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ABSTRACT: The functional importance of theâ8 sequence (131LTITSSLS138), which is on the surface of
the R crystallin core domain of humanRB crystallin, was evaluated using site-directed mutagenesis.
Ultraviolet circular dichroism determined that mutating the surface-exposed, nonconserved residues, Leu-
131, Thr-132, Thr-134, Ser-135, Ser-136, and Ser-138 individually or in combination (RAâ8 and CEâ8),
had no measurable effect on secondary and tertiary structure. Size exclusion chromatography determined
the size of the complexes formed by theâ8 mutants to be 6-8 subunits larger than wtRB crystallin. In
chaperone assays, the protective effect of the L131S, T132A, and S135C mutants of theâ8 sequence was
similar to wt RB crystallin whenâL crystallin and alcohol dehydrogenase were the chaperone substrates
and decreased to 66% when citrate synthase was the chaperone substrate. In contrast, the chaperone activity
for all three substrates was dramatically reduced for the T134K, S138A, S136H, and CEâ8 mutants. The
prominent location of Thr-134, Ser-136, and Ser-138 on the exposed surface of theR crystallin core
domain could account for the effect on complex assembly and chaperone activity. Modulation of chaperone
activity by the exposed residues of theâ8 sequence in theR crystallin core domain was independent of
complex size. The results established theâ3-â8-â9 surface of theR crystallin core domain as an interface
for complex assembly and chaperone activity.

Small heat shock proteins (sHSP)1 are proteins with
molecular masses<43 kDa that respond to stress in lens,
brain, skin, kidney, and muscle to recognize, stabilize, and
protect unfolding proteins from aggregation and insolubili-
zation (1-14). The common structural feature of sHSPs is
an immunoglobulin-like domain called theR crystallin core
domain which consists of six to tenâ strands arranged in
two antiparallelâ sheets to form a compactâ sandwich (15-
23). Electron spin resonance and homology modeling ofRB
crystallin indicated thatâ strands 2, 3, 8, and 9 formed one
â sheet andâ strands 4, 5, and 7 formed the facing
antiparallelâ sheet of theR crystallin core domain (15, 17,
24-26). Of the seven interactive sequences identified
previously using protein pin arrays, three interactive se-
quences,â3, â8, andâ9, formed an interface on the surface
of theR crystallin core domain indicating potential involve-
ment in chaperone function and complex assembly (24, 25).
Mutational analysis established that the surface-exposed side
chains of theâ3 and â9 strands were important for the
recognition and selection of substrate proteins on the basis
of the amount of substrate protein unfolding (19, 27). Novel
fluorescence resonance energy transfer, mass spectrometry,

and size exclusion chromatography characterized theâ4-
â8 groove on the surface of theR crystallin core domain of
humanRB crystallin as an ATP interactive site and estab-
lished a relationship between enhanced chaperone activity
and altered subunit dynamics in the presence of ATP.

While the importance of the conservedR crystallin core
domain in chaperone activity is well established (16, 18, 19,
28-39), three sHSPs, 12.2, 12.3, and 12.6 fromCaenorhab-
ditis elegans(C. elegans) that contain theR crystallin core
domain, lack chaperone activity in vitro (40). Replacing the
N- and C-terminal domains ofC. eleganssHSP12.2 with
the N- and C-terminal domains ofRB crystallin failed to
restore chaperone activity even though the resultant N-c-T
chimera formed assemblies similar toRB crystallin (41).
These results suggested that differences in the primary
sequence of the interactive sequences in theR crystallin core
domain may be responsible for differences in function.
Mutational analysis of theâ3 sequence ofRB crystallin
performed on the basis of the differences in the amino acid
composition of theâ3 sequences ofRB crystallin, RA
crystallin, andC. eleganssHSP12.2 confirmed the hypothesis
that differences in the amino acid composition of interactive
sequences in theR crystallin core domain of sHSPs ac-
counted for differences in chaperone activity (27). The results
were consistent with the theory that chaperone activity was
dependent on the composition of the interactive sequences
in theR crystallin core domain and independent of complex
size.

