPFYLRPPSFLRAPS
TSLSPFYLRPPSFLRAFPSWF
TSLSPFYLRPPSFLRA

PSFLRAPSWFDTGLSEMRLE
FLRAPSWFDTGLSEMRLEKD
RAPSWFDTGLSEMRLEKDRF
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Ficure 1: Binding of o A-crystallin toaB-crystallin peptide scans.
oB-peptide scans were screened @k binding according to the

48
57

65
73
a1
B8

indicated. Spectroscopic Analysis of the Interaction betweed
MDT ATHHDWIRR PF F BF HS PSRLF DOFFGEHLLESDLEDT Crystallin Peptide ano_txA-Crystallln. The_ interaction be-
1-66 tween the RS-1 region andA-crystallin was further
STSLSPFYLR P PSFLRAPSWFDIGLSEMRLEKDRF SVNL confirmed by testing the binding of an extended RS-1 peptide
— (TSLSPFYLRPPSFLRAPSWEF,; peptide 22 from the peptide
67-161

VR AP SPEEL AV KR R P SRR T scan, Figure 1) containing a Trp residue. When peptide 22

was mixed with purifiedoA-crystallin in buffer A and the
intrinsic fluorescence spectra of the mixture was recorded
at 0 time, an emission maximum at 355 nm was observed
(Figure 4A). This was primarily due to the excess concentra-
tion of the peptide (36.9 nmol of peptide compared to 5 nmol
of aA-crystallin), which also has an emission maximum at
residues),a-crystallin, or the C-terminal domain (67.61) and 356 nm, mfasklng the 340 nm emission maximum of native
C-terminal extension (162175). R and P indicate the residues ~ 0A-Crystallin. The fluorescence spectra recorded dér-
mutated in this study. The unshaded region indicates the chaperonecrystallin and peptide 22 separately at 16 h are similar to
site id_entified earl!er:{?). Residues u_nderlineq vv_ith arrows indicate that at the beginning of the experiment (data not shown).
X‘;Nbésﬁr’]\('fng'gﬁg‘% r?ge;é atg‘liéﬁsf'%unfsr o0 italics indicate the 1,5 gjnce the reaction mixture also contained an excess of peptide

' 22 that was not bound toA-crystallin, we separated the
oA-crystallin. The peptide scan was incubated with purified free peptide from thelA-crystallin—peptide complex by gel
oA-crystallin. After an equilibration time of 4 h, the bound filtration to investigate whether binding of peptide 22 alters
protein was electrotransferred and subjected to immuno-Trp fluorescence. The complex was then subjected to
detection. Figure 1 shows a computer-processed image offluorescence analysis. The result is shown in Figure 4B. The
the peptide scan, and it also displays the sequence of peptiddrp emission spectra for the purified complex aA-

REYRI PADVDPLTITSSLS SDGVLTVNGPRKQVSGPERTI

8175 ReEKAVTAARKR
Ficure 2: Human aB-crystallin sequence showing theA-
crystallin recognition sites (in bold) identified by peptide scan assay.
Residues in bold indicate recognition sites 1 and 2 identified in
this study. The sequence also shows the N-terminal domaiig1

spots that interacted withA-crystallin. Since the sequence

crystallin—peptide 22 displayed an emission maximum at

of the peptides at those positions is known, we inferred that 345 nm, suggesting that the Trp of peptide 22 is now partially

oB-crystallin peptides at spots 2@2 and 2731 strongly
interacted witholA-crystallin. On the basis of the sequences
of peptides at spots 222 and 2731, we have designated

buried as a consequence of interaction vah-crystallin.
Chaperone-like Actity of thea A-RS-1 Peptide Complex.
It was of interest to know whether binding of RS-1 peptide

