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ABSTRACT. HumanaB-crystallin is a small heat-shock protein that functions as a molecular chaperone.
Recent studies indicate that deletion of a peptideLRAPSWHFs;) from its N-terminus makes it a better
chaperone, and this particular sequence is thought to participate in substrate interaction and subunit exchange
with aA-crystallin. To determine whether the positive charge on arginine 56 (R56) influences these func-
tions, we prepared humarB-crystallin mutants in which R56 was deleteslR56) or replaced by alanine
(R56A). To determine if the effects are specific to R56, we generated two additional mutant proteins in
which the two neighboring amino acids were deletai%5 andAA57). Dynamic light scattering studies
suggested that none of the mutations affected the oligomeric mass of the protein. Far-ultraviolet circular
dichroism (UV CD) spectra revealed greater helicity in the secondary structures of R56ARBI
compared to that of the wild-type (Wt) protein. Near-UV CD spectra showed that the tertiary structure is
perturbed in all mutants. Insulin and citrate synthase aggregation assays showed 38 and 30% improvement
of chaperone function inR56 compared to that of the Wt. In contrast, the R56A mutant lost most of its
chaperone function. Deletion mutantd, 55 andAA57, showed no significant changes in the chaperone
function compared to that of the Wt. TR56 mutant had a higher surface hydrophobicity than the Wi,

but the R56A mutant had a lower hydrophobicity. Our data show paradoxical effects of the deletion and
substitution of R56 and imply that the chaperone function of huaButrystallin is dictated not only by

the positive charge on R56 but also by the conformational change that it bestows on the protein.

The term “crystallin” refers to a group of soluble structural properties. The principal component of the lensisrys-
proteins in the mammalian lens responsible for its refractive tallin, a protein whose abundance varies between spekies (
2). The other protein components of the lens Areand
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Recent studies revealedB-crystallin in various other tissues (HEPES) buffer (pH 7.4) before use. g-{oludino)naph-
besides the lens, including the heart, lung, skeletal muscle,thalene-6-sulfonic acid (TNS), Alexa fluor 350, and Alexa
kidney, and brain 12—14). The lens has the highest fluor 488 were obtained from Molecular Probes (Invitrogen,
concentration oftA-crystallin, although small amounts have Carlsbad, CA). All other chemicals were of analytical grade.
been detected in the spleen and thymus as Wé)l. ( Cloning and Site-Directed MutagenesiEhe cDNA en-
Horwitz reported in 1992 that-crystallin functions as a  coding the humamB-crystallin was kindly provided by J.
molecular chaperone in the lens, where it prevents the Mark Petrash, Washington University, St. Louis, MO. The
aggregation of thermally or chemically denatured proteins wild-type (Wt) and mutantAL55, AR56,AA57, and R56A)
(16). It is now believed that this function is essential for oB-crystallin cDNAs were generated by polymerase chain
maintaining lens transparency during aging. Homology- reaction (PCR) amplification and cloned into the prokaryotic
modeling studies ofi-crystallin and a sequence comparison expression vector pET-23fg (Novagen, Madison, WI)
between several sHSPs show that a sequence 680 using restriction siteblcol (5') andHind 111 (3'). Mutations
amino acids is evolutionarily conserved; this sequence is were introduced using the megaprimer PCR approach. The
commonly referred to as thex*crystallin domain” (7— following primers were used as described: Wt, forward (P1),
19). It is flanked by a N- and C-terminal domain (generally 5-CATGCCATGGGGCACCACCACCACCACCACAT-
designated as the C-terminal extension). The unstructuredGGACATCGCCATCCACCAC-3 Wt, reverse (P2), '5
C-terminal region contains a large number of charged CCCAAGCTTCTATTTCTTGGGGGCTGCGGT 3AR56,
residues, which are believed to aid in the solubilization of reverse (P3),'5SAAACCAGCTGGGTGCCAGGAAGGAG-
o-crystallin 0). Several studies suggest that this unstruc- GGTGG-3; R56A, reverse (P4),'82CAGCTGGGTGC-
tured C-terminal region could also significantly influence the CGCCAGGAAGGAGGG-3 AL55, reverse (P5), '8C-
structure, chaperone-like activity, and subunit interaction of CAGCTGGGTGCCCGGAAGGAGGGTGGCCG:3and
the protein 21—25). However, other studies assign the AA57, reverse (P6),'S5TCAAACCAGCTGGGCCGCAG-
N-terminal region a critical role in oligomerization and GAAGGAGGG-3. The P1 primer contains the sequence
chaperone function2g, 27). Additional papers identified encoding six histidine residues, which are added on the
specific residues or sequences in each domain as importaniN-terminal end. This helps to purify the expressed protein
for the complex assembly and chaperone activitgf and with a Ni—nitrilotriacetic acid (NTA) resin as described
aB-crystallin 27—30). below. The cDNA encoding the full-lengtiB-crystallin was
Mutation analysis studies established that arginine residuesused as the template in all PCR amplifications with Pfu turbo
at different positions influence oligomerization, chaperone DNA polymerase (Stratagene, La Jolla, CA). We obtained