The current study evaluated the effect of mutating selected
residues in theâ8 sequence of humanRB crystallin on the
basis of sequence differences between theâ8 sequences of
humanRB crystallin, humanRA crystallin, andC. elegans
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sHSP12.2. Six single-site mutants, L131S, T132A, T134K,
S135C, S136H, and S138A, and two multisite chimeric
mutants,RAâ8 and CEâ8, of theâ8 motif of RB crystallin
were constructed and synthesized on the basis of a com-
parison of the primary sequence and predicted secondary
structure ofRB crystallin, RA crystallin, andC. elegans
sHSP12.2. Theâ8 mutants assembled into complexes that
were 6-8 subunits larger than wtRB crystallin. The effect
of the mutations on chaperone activity was dramatic in the
absence of measurable structural modifications evaluated
using ultraviolet circular dichroism (UVCD) and size exclu-
sion chromatography. The results established the functional
importance of the exposed residues of theâ8 interactive
sequence in the chaperone activity and complex assembly
of RB crystallin, the archetype of sHSPs.

EXPERIMENTAL PROCEDURES

Multiple Sequence Alignment and Rationale for Mutagen-
esis. Nonconserved, surface-exposed residues of theâ8 motif,

131LT ITSSLS138, of humanRB crystallin were substituted
on the basis of a sequence alignment ofRB crystallin and
RA crystallin, two sHSPs with chaperone-like activity in vitro
and the N-c-T chimera, a sHSP with no chaperone-like
activity in vitro (41) (Figure 1). TheC. eleganssHSP12.2
and humanRB crystallin chimera (N-c-T) contains theR
crystallin core domain ofC. eleganssHSP12.2 and the N-
and C-termini ofRB crystallin. Secondary structure informa-
tion from the homology models of humanRA crystallin and
RB crystallin computed using the wheat sHSP16.9 crystal
structure and predicted secondary structure information of
the N-c-T chimera were incorporated into the alignment (24,
25). The L131S mutation was common to bothRA crystallin
and the N-c-T chimera. TheRA crystallin based single-site
â8 substitutions were T132A and S135C. The N-c-T chimera
based single-siteâ8 substitutions were T134K, S136H, and
S138A. In addition, the entireâ8 motif of RB crystallin,131-
LTITSSLS138, was replaced with theâ8 motif, 127SALSC-

FIGURE 1: ClustalX-generated sequence alignment of humanRB crystallin, humanRA crystallin, and the N-c-T chimera ofC. elegans
sHSP12.2 andRB crystallin that lacks chaperone activity in vitro (41). The â8 sequences in the three proteins were identified (box) and
expanded at the bottom of the figure. Conserved residues have gray backgrounds. The L131S substitution was common to bothRA crystallin
and the N-c-T chimera. Residues Thr-132 and Ser-135 in humanRB crystallin were substituted with corresponding residues Ala-128 and
Cys-131 from humanRA crystallin. Residues Thr-134, Ser-136, and Ser-138 inRB crystallin were substituted with corresponding residues
Lys-93, His-95, and Ala-97 from the N-c-T chimera. Conserved residues were designated by “*” or “:” in their column headings, where
“*” represented identical amino acids and “:” represented chemically similar amino acids.

Table 1: Primers Used for Site-Directed Mutagenesis of theâ8 Strand ofRB Crystallina

mutation type primer sequence (5′ f 3′)
L131S forward CCA GCT GAT GTA GAC CCTTCG ACC ATC ACT TCA TCC CTG TCA TCC

reverse GGA TGA AGT AAT GGT CGA AGG GTC TAC ATC
T132A forward CT GAT GTA GAC CCT CTCGCA ATT ACT TCA TCC CTG TCA TCT G

reverse C AGA TGA CAG GGA TGA AGT AAT TGC GAG AGG GTC TAC ATC AG
T134K forward GTA GAC GAC CCT CTC ACC ATCAAG TCA TCC CTG TCA TCT GAT GGG

reverse AGA TGA TAA GGA TGA CTT AAT GGT GAG AGG GTC
S135C forward GAC CCT CTC ACC ATT ACTTGC TCC CTG TCA TCT GAT GGG GTC

reverse GAC CCC ATC AGA TGA CAG GGA GCA AGT AAT GGT GAG AGG GTC
S136H forward GAC CCT CTC ACC ATT ACT TCACAT CTG TCA TCC GAT GGG GTC CTC