the TSLSPFYLRPPSFLRA and WFDTGLSEMRLE regions will alter the chaperone-like function afA-crystallin. If the
in aB-crystallin as recognition sites (RS) 1 and 2, respec- chaperone site and RS-1 interaction siteui-crystallin are
tively (Figure 2). Very weak interactions were also observed the same, then we expect théd —RS-1 peptide complex to
betweermA-crystallin and peptide spots at positions 45 and show significantly reduced chaperone-like activity. Figure
53, corresponding to residues-8807 and 104123, re- 5 shows EDTA-induced aggregation of ADH at 3C in
spectively, inaB-crystallin. the presence and absence of te—RS-1 complex. The
Confirmation of Interaction ofB-Crystallin Peptide with oA—RS-1 complex at 20ug partially suppressed the
aA-Crystallin. The interaction ofaB peptide with oA- aggregation of ADH (40@g). When a higher concentration
crystallin was confirmed by gel filtration and HPLC analysis. (45 ug) of theaA—RS-1 complex was used, the extent of
Two peaks were observed when a mixturendf-crystallin suppression of the aggregation of ADH was similar to that
and synthetic peptide (RS-1), corresponding to one of the observed withaA-crystallin (45 «g) without bound RS-1.
oB recognition sites, was subjected to gel filtration (Figure RS-1 peptide by itself did not show any aggregation. Also,
3A). In Figure 3A, the peak eluting at 12.45 min is the RS-1 peptide (5Qug) did not show any chaperone-like
complex betweemA-crystallin and RS-1 peptide, whereas activity when incubated along with ADH. A similar result
the peak at 23.38 min represents the unbound RS-1 peptidevas obtained when the chaperone-like activity of dtfe—
in the mixture (or the peptide by itself, shown for compari- RS-1 complex was checked against thermal aggregation of
son).aA-crystallin alone also elutes at 12.45 min from this citrate synthase (data not shown).
column (data not shown). Reverse-phase HPLC analysis of Structural Characterization aiB Mutants In the present
the protein peak eluting at 12.45 min confirmed the binding study, both the wild-type and mutawntB-crystallins ex-
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Complex
A H 12‘?;5 B oA c oA
43.77 43.56
RS-1 Rs-1
34.02 34.23
23.38
Free RS-1
\ Unbound
RS-1
0 15 30 0 20 40 60 0 20 40 60
oA
D ::’.nﬁex E 43.65 F [N
43.61
Reverse
RS-1
34.08
Unbound and free
reverse RS-1
23.32
0 10 20 0 20 40 60 0 20 40 60

Time (minutes)

Ficure 3: Chromatographic analysis ofA-crystallin, RS-1 peptide, and reverse RS-1 pept{ég.Elution profile of theoA-crystallin—

RS-1 mixture and RS-1 on a BIOSEP SEC 3000 HPLC column. The experimental detail is included in the) tdi@l (Banalysis of the

12.45 min (complex) peak from panel A using a C18 column. The peak eluting at 34.02 min is the RS-1 peptide whereas the peak at 43.77
min is that ofaA-crystallin. (Q HPLC analysis of an aliquot of a mixture of RS-1 peptide a#dcrystallin prior to gel filtration. (D)

Elution profile of theoA-crystallin—reverse RS-1 mixture and reverse RS-1 on a BIOSEP SEC 3000 column. (E) C18 HPLC analysis of
the 12.41 min (complex) peak from panel D. The peak eluting at 43.65 noiA4srystallin. Note the absence of the reverse RS-1 peptide

peak. (F) C18 HPLC analysis of an aliquot of a mixture of reverse RS-1 peptidemudystallin prior to gel filtration.

pressed irE. coli BL21(DE3)pLysS cells were purified by

gel filtration and ion-exchange chromatography. The elec-

trospray mass spectrometry revealed molecular masses

oBP51A showed increaseatthelical content as opposed to
the wild type andaBR50G. This finding implies that
ofutation of P51A significantly altered the structureods,

20158.9, 20059.7, and 20132.8 Da, expected molecularwhereas charge replacement (R50G) did not have any effect

masses for wild type andBR50G andaBP51A mutants,

on the secondary structure of the protein. Near-UV CD

respectively. To determine whether mutation caused any profiles for wild type andxB mutants were not significantly

change in the oligomeric size of the crystallins, the purified
wild-type as well asaB mutant proteins were chromato-
graphed on a BIOSEP SEC 4000 column. Both wild-type
and mutant proteins showed similar elution profiles (Figure
6), corresponding to an oligomeric mass of &110° Da.
This finding indicates that the mutation did not affect the
homooligomerization of the proteins.