function, and subunit interaction ef-crystallin (31—37). His-tagged cDNA encoding the full-lengétB-crystallin with
Sharma and co-workers recently reported that deletion of the P1 and P2 primer pair. Mutant cDNAs were generated
saFLRAPSWHF; from the N-terminal domain of humauB- as follows: the PCR product obtained from the primer
crystallin improves its chaperone functid38f. Ghosh et al. combination of P1 and P3 was used as a megaprimer along

(30) found that the;sSLSPFYLRPPSFLRAR sequence in  with the reverse primer P2 in the subsequent PCR reaction.
oB-crystallin is the substrate interaction site during chaperone This enabled us to obtain theB-crystallin bearing thé\R56
function and a site for subunit interaction wittA-crystallin. mutantion. Other mutants were obtained in the same way,
We believe that arginine at position 56 within this sequence where the PCR products obtained from the combination of
is important for both chaperone function and subunit interac- primers P1 and P4, P1 and P5, or P1 and P6 were used as
tion. This is based on our previous studiesodk-crystallin the megaprimers along with the primer P2 to obtain the
that showed that R21 and R103 are important regulators of R56A, AL55, andAA57 mutant cDNAs, respectively. The
chaperone functior8{, 39). Therefore, to better understand Wt and mutant cDNAs were then cloned into the pET-23-
the role of arginine 56, we used site-directed mutagenesis(d+) vector, and mutations were confirmed by DNA
to prepare two kinds oftB-crystallin mutants: a deletion  sequencing and further confirmed by determination of the
mutant AR56) and a substitution mutant (R56A). To molecular weight by electrospray ionization (ESihass
establish the specificity for R56, we prepared two additional spectrometry.

mutants where the amino acids adjacent to R56 (leucine 55 Protein Expression and Purification. Escherichia coli
and alanine 57) were deletedl(55 andAA57). We report BL21(DE3)pLysS were transformed with pET-23(Hplas-

our findings on the structure, function, and biophysical mids containing either the Wt or mutamB-crystallin cDNA.
characteristics of these proteins and describe the contrasting’roteins were expressed and purified as follows: 500 mL

effects of substitution and deletion mutation of R56B- of LB medium supplemented with ampicillin (1Q@&/mL)

crystallin. was inoculated with 50 mL of an overnight bacterial culture
and cultured at 37C and 250 rpm until the optical density

EXPERIMENTAL PROCEDURES (OD at 600 nm) was 0:50.7. Induction ofaB-crystallin

expression was initiated by the addition of 28@ isopropyl-
p-p-thiogalactoside (IPTG). The cultures were then grown
for an additional 45 h at 37°C, and the cells were harvested
by centrifugation at 50afor 10 min at 4°C. The cell pellets
were resuspended at 5 g/mL of lysis buffer (100 mM NaH
POy, 10 mM Tris, ad 8 M urea at pH 8) and gently mixed