reverse GGA TCC ATC AGA TGA CAA ATG TGA AGT AAT GGT GAG
S138A forward CTC ACC ATT ACT TCA TCC CTGGCA TCT GAC GGG GTC CTC ACT GTG

reverse AGA GAC TCC GTC AGA TGC TAA AGA TGA AGT AAT GGT
RAâ8 forward CAC AGT GAG GAC CCC ATCGGC TGA CAG GGA GCA GGA GAG GGC TGA AGG GTC TAC ATC AGC TGG

reverse CCA GCT GAT GTA GAC CCTTCA GCC CTC TCC TGC TCC CTG TCA GCC GAT GGG GTC CTC ACT GTG
CEâ8 forward CAC AGT GAG GAC CCC ATCCCT AGT GGC CAG GTG TGA CTT TAC GGT GGA AGG GTC TAC ATC

AGC TGG
reverse CCA GCT GAT GTA GAC CCTTCC ACC GTA AAG TCA CAC CTG GCC ACT AGG GAT GGG GTC CTC

ACT GTG
a Column 1 lists the substitutions, column 2 lists the type of primer (forward or reverse), and column 3 lists the nucleotide sequence of the primer

used with the actual substitutions in bold face.
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SLS134, from RA crystallin (RAâ8) and the â8 motif,
90STVKSHLA97, from the N-c-T chimera (CEâ8) (Figure
1). Residues 133 and 137 ofRB crystallin formed intramo-
lecular contacts (24), were chemically similar or identical
to residues at the corresponding positions in theâ8 motifs
of RA crystallin and the N-c-T chimera, and were conse-
quently not mutated. Eight substitutions were made to the
â8 motif of RB crystallin, and the resultant mutants are
referred to as “â8 mutants” in the remainder of the paper.

Mutagenesis, Protein Expression, and Purification.Site-
directed mutagenesis of theâ8 motif of RB crystallin was
performed using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA) and custom primers (Qiagen,
Valencia, CA) (Table 1) as described previously (27). Wt
RB crystallin and theâ8 mutants were purified using methods
described previously with minor modifications (19, 27).
Protein concentrations were determined using the BCA
protein assay kit (Pierce, Rockford, IL). Proteins were
dialyzed into 5 mM PBS, pH 7.0, and stored at-80 °C for
further analysis.

Circular Dichroism. Subtle changes in 3-D structure
cannot be ruled out by UVCD spectroscopic analysis, and
the inherent polydispersity ofRB crystallin prevented a more
thorough structural analysis of theâ8 mutants using X-ray
diffraction or NMR spectroscopy. The secondary and tertiary
structures of wtRB crystallin and the eightâ8 mutants were
determined by ultraviolet circular dichroism using a Jasco
720 circular dichroism spectrophotometer at 37 and 50°C
as described previously (27). Far-UVCD experiments were
performed using samples at a concentration of 0.1 mg/mL
in 5 mM PBS, pH 7.0, with a 1 mmpath length cuvette,
while near-UVCD experiments were performed with samples
that were at 5 mg/mL concentration in 5 mM PBS, pH 7.0,
with a 1 mmpath length cuvette. Five spectra were collected
for each sample at each temperature. The near- and far-
UVCD spectra of the buffer (5 mM PBS, pH 7.0) were used
for baseline correction. Raw UVCD ellipticities were con-
verted to mean residue molar ellipticities and expressed as
deg‚cm2‚dmol-1 to normalize for slight molecular mass
differences between wtRB crystallin and theâ8 mutants.

Size Exclusion Chromatography. The complex size of wt
RB crystallin and the eightâ8 mutants was determined using
a Biosep SEC-S4000 column with a molecular mass range
of 15-2000 kDa (Phenomenex, Torrance, CA) and an
AKTA FPLC purifier (Amersham Biosciences, Piscataway,
NJ) as described previously (27). In three separate runs, 30
µL samples (2.5 mg/mL) were loaded on a preequilibrated
column and chromatographed at a flow rate of 1.0 mL/min
in 5 mM PBS, pH 7.0. The apparent molecular mass and
the average number of subunits per complex formed by wt
RB crystallin and theâ8 mutants were calculated from a
plot of the elution time versus log(apparent molecular mass)
of the calibration proteins as described previously (27).
Polydispersity of the elution peaks was calculated as peak
width at half peak height.