Intrinsic fluorescence spectra (Figure 7) exhibited similar
wavelength maxima (343 nm) for wild-typeB and the

different (data not shown). This indicates that neither charge
replacement nor increasedhelicity due to P51A mutation
caused any tertiary structural changes.

The stability of wild-type aB and its mutants was
determined by measuring light scattering of the proteins at
both 37 and 43C, the temperatures used in the chaperone
assays. At both of these temperatures, neither the wild type
nor the mutants showed any light scattering or aggregation,
indicating that the mutation did not alter protein stability (data

mutants. However, compared to the fluorescence intensity not shown).

for wild-type aB, there was a 30% reduction faBP51A,
followed by a 45% reduction fooBR50G. Bis-ANS is a

Functional Characterization oftB Mutants.The ability
of mutant proteins to suppress either thermal or EDTA-

hydrophobic molecule whose fluorescence intensity increasesinduced aggregation of target proteins was analyzed. Figure

on binding to the hydrophobic regions in proteins. Only a

9A shows the thermal aggregation of CS (/&) at 43°C

marginal decrease was observed in the binding of bis-ANS in the presence of both wild-type and mutant proteins at

to aBP51A andoBR50G as compared to wild-typeB (data

different concentrations. The wild type (28) andoBR50G

not shown). These results indicate that the mutation did not (35 ug) completely suppressed the aggregation of CS, but

affect the available hydrophobic sites in proteins.

The secondary structure of wild-type and mutari-
crystallins was determined by far-UV CD spectral analysis.
The far-UV CD spectra (Figure 8) for wild-typeB and

aBR50G were similar, indicating no change in their second-

ary structure. On the other hand, the far-UV profile of

oBP51A at both 35 and 50g showed reduced chaperone-
like activity. EDTA facilitates aggregation of ADH at 37
°C, which otherwise needs higher temperature for aggrega-
tion. EDTA-induced aggregation of ADH (0.8 mg) in the
presence of 2Qug each of wild-typeaB, aBP51A, and
oBR50G (Figure 9B) shows thatBP51A could not com-
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Ficure 4: Intrinsic fluorescence spectra of a mixture @A-

crystallin andaB-crystallin peptide (peptide 22). (A) At O time
and (B) theoA-crystallin—peptide 22 complex isolated from the

gel filtration column following a 16 h incubation at 3TC. The
spectra were recorded using a Jasco FP 750 spectrofluorometer (Ex
295 nm; bandwidth of 5 nm for Ex and Em modes). Wavelength
emission maxima for each sample are indicated in parentheses.
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Ficure 5: Chaperone-like activity of the@tA—RS-1 peptide
complex against EDTA-induced aggregation of ADH. Experimental
details are included in the text. Key: (A) ADH (404@), (B) ADH

+ 20 ug of theaA—RS-1 peptide complex, (C) ADH- 45 ug of

oA, (D) ADH + 45 ug of theaA—RS-1 peptide complex, (E) 50
ug of RS-1 peptide alone, and (F) ADH 50 ug of RS-1 peptide.

pletely suppress the aggregation of ADH, whilBR50G
showed chaperone-like function similar to wild type.
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Ficure 6: Gel filtration profiles of wild-type and mutantB-
crystallins on a SEC 4000 column.
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FIGURE 7: Intrinsic tryptophan fluorescence spectra for wild-type
andoB-crystallin mutants. Protein samples (209) in phosphate
buffer were excited at 295 nm.

proceed at 37°C in PBS for 2 h. The time-dependent
decrease in donor fluorescence and concomitant increase in
the acceptor fluorescence were monitored upon exciting the
samples at the donor absorption maximum (346 nm). After
curve fitting of the raw data and nonlinear regression analysis
(using Sigmaplot 8.0 software), we then calculated the
subunit exchange rate (Figure 10A). fed—aA interaction,
the rate of subunit exchange was calculated as 13.88~*
s1, for aBR50G—-aA interaction, it was 10.8% 10 s,
and foraBP51A—0A interaction, the exchange rate was 5.2
x 1074 s™L. The P51A mutation reduced the rate of subunit
exchange by 63%, whereas R50G reduced the subunit
exchange rate by 23%.
We examined the ability ot BP51A andoaBR50G to
replace wild-typeaB from the aB—aA oligomer. For this
purpose, a heterooligomer was allowed to form betwe&n