1 Abbreviations: sHSP, small heat-shock protein; DTT, dithiothreitol; ; .
IPTG, isopropyls-p-thiogalactoside; CS, citrate synthase; TNSp2-( for dl Q atroon:j t(ieampera'.[ur(ta_. Lysgtejower% Im:nerstei 6‘: /Ice
toludino)naphthalene-6-sulfonic acid, sodium salt; FRET, fluorescence @Nd dispersed by sonication ( S bursts a 0

resonance energy transfer. amplitude) with a Branson Digital Sonifier (Danbury, CT).

Materials. Bovine insulin, citrate synthase (CS), and
dithiothreitol (DTT) were obtained from Sigma Chemical
Co., St. Louis, MO. CS was dialyzed for 24 h against 40
mM N-2-hydroxyethylpiperazin®¥-2-ethanesulfonic acid
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All samples were centrifuged at 12a9@r 30 min. With emission was measured following excitation at 295 nm. Data
the supernant and pellet fractions, we performed sodium were collected at 0.5 nm wavelength resolution.
dodecyl sulfate-polyacrylamide gel electrophoresis (SBS Circular Dichroism (CD) Measurement€Changes in

PAGE) and found that both the Wt and mutant proteins were secondary and tertiary protein structure were measured by
present mostly in the supernatant fractions (data not shown).far- and near-ultraviolet (UV) CD spectra at 25 in a Jasco
Each lysate was then incubated with the appropriate amount810 spectropolarimeter (Jasco, Inc., Japan). Far-UV measure-
of Ni—NTA resin according to the instructions of the ments were made with 0.2 mg/mL proteins in 10 mM
manufacturer (Qiagen, Valencia, CA) and gently mixed for phosphate buffer (pH 7.2); near-UV measurements were
1 h at room temperature before loading onto a preparedmeasured with 1 mg/mL protein in the same buffer. Far-
column. The columns were washed with buffer (pH 7.0) and near-UV CD spectra were recorded in CD quartz cells
containing 100 mM NakPQy, 10 mM Tris, anl 8 M urea of 1 or 10 mm path length. An average of spectra over five
and eluted with the same buffer at pH 5.5. The eluted proteinsscans was analyzed for secondary structure by the curve-
were separated by SBFAGE, and immunoreactivity was  fitting program CONTINLL @1).
assessed by Western blotting with an antibody ot®- Determination of Structural Stabilityfrhe structural stabil-
crystallin (see below). Proteins that appeared as a single bandty of Wt and mutantoB-crystallins was determined by
at 20 kDa were pooled and dialyzed extensively &tC4 equilibrium chemical denaturation experiments. A solution
against 50 mM Tris-HCI (pH 8.0). The pooled protein was of a-crystallin (0.1 mg/mL in 50 mM phosphate buffer at
then concentrated using Amicon Ultra-15 centrifugal filters pH 7.2) was incubated for 18 h at 2% with various
(Millipore) and stored at-20 °C. The yield for all proteins ~ concentrations of urea {&¢ M). Tryptophan fluorescence
was~15—-20 mg/L of culture. spectra were acquired in the 31000 nm region for all
SDS-PAGE and Western Blottind/lutant and Wt pro- protein solutions using 295 nm as the excitation wavelength
teins (1uxg) and protein standards (Precision Protein Stan- and 5 nm each for excitation and emission band passes. The
dard, Bio-Rad Laboratories, Hercules, CA) were loaded onto equilibrium unfolding profile was then fitted according to a
two 12% SDS-PAGE gels and subjected to electrophoresis three-state model as described in 4&f
at 150 V for 1.5 h. After this time, one gel was stained with ~ TNS Fluorescence Measuremenitke surface hydropho-
Bio-Safe Coomassie (Bio-Rad), and the protein from the bicity of Wt and mutant humaaB-crystallins was measured
other was transferred electrophoretically to a nitrocellulose with a specific hydrophobic probe, TNS. A methanolic
membrane (100 V for 1 h). The membrane was blocked by solution of TNS (10Q:M) was added to a 0.1 mg/mL protein
overnight incubation at 4C in buffer A [5% NFDM in solution in 50 mM phosphate buffer (pH 7.4), and the
phosphate-buffered saline (PBS)]. The blocked membranemixture was incubated f&® h at 25°C. The protein samples
was then incubated with monoclonal mouse axicrys- were excited at 320 nm, and fluorescence emission spectra
tallin antibody (1:1000) (Stressgen, Victoria, British Colum- were recorded between 350 and 520 nm. The excitation and
bia, Canada) in buffer A at room temperature for 1 h. After emission band passes were 5 nm each.
this initial incubation, the membrane was washed extensively Chaperone Function of Wt and Mutant HumarB-
with 0.05% Tween-20 in PBS and incubated fch atroom Crystallins. The chaperone function was determined using
temperature with a 1:3000 dilution of horseradish peroxidase insulin and CS as substrate proteins. Both assays were done
(HRP)-conjugated goat antimouse-IgG (Sigma) in 0.05% in 96-microwell plates in a microplate reader (Molecular
Tween-20 in PBS. The membrane was washed again withDevices, SpectraMax, Model 190, Sunnyvale, CA). The total
0.05% Tween-20, developed with SuperSignal West Pico volume of the reaction mixture was 2.
Chemiluminescent stain (Pierce, Rockford, IL), and photo-  (a) Insulin Aggregation Assaynsulin (80ug) in 50 mM
graphed. phosphate buffer (pH 7.2) was incubated at°Z5in the
Molecular-Size Determinatior.he molecular size of the  presence and absence of Wt or mutaBtcrystallin (16uQ).
Wt and mutant proteins was determined by dynamic light The reduction of insulin was initiated with 20 mM DTT,