Chaperone Assays.Chaperone assays with wtRB crystallin
and the eightâ8 mutants were performed using previously
established methods with minor modifications (19, 27).
Chaperone assays were performed at concentrations that
permit detection of small changes in the chaperone activity
of theâ8 mutants. Initially, chaperone assays were performed
at a 10:1, 5:1, 1:1, 1:5, and 1:10 ratio of chaperone:substrate

to determine optimal conditions. A 1:1 monomeric molar
ratio of chaperone:substrate was determined to be the
optimum ratio. All subsequent chaperone assays of theâ8
mutants were performed in triplicate and at a 1:1 monomeric
molar ratio of chaperone:substrate protein. The chaperone
activity of wt RB crystallin and all eightâ8 mutants was
conducted simultaneously with bovineâL crystallin (25 kDa)
(Sigma, St. Loius, MO), equine alcohol dehydrogenase
(ADH) (40 kDa) (Sigma, St. Loius, MO), and porcine citrate
synthase (CS) (47 kDa) (Roche, Indianapolis, IN) in a 96-
well ELISA microtiter plate. In each well, 0.1 mmol of the
chaperone and substrate was mixed in a total volume of 200
µL buffer (5 mM PBS, pH 7.0). Light scattering atλ ) 340
nm was measured using a Multiskan MCC/340 plate reader
before heating (time) 0). After the first reading, the plate
was heated at 50°C, and readings were taken at 15 min
intervals for 60 min. Chaperone activity was calculated as
aggregation and percentage protection in which the maximum
light scattering of each substrate protein in the absence of
any chaperone was set as 0% protection (Table 3).

Molecular Modeling.The three-dimensional homology
model of humanRB crystallin was computed using the X-ray
crystal structure of wheat sHSP16.9 as the template as
described previously (21, 24, 27). The CR root mean square
deviation between the superimposed model of humanRB
crystallin and the crystal structure of wheat sHSP16.9 was
3.25 Å.

RESULTS

Six RB crystallin single-siteâ8 mutants, L131S, T132A,
T134K, S135C, S136H, and S138A, and two chimericâ8
mutants,RAâ8 and CEâ8, were designed and synthesized
on the basis of differences in the primary amino acid
sequences ofRB crystallin, RA crystallin, and the N-c-T
chimera ofRB crystallin andC. eleganssHSP12.2 (Figure
1). TheRAâ8 and CEâ8 mutants areRB crystallin chimeric
mutants in which the entireâ8 sequence (131LTITSSLS138)
of wt RB crystallin was swapped with theâ8 sequences of
RA crystallin (127SALSCSLS134) and the N-c-T chimera (131-
STVKSHLA138), respectively. WtRB crystallin and the eight
â8 mutants were expressed and purified to apparent homo-
geneity using ion-exchange and size exclusion chromatog-
raphy (see Experimental Procedures). SDS-PAGE and

FIGURE 2: SDS-PAGE analysis of purified wtRB crystallin and
eight â8 mutants. Lane 1 contains the purified wtRB crystallin.
Lane 2 contains the molecular mass standards. Lanes 3-10 contain
purified RB crystallin mutants L131S, T132A, T134K, S135C,
S136H, S138A,RAâ8, and CEâ8, respectively. WtRB crystallin
and the eightâ8 mutants were>97% pure as determined by SDS-
PAGE analysis.
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densitometric analysis determined the purity of the mutants
to be>97% (Figure 2).

The effect of theâ8 mutations on the secondary structure
of RB crystallin was determined by far-UVCD at 37 and 50
°C (Figure 3). WtRB crystallin had a single broad minimum
between 207 and 217 nm at 37 and 50°C, which represented
a structure rich inâ sheet andâ turn with little helical
content, which was consistent with previous reports of the
far-UVCD and electron spin resonance spectra for wtRB
crystallin. A small decrease in ellipticity between 200 and
205 nm was observed in the spectrum of the S135C mutant,
which was not observed in the far-UVCD spectra of the other
RB crystallins. The far-UVCD spectra of all eightâ8 mutants
resembled wtRB crystallin at both 37 and 50°C, which

indicated that substituting residues in theâ8 motif of RB
crystallin had no measurable effect on theâ sheet rich
secondary structure of wtRB crystallin.