The effect of mutation on subunit exchange was examined 488 andaB (unlabeled) fo 4 h at 37°C. The FRET assay

by FRET assay. Wild-typeB, oBP51A, andaBR50G were

was then started by the addition @BR50G labeled with

labeled with Alexa fluor 350, and they act as energy donors, Alexa 350 (25ug) or aBP51A labeled with Alexa 350 (25
andoA was labeled with Alexa fluor 488, and it acts as an ug), and the subunit exchange was monitored for &B.

energy acceptor. The fluorescent-488 andaB-350 (wild

labeled with Alexa 350 (25:g) was used as a control.

type/mutant) mixture was prepared in 3:1 ratio to mimic the Because of the dynamic naturewfcrystallin subunitsg.B-
in vivo situation (1). We allowed the subunit exchange to 350 readily replaced unlabeledB (Figure 10B). When
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Ficure 8: Far-UV CD spectra of wild-type and mutantB-
crystallins. Spectra were recorded at a protein concentration of 200
ug/mL using a 0.05 cm path length cell.
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Ficure 9: Chaperone-like activity of wild-typeB and mutants

of aB-crystallin against aggregation of CS (A) and ADH (B).
Experimental details are included in the text. Upper panel (A): (A)
CS (75u9), (B) CS+ 35 ug of aBP51A, (C) CS+ 50 ug of
aBP51A, (D) CS+ 35 ug of wild-type aB, (E) CS+ 50 ug of
wild-type aB, and (F) CSt 35ug of aBR50G. Lower panel (B):
(A) ADH (800 ug), (B) ADH + 20 ug of aBP51A, (C) ADH +

20 ug of wild-type aB, and (D) ADH+ 20 ug of aBR50G.

compared taxB-350,0BR50G-350 replacedB at a 12.5%
reduced rate. On the other handP51A replacedB at a
very low rate (55% reduction), corroborating the previous

Biochemistry, Vol. 43, No. 50, 200415791

observation about its slow subunit exchange wigh(Figure
10A).

We also investigated whether RS-1 peptide could compete
with aBR50G or aBP51A for interaction withoaA. The
subunit exchange study was performed by incubation of
oBP51A-350 o BR50G-350 (25:9), o A-488 (75ug), and
unlabeledoB (25 ug) at 37 °C for 3 h. As a-crystallin
subunits exchange continuously, unlabetedl effectively
competes witlttBR50G-350 o BP51A-350 for interaction
with aA. Thus, less energy is transferredaé (this served
as a control). RS-1 peptide (unlabeled) was used at concen-
trations of 75 and 10@g (Figure 10C,D). Similar taxB,
RS-1 peptide also effectively competed wittBR50G
(Figure 10C) andBP51A (Figure 10D), indicating that RS-1
is one of the interacting sites betweexB- and aA-
crystallins.

DISCUSSION

By using a combination of mutagenesis and spin-labeling
studies, it was suggested earlier thatdherystallin domain
may be involved in subunit interactioB3). On the basis of
deletion studies, it appears that the N-terminal regionAa
and aB-crystallin may play a role in aggregate formation
(17). The phosphorylationoligomerization study with HSP
27 also revealed that the N-terminal domain is essential for
oligomerization while the C-terminal domain plays a role in
dimerization 84). aB-crystallin has three phosphorylation
sites: Ser 19, 45, and 58%). The Ser 45 and 59 reside at
recognition sites 1 and 2 identified in this study (Figure 1).
Therefore, we hypothesize that phosphorylation-induced
disaggregation oftxB-crystallin [reported earlier by Ito et
al. (36)] may arise due to the interference of the phosphate
moiety on Ser 45 or 59, which otherwise is involved in
interaction with another subunit.