scattering measurements as described eadi@r Briefly, and the extent of insulin B chain aggregation was measured
the Wt and mutant proteins were incubated at@7or 1 h by monitoring light scattering at 360 nmrfda h (43).
and then chromatographed on a TSK G500QP\(Wosoh (b) CS Aggregation AssagS (15ug) in 40 mM HEPES

Bioscience, Inc., San Francisco, CA) size-exclusion column buffer (pH 7.4) was heated at 48 with and without the
using 50 mM phosphate buffer containing 0.3 M NaCl (pH different aB-crystallin preparations (zg), and light scat-
7.2). The size-exclusion column was connected to a high- tering was monitored at 360 nmrfd h (44). Both assays
performance liquid chromatograph (HPLC) equipped with were carried out at different ratios eofB-crystallins and
a refractive index detector (Shimadzu) and coupled to multi- substrate proteins.
angle light scattering (DAWN) and quasi-elastic light scat-  Estimation of Binding Parameters betwegR-Crystallin
tering detectors (Wyatt Technology Corp., Santa Barbara, and Carbonic Anhydrase (CAWe incubated 12.5M Wt
CA). The molar massMw), polydispersity index (PDI), and  or mutantaB-crystallin with 2-18 uM CA for 1 h at 57°C
hydrodynamic radiusR;) of the proteins were determined in 50 mM phosphate buffer containing 100 mM NaCl (pH
with ASTRA (5.1.5) software (Wyatt Technology Corp.). 7.2). We observed no protein aggregation under these
Tryptophan Fluorescence Measuremefftd.and mutant conditions. The solutions were cooled to 26 for 1 h.
aB-crystallins (0.I mg/mL) were prepared in 50 mM Unbound substrate was then separated from th8-“
phosphate buffer (pH 7.2). Fluorescence emission spectracrystallin—CA complex” by centrifugation at 40@through
of these samples were recorded between 310 and 400 nnl100 kDa cut-off membrane filters. The amount of substrate
by a LS-55 Perkin Elmer spectrofluorometer at°Z5with (CA) bound byaB-crystallin was calculated by subtracting
an excitation and emission band pass of 5 nm. The tryptophanfree substrate from the total substrate concentration. We
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determined unbound substrate protein, i.e., CA, concentra-time intervals,F(0) is the fluorescence intensity at 440 nm

tions by two different methods, one by measuring the

att = 0, andk is the subunit exchange rate constant.