The effect of theâ8 mutations on the tertiary structure of
RB crystallin was determined by near-UVCD at 37 and 50
°C (Figure 4). The near-UVCD spectra of wtRB crystallin
and the eightâ8 mutants were similar and contained positive
absorption peaks at 260 and 267 nm for phenylalanine, at
277 nm for tyrosine, and at 285 nm for tryptophan. Mutations
in the â8 motif had no measurable effect on the tertiary
structure of humanRB crystallin. The magnitude of the
absorption peaks in the spectra of wtRB crystallin and all
eight â8 mutants responded in the same way as the
temperature was increased from 37 to 50°C. The near- and

FIGURE 3: Far-UVCD of wtRB crystallin and the eightâ8 mutants. For each protein, the average of five spectra acquired at 37°C (A) and
50 °C (B) between 200 and 250 nm was plotted. The UVCD signal was converted to mean residue molar ellipticity expressed as
deg‚cm2‚dmol-1 to normalize for slight differences in molecular mass between wtRB crystallin and the mutants. At each temperature, the
UVCD spectrum of wtRB crystallin contained a single broad minimum between 207 and 217 nm. The UVCD spectra of theâ8 mutants
were similar in shape to the UVCD spectra of wild-typeRB crystallin and had negative ellipticities at the same minima.

FIGURE 4: Near-UVCD of wtRB crystallin and the eightâ8 mutants. For each protein, the average of five spectra acquired at 37°C (A)
and 50°C (B) between 245 and 315 nm was plotted. The UVCD signal was converted to molar ellipticity expressed in deg‚cm2‚dmol-1 to
normalize for slight differences in molecular mass between wtRB crystallin and the mutants. The spectra for theâ8 mutants resembled the
spectrum for wtRB crystallin at 37 and 50°C (molar ellipticity [Θ]: 37 °C > 50 °C). Mutations in theâ8 motif of RB crystallin did not
appear to alter the tertiary structure ofRB crystallin.
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far-UVCD spectra of theâ8 mutants at both 37 and 50°C
were similar to wtRB crystallin, which demonstrated the
similarity in structure and thermal stability of theâ8 mutants
and wtRB crystallin.

The effects of theâ8 mutations on the complex assembly
of RB crystallin were measured using size exclusion chro-
matography (Figure 5). The elution times of all six single-
site â8 mutants were 8.1-8.2 min, which was shorter than
the elution time of 8.5 min measured for wtRB crystallin.
The difference in elution time corresponded to an increase
of 6-8 subunits/assembly in the complex size ofRB
crystallin (Table 2). Similarly, both multisite chimericâ8
mutants,RAâ8 and CEâ8, had shorter elution times (8.1 min)

which corresponded to an increase in complex size by
approximately 8 subunits/assembly relative to wtRB crys-
tallin. Size exclusion chromatography of the single-site and
chimeric â8 mutants was consistent with the involvement
of the â8 interactive sequence in the complex assembly of
RB crystallin subunits.

The chaperone activities of wtRB crystallin and the eight
â8 mutants were assessed in vitro using thermal aggregation
assays with three substrates,âL crystallin, a physiological
chaperone substrate protein (Figure 6A), and two model
chaperone substrate proteins, ADH (Figure 6B) and CS
(Figure 6C). The three substrates were selected for the
chaperone assays to determine the substrate selectivity of
specific residues of theâ8 interactive sequence because they
have different unfolding and aggregation characteristics (25).
The amount of unfolding and aggregation of the substrates
was CS. ADH > âL crystallin (25, 27). The single-siteâ8
mutants, L131S, T132A, and S135C, had chaperone activity
comparable to wtRB crystallin with the target proteinsâL

crystallin and ADH (Table 3). In contrast, the single-siteâ8
mutants T134K, S136H, and S138A reduced or lost chap-
erone activity with the target proteinsâL crystallin and ADH.
The T134K mutant had no chaperone activity with CS, and
the remaining five single-siteâ8 mutants had∼45-66% of
the chaperone activity measured for wtRB crystallin with
CS. The RAâ8 and CEâ8 chimeric mutants had lower
chaperone activity relative to wtRB crystallin with all three
substrate proteins. Mutating residues Leu-131, Thr-132, and
Ser-135 had a larger effect on the aggregation of CS than
on the aggregation ofâL crystallin and ADH. In contrast,
mutating residues Thr-134, Ser-136, and Ser-138 had a larger
effect on the aggregation ofâL crystallin and ADH than on
the aggregation of CS.