In our study, 20-meraB-crystallin peptides were im-
mobilized on PVYDF membrane. These were longer than the
peptides used in many earlier studigs<27). We used 20-
mer peptide arrays for the following reason. Earlier, we
discovered that a 19-merA peptide interacts with a number
of denaturing proteins and therefore has the adequate
structure to interact with other proteind7j. Therefore, we
hypothesized that an array made of 19-residue peptides would
be sufficient to determine an interaction betweek and
oB-crystallin. The immobilizedxB-crystallin peptides that
interacted witholA-crystallin were the peptides at spots20
22, 2731, 45, and 53, spanning residues-3® and 88-

123 (Figure 1). Because only 10 of the 79 peptides in the
scan reacted with/A, the interaction appears to be specific.
On the basis of above data, residues-82 and 66-71 in
oB-crystallin can be calledA-crystallin recognition sites.
Recently, using a pin array system Clark et &8)(also
reported that the 4157 region inaB-crystallin is involved

in interaction with crystallins and substrate proteins.

The RS-2 sequence (residues—60) overlaps with a
region (from residues 5769) identified earlier in our
laboratory as the sequence aB-crystallin that interacted
with SAED-labeled ADH during chaperone-like acti@$).
However, results from mellitin and bis-ANS binding studies
(37, 40) led us to propose that residues—7® in aB-
crystallin contribute to a chaperone site. This was later
confirmed by the chaperone-like activity displayed by the
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Ficure 10: Subunit exchange studies of wild-typd and aB-crystallin mutants withaA-crystallin. (A) 25 4g of aB-crystallin-350
(wild-type/mutants) was used as the energy donor, andg7bf o A-488 was the energy acceptdtacceptofFdonor represents the ratio of
fluorescence intensities at 520 to 436 nm) M oligomer was preformed betweerB-crystallin (259, unlabeled) andA-crystallin-488
(75ug) at 37°C for 4 h. 25ug each ofaB-350, aBP51A-350, andxBR50G-350 was added to initiate competition between unlaleied
and labeled wild-type and mutanB-crystallins for interaction wittoA-488. (Q Effect of RS-1 peptide on subunit exchange between
oBR50G-350 andxA-488 and (D betweennBP51A-350 andxA-488. 2519 each ofaBR50G-350 andxBP51A-350 was mixed with 75
ug of aA-488 in PBS. 259 of wild-type (unlabeledyB-crystallin as a control or RS1 peptide at 75 and A8@vas added. The competition
between RS1 peptide andBR50G-350 omBP51A-350 for interaction witliA-488 was monitored by measuring the ratio of fluorescence
intensity at 520 nm of the acceptax4-488) at given time intervals to the fluorescence at the beginning of the aSghy).(

synthetic peptide DRFSVNLDVKHFSPEELKVK compris-  conformation-dependent binding sites, where the key residues
ing the 73-92 region ofaB-crystallin @1). But a synthetic are distributed over two or more binding regions that are
peptide comprising residues 589 of aB-crystallin failed separated in the primary structure, may be contributing to
to show any chaperone-like function (unpublished results). subunit interactions in the C-terminal domain. In native
Therefore, the SAED-labeled ADH interacting regiorodd- protein, amino acids at different locations may be brought
crystallin appears to be a chaperone site flanking region rathertogether on the protein surface to form a composite epitope
than the actual chaperone site by itself. Additionally, during (binding site). But peptides covering only one portion of the
the initial study 89), the terminal photoactive azidocoumarin binding region, as synthesized in a scan of overlapping
moiety on a 23.6 A spacer arm may have reacted with peptides, may have very low affinities for the interacting
residues proximal to the actual chaperone site, the923 proteins. This may be responsible for our inability to detect
region ofaB-crystallin. Taken together, it appears that the oA interaction sites in the C-terminal region@B-crystallin.
60—71 region ofaB-crystallin, while serving as a subunit A combination of gel filtration and HPLC chromatography
interaction site, also functions as a chaperone site flanking studies (Figure 3) confirmed the interactiono®-crystallin
region. peptide (RS-1) withaA-crystallin. We estimated that the