The exposed, nonconserved residues of theâ8 sequence,
131LT ITSSLS138, were mapped to the surface of theR
crystallin core domain in a space-filled model of humanRB
crystallin (Figure 7). In the model, theâ4 andâ8 strands
form a groove of hydrophilic and hydrophobic interactive
sites on the external surface of theR crystallin core domain
(purple). Complex assembly may involve interactions be-
tween the Ile-Pro-Ile (I-X-I) motif of the C-terminal extension
of one RB crystallin (tan ribbon) and theâ4-â8 groove
(purple) of another subunit similar to the complex assembly
of Methanococcus jannaschiisHSP16.5 and wheat sHSP16.9.
In addition, theâ8 strand contributes residues, Leu-131, Thr-
132, Thr-134, Ser-136, and Ser-138 to form theâ3-â8-â9

FIGURE 5: Size exclusion chromatography of wtRB crystallin and
the eightâ8 mutants. Elution profiles of wtRB crystallin and the
eight â8 mutants were recorded on a HPLC Biosep SEC-S4000
column with a molecular mass range of 15-2000 kDa. WtRB
crystallin eluted at 8.5 min corresponding to an apparent mean
molecular mass of 472 kDa or 23 subunits per assembly. The elution
times of the six single-siteâ8 mutants, L131S (8.2 min), T132A
(8.1 min), T134K (8.2 min), S135C (8.2 min), S136H (8.2 min),
and S138A (8.1 min), and both chimericâ8 mutants,RAâ8 (8.1
min) and CEâ8 (8.1 min), were shorter than wtRB crystallin,
indicating that mutations in theâ8 motif altered the complex size
of RB crystallin.

Table 2: Complex Size of wtRB Crystallin and the Eightâ8 Mutantsa

protein
molecular mass of

subunit (kDa)
elution time

(min)
polydispersity

(min)
apparent molecular

mass (kDa)
no. of subunits/

assembly

wt RB crystallin 20.2 8.5 0.7 472( 22 23( 1
L131S 20.1 8.2 0.8 577( 12 29( 1
T132A 20.1 8.1 0.9 617( 8 31( 0
T134K 20.2 8.2 0.8 577( 15 29( 1
S135C 20.2 8.2 0.8 577( 5 29( 0
S136H 20.2 8.2 0.8 577( 54 29( 3
S138A 20.1 8.1 0.8 617( 5 31( 0
RAâ8 20.1 8.1 0.8 617( 16 31( 1
CEâ8 20.2 8.1 1.0 617( 20 31( 1

a Column 1 lists the protein. Column 2 lists the molecular mass of anRB crystallin (wt or mutant) subunit calculated from its primary sequence.
Column 3 lists the average measured elution time from three separate chromatographs. Column 4 lists the average polydispersity of the elution
peaks, which was defined as the width of the elution peak at half peak height. Column 5 lists the apparent molecular mass calculated from the
elution time. Column 6 lists the average number of subunits per assembly calculated from the apparent molecular mass.
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chaperone interface on the surface of theR crystallin core
domain.

DISCUSSION

In this report, residues in theâ8 sequence,131LT ITSSLS138,
were mutated to evaluate their effect on the complex
assembly and chaperone activity of humanRB crystallin.

The similarities in UVCD spectra of theâ8 mutants
demonstrated that substitution of the nonconserved, surface-
exposed residues of theâ8 motif had minimal effect on the
â sheet structure of theR crystallin core domain. Size
exclusion chromatography of theâ8 mutants determined that
mutating residues Leu-131, Thr-132, Thr-134, Ser-135, Ser-
136, and Ser-138 increased the complex size ofRB crystallin