The entire C-terminal domain afB-crystallin has been  peptide andoA-crystallin bind in 1:2 ratio (peptideA-
shown to be involved in interaction witA-crystallin using crystallin subunit). While there is a potential for each subunit
two hybrid systemsl(9, 20). But our peptide scan study did  of aA-crystallin to bind one peptide, the oligomeric nature
not pick up any peptides in the C-terminal regionod3- of aA subunits may be restricting the binding of one RS-1
crystallin. While the reason for this discrepancy is not known, peptide per subunit. Since the reverse sequence of RS-1
we hypothesize that the presence of discontinuous orpeptide and a hydrophobic N-terminal peptide-{B) of o.B-
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crystallin failed to bind taxA-crystallin, the binding of RS-1  indicating that the mutation has altered the microenvironment
peptide tooA-crystallin appears to be sequence-specific of the Trp residues. This change most probably affecteéPTrp
rather than a function of hydrophobicity. The Trp residues as it is very close to the RS-1 region (427 residues).
in peptides generally show fluorescence emission spectra, The effect of mutation in the RS-1 region on the secondary
with a peak around the 35860 nm region, similar to the  structure of the proteins was investigated by far-UV CD
Trp residues in aqueous media or in fully denatured proteins. spectra (Figure 8)aB-Crystallin mainly exhibitsjs-sheet
However, interaction of peptides possessing Trp residues withstructure with a minor content ak-helix (47). Figure 8
proteins would result in diminished exposure of the peptide shows that the P51A mutation increased théhelical
Trp to the aqueous environment with a concomitant blue shift structure of the protein, whereas charge replacement (R50G)
in the fluorescence emission maxima. The fluorescencehad no effect on the secondary structure. Additionally, the
spectra for the peptide 22xA-crystallin complex isolated  aBP51A mutant also showed increased negative ellipticity,
by gel filtration showed an emission maximum at 345 nm which is known to be associated with helical structure. On
(Figure 4B). This emission at 345 nm is at a higher the other hand, near-UV CD profiles for wild-typeB,
wavelength than foroA-crystallin by itself and at a  oBP51A, andoaBR50G were similar (data not shown),
significantly lower wavelength than for the peptide Trp. This suggesting that the mutation had an insignificant effect on
suggests the association of tlhd3 peptide containing a  the tertiary structure of the proteins. The change observed
partially exposed Trp residue withA-crystallin. Taken in tryptophan emission spectra is not reflected in the near-
together, these data confirm the interaction of the TSLSP- UV CD profiles as absorption by Trp residues is masked by
FYLRPPSFLRAPSWF sequencedB-crystallin with aA- that of Tyr residues.
crystallin. To investigate whether the change in structure translated
Previous studies have shown that residues at the beginningnto a change in function of the mutants, we analyzed their
of the alA-crystallin domain are involved in the interaction chaperone-like function as well as their subunit interaction
with target proteins during chaperone acti@Y)( A site- with olA-crystallin. Compared to wild-typeB andoaBR50G
directed mutagenesis study confirmed this interact&s). ( (Figure 9), thewxBP51A mutant showed reduced chaperone-
Other studies have shown that mutation of other residueslike activity. Since all of the proteins exhibited similar
results in loss/gain of chaperone-like activity2¢-47). Since hydrophobicity, decreased chaperone-like function BIP51A
both homoaggregates and heteroaggregated\afrystallin could be a result of its altered structure.
andaB-crystallin show chaperone-like activitg)(and can The hallmark of all sHSPs is their tendency to assemble
form complexes with denaturing proteins, it appears that the into oligomers of high molecular masses. Oligomerization
subunit interaction region and the chaperone site are apparis a structural prerequisite for the chaperone function in a
ently distinct. The two regions, however, can reside in the majority of SHSPs§&, 10). We investigated whether mutation
same domain. Our studies on the chaperone-like function ofin the RS-1 region affects the dynamic nature:Btcrystallin
the aA-crystallin—RS-1 complex reveal the same. Binding and its mutants (i.e., their subunit exchange with-
of RS-1 peptide does not alter the chaperone-like activity of crystallin). The subunit exchange was monitored using FRET
oA-crystallin (Figure 5), thus confirming that the subunit assay, and the rate of subunit exchange was calculated from
interaction region and the chaperone site are very distinct. the initial slopes for each curve. Figure 10A shows that, for
Earlier studies have shown that the N-terminal region and the aBP51A—0A interaction, the exchange rate was reduced
the a-crystallin domain are involved in subunit interactions by 63% when compared to the wild-typ@&—aA interaction.
(17, 33). Deletion of the first 19 residues does not alter the TheaBR50G-0A interaction proceeded with 23% reduction
size of aA-crystallin and the rate of subunit exchand®. ( in the subunit exchange rate when compared todBe-
In contrast, deletion of first 56 residues results in a drastic oA interaction. Our results indicate that structural alteration
reduction in the size leading to the formation of dimers or caused by mutation of P51A iaB significantly affected
tetramers and the failure of protein to exchange subuglits (  the subunit exchange rate whereas charge replacement did
On the other hand, deletion of nine residuesu (20—28 not result in a similar change.
residues) andB-crystallins (21-29 residues), the conserved We also investigated the ability of mutant proteins to
SRLFDQFFG sequence, alters the oligomer formation but replace wild-typenB from a preformed heterooligomer with
does not lead to the formation of dimers and trimet3).( oA-aB crystallins. Figure 10B shows thaBR50G replaces
These deletion mutants also exhibit an increased subunitwild-type aB at a slightly reduced rate (12.5% reduction as
exchange rate, compared to their wild-type counterpdBs (  compared to wild-typeB); aBP51A replaces wild-typeB
Therefore, it appears that interacting regions for oligomer at 55% slower rate than the wild type. This observation
formation lie in the first 19-56 amino acids. Our peptide  corroborates the result shown in Figure 10A, suggesting that
scan data show that residues47 (RS-1) contribute to one  P51A mutation alters the structure@B in such a way that
of the interacting sites betweemB- and aA-crystallins. heterooligomer formation is hindered. However, complete
Therefore, it was imperative to investigate the residues in cessation of subunit exchange was not observed as the P51A
the RS-1 region that will be essential for subunit interactions. mutation was created in only one of the recognition sites
The R50G and P51A mutations did not show any effect identified from the peptide scan. We hypothesize that
on the homooligomerization of the proteins (Figure 6). The complete disruption of subunit interaction may require
wild-type aB-crystallin and the purified mutant proteins show simultaneous mutation at all recognition sites. This reveals
a molecular size 0f-610 kDa. The Trp emission maximum that multiple sites are involved in subunit interactions. This
of both wild-type and mutant proteins was similar (343 nm, was also suggested earlier by Bova et @).dn the basis of
Figure 7). However, there was a reduction in the intensity the high activation energy (relative to other exchange
of Trp emission for mutants as compared to wild type, reactions) obtained for theA—oA interaction. Nevertheless,
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our study implies that the RS-1 region plays a major role in

subunit interaction betweewA- and aB-crystallins.

If the RS-1 region is one of the interacting regions between
aA- and oaB-crystallins during subunit exchange, RS-1
peptide should competitively inhibit the interaction between
oB- and aA-crystallins. On the basis of our experimental
results with different RS-1 concentrations on subunit ex-

change betweemBP51A-aA and aBR50GeaA (Figure

10C,D), we deduce that RS-1 peptide effectively competes

with aBP51A andaBR50G for interaction withoA.

On the basis of the above study, we conclude that the RS-1 17

region comprising residues 457 in the N-terminal region
of aB-crystallin is involved in the interaction witldA-
crystallin. Upon binding to the RS-1 peptideA-crystallin

does not lose its chaperone-like activity, thus confirming that

the subunit interaction site and chaperone site are different.
Mutation involving charge replacement does not cause any 19
considerable structural and functional changes. On the other

hand, replacement of Pro with Ala significantly alters the

structure and function of the protein. Therefore, the RS-1 20.

region is one of the critical motifs that contribute to the
oligomerization or subunit interactions aB-crystallin.
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