FIGURE 6: Chaperone activity of wtRB crystallin and the eightâ8 mutants. The effects of wtRB crystallin and theâ8 mutants on the
thermal aggregation ofâL crystallin (A), ADH (B), and CS (C) at 1:1 monomeric molar ratio were measured as light scattering atλ ) 340
nm using a spectrophotometer. (A) The effects of L131S, T132A, and S135C were comparable to wtRB crystallin in the aggregation of
âL crystallin (enclosed in the oval). S136H andRAâ8 were less effective than wtRB crystallin on the aggregation ofâL crystallin (enclosed
in the square). T134K, S138A, and CEâ8 were ineffective, increasing the aggregation ofâL crystallin more than 50-fold (off scale). (B)
The effects of L131S, T132A, S135C, and S136H were comparable to wtRB crystallin on the aggregation of ADH (enclosed in the oval).
T134K, S138A,RAâ8, and CEâ8 were ineffective chaperones, and the aggregation of ADH increased more than 6-fold relative to wtRB
crystallin. (C) L131S, T132A, S135C, S136H, S138A,RAâ8, and CEâ8 had a modest effect on the aggregation of CS (enclosed in the
oval). T134K was the least effective on the aggregation of CS. Overall, the chaperone activity towardâL crystallin and ADH was decreased
by mutations at three of the six residues in theâ8 motif of RB crystallin, and the chaperone activity toward CS was decreased by mutations
to all six residues in theâ8 motif of RB crystallin.
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by six to eight subunits (24). The mutational analysis
confirmed the results of the pin array analysis which
identified theâ8 sequence as an interactive domain in both
RA andRB crystallin (24). The results were consistent with
the X-ray crystal structures ofM. jannaschiisHSP16.5 and
wheat sHSP16.9, in which the residues of the C-terminal
Ile-X-Ile/Val motif of one subunit interacted with residues
of theâ4-â8 groove of another subunit to form complexes
(20, 21). The results established theâ8 sequence ofRB
crystallin as an important sequence for subunit-subunit
interactions that result in complex assembly.

The effects of substituting residues in theâ8 motif of RB
crystallin with homologous residues from theâ8 motif of
C. eleganssHSP12.2, a sHSP that lacks chaperone activity
in vitro, were dramatic. TheC. eleganssHSP12.2 basedâ8
mutants, T134K, S136H, S138A, and CEâ8, had diminished
chaperone activities relative to wtRB crystallin for all three
substrates. Substituting residues in theâ8 motif of RB
crystallin with homologous residues from theâ8 motif of
RA crystallin had no effect on chaperone activity for substrate
proteinsâL crystallin and ADH and diminished chaperone

activity for the substrate protein CS. One interpretation of
these results is that residues Thr-134, Ser-136, and Ser-138
of the â8 motif that occupy prominent locations on the
surface of theR crystallin core domain are critical for overall
chaperone activity independent of the amount of substrate
protein unfolding. Residues Leu-131, Thr-132, and Ser-135
of the â8 motif are important for substrate interactions and
may recognize and preferentially select completely unfolded
substrates such as CS for chaperone activity. The results
presented in this report are consistent with the hypothesis
that the surface-exposed residues of theâ8 motif (Thr-134,
Ser-136, and Ser-138) combined with the surface-exposed
residues of theâ3 motif (Asn-78, Lys-82, and His-83) (27)
and the â9 motif (Gly-141 and Thr-144) (19) form an
interface for chaperone activity inRB crystallin (Figure 7).
The effect of mutations in theâ8 motif on chaperone activity
can be attributed to local changes in the surface resulting
from substitutions of the nonconserved, exposed residues of
the â8 sequence. We note that the 3-D structure of the
conservedR crystallin core domain of humanRB crystallin
is an immunoglobulin-like fold consisting of sevenâ strands

Table 3: Summarized Results for Chaperone Activity of wtRB Crystallin and the Eightâ8 Mutantsa

âL crystallin alcohol dehydrogenase (ADH) citrate synthase (CS)

chaperone aggregation
chaperone

activity (%) aggregation
chaperone

activity (%) aggregation
chaperone

activity (%)

wt RB crystallin 0.12( 0.06 100 0.12( 0.00 100 0.50( 0.01 100
L131S 0.05( 0.05 108 0.05( 0.01 109 0.67( 0.08 66
T132A 0.04( 0.05 109 0.23( 0.03 88 0.77( 0.05 45
T134K 12.50( 1.53 0 2.92( 0.14 0 1.15( 0.07 0
S135C 0.21( 0.11 90 0.14( 0.01 98 0.74( 0.12 51
S136H 0.52( 0.09 55 0.26( 0.03 84 0.67( 0.06 65
S138A 14.09( 1.72 0 1.75( 0.17 0 0.69( 0.10 61
RAâ8 0.43( 0.04 64 0.74( 0.01 30 0.16( 0.04 73
CEâ8 6.09( 0.38 0 0.99( 0.01 1 0.62( 0.13 75
a Column 1 lists the chaperone. Columns 2, 4, and 6 list the normalized aggregation of the substrates,âL crystallin, ADH, and CS, respectively,

in the absence or presence of a chaperone. Columns 3, 5, and 7 list the chaperone activity of the chaperones as percent protection. The aggregation
of the substrates after heating to 50°C for 60 min in the absence of a chaperone corresponded to 0% protection, and the chaperone activity of wt
RB crystallin corresponded to 100% protection. Chaperone activities calculated from aggregation values that were higher than the aggregation
values of the substrates in the absence of any chaperone were set to 0% protection.

FIGURE 7: 3-D computer model for theâ3-â8-â9 interface on the surface of theR crystallin core domain of humanRB crystallin. In the
space-filled model of humanRB crystallin (purple), the exposed side chains of theâ3-â8-â9 interface are shown as green (â3), orange
(â8), and white (â9) surfaces. The exposed side chains of theâ4 strand are in red. Complex assembly is the result of subunit-subunit
interactions that involves an interaction of the C-terminal extension of oneRB crystallin molecule (tan) with theâ4-â8 interface on the
surface of theR crystallin core domain of a secondRB crystallin molecule (purple). Chaperone activity is the result of interactions between
the â3-â8-â9 interface on the surface ofRB crystallin (purple) and the exposed residues of an unfolding target substrate protein (pink).
The exposed residues, Asn-78, Lys-82, and His-83 of theâ3 sequence, Leu-131, Thr-132, Thr-134, Ser-136, and Ser-138 of theâ8 sequence,
and Gly-141 and Thr-144 of theâ9 sequence together form theâ3-â8-â9 chaperone interface on the surface of theR crystallin core
domain.
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arranged in an antiparallel orientation to form a compactâ
sandwich.â strands 2, 3, 8, and 9 form oneâ sheet, while
â strands 4, 5, and 7 form the antiparallelâ sheet. Residues
Leu-131, Thr-132, Thr-136, Ser136, and Ser138 are involved
in formation of theâ3-â8-â9 chaperone interface (Figure
7, orange, white, and green surfaces), and residues Leu-131,
Ser-135, and Leu-137 are involved in formation of the
shallow â4-â8 groove on the surface of theR crystallin
core domain (Figure 7, orange and red surfaces) for subunit-
subunit interactions (19-21, 24, 25). Theâ8 strand contrib-
utes residues to each of the two separate interfaces (Figure
7).

While the effect of theâ8 mutations on chaperone activity
was variable, the effect on assembly of multimeric complexes
was consistent in that the complexes formed by all eightâ8
mutants were larger than wtRB crystallin by 6-8 subunits.
The findings demonstrated that the chaperone activity ofRB
crystallin was independent of complex size. Assemblies of
RB crystallin are polydisperse and dynamic, suggesting that
altered complexT subunit exchange may modify the
chaperone activity of theâ8 mutants in the absence of an
effect on complex size. In the assembled complex, the
surface-exposed interactive residues of theâ3-â8-â9
interface of the assembledRB crystallin subunits may be
buried in the oligomer and inaccessible to unfolding proteins,
leading to the hypothesis that dissociation ofRB crystallin
complexes is required for effective chaperone activity. This
hypothesis is supported by recent studies in which dissocia-
tion of sHSP oligomers was observed to regulate the
chaperone activity of sHSPs (42-56). The absence of a
correlation between complex size and chaperone activity
suggested that the polydispersity resulting from a dynamic
subunit exchange rate may be more important than complex
size in regulating the chaperone activity of sHSPs (43, 53,
57-61). This hypothesis is under investigation in separate
studies.

In summary, the results confirmed the importance of the
nonconserved, surface-exposed residues of theâ8 sequence
for subunit-subunit interactions in complex assembly and
in interactions with unfolding proteins during chaperone
activity.
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