absorbance at 280 nm and using an extinction coefficient of ConstantsA andB were determined using conditions where

1.9 (mg/mL protein)t cm™ for CA and the other by the

A+ B =1 att = 0 andA is the fluorescence intensity at

Bradford assay. The magnitude of the unbound substrate= 0. We then determined the rate constant by nonlinear
concentration obtained with the spectroscopic method wasregression analysis of the data with Origin 6.0 software.

almost similar to what we obtained with the Bradford assay
method. The number of binding sites) (@and dissociation
constant Kq) were determined by a similar procedu#by.
Fluorescence Labeling of Recombinam-, oB-, andoB-
Crystallin Mutants with Alexa Fluor 488 and Alexa Fluor
350.Purified recombinaniA-crystallin was conjugated with
Alexa fluor 488, and WtB and its mutants were conjugated

with Alexa fluor 350 fluorescent probes as described by the

manufacturer (Molecular Probes, Invitrogen, Carlsbad, CA).
Briefly, protein samples (1 mg/mL) in 50 mM PBS supple-
mented with 100 mM sodium bicarbonate (pH 7.2) were
mixed with Alexa fluor probes fol h at 25°C. The
covalently labeledx-crystallins were separated by passage
through BioGel P-30 columns equilibrated with PBS (pH
7.2). The first fluorescent peak, which contained the labele

protein, was collected and dialyzed against 50 mM PBS (pH

7.2) for 24 h. The amount oftA-crystallin labeled with

Alexa fluor 488 was calculated by measuring the absorbance

at 280 and 494 nm od@tA-crystallin and Alexa fluor 488,

respectively. The percentage of fluorescence labeling of

Alexa fluor 350 to Wt and mutantiB-crystallins was
calculated from the absorbance @B-crystallin and Alexa

RESULTS AND DISCUSSION

Previous studies indicated that deletion of the first 63
N-terminal residues fronwA-crystallin drastically reduces
its oligomeric size (from 800 to 60 kDa), but this deletion
has no effect on subunit exchang®26) Peptide scans
established the requirement for residues-82 and 66-71
of aB-crystallin for the interaction witlwA-crystallin (28).

A recent study by Santhoshkumar and Sharma revealed that
deletion of amino acid residues 581 from the N-terminal
domain of aB-crystallin improves its chaperone function
(38). Soon after this discovery, another study confirmed the
role of residues 4357 in humarB-crystallin in chaperone

d activity and showed that this sequence was also involved in

subunit assembly3Q). Thus, it appears that the peptige
SLSPFYLRPPSFLRAPSWis critical for protein oligo-
merization, chaperone function, and subunit interaction in
oB-crystallin.

Previous studies have established that arginine residues
strongly influence the structure, function, and subunit
interaction in bothaA- and oB-crystallins 31—37, 39).

fluor 350 at 280 and 346 nm, respectively. Concentrations There are two arginine residues between residues 43 and 61

of Alexa fluor 488 and Alexa fluor 350 were determined
from their absorption spectra using molar extinction coef-
ficients of 71 000 cm! M~ at 494 nm and 19 000 crh
M~ at 346 nm, respectively.

Measurements of the Subunit Exchange Rate noted a
significant overlap of the emission spectrum of the Alexa
Fluor 350 fluorophore with the absorption spectrum of the
Alexa Fluor 488 fluorophore. The excitation maxima of
Alexa fluor 350-labeledtB-crystallin was 346 nm, with an
emission maximum of 440 nm. The Alexa fluor 488-labeled
aA-crystallin had an excitation maximum of 494 nm and
an emission maximum of 520 nm. This overlap indicates
that these two flurophores are an excellent deramceptor

in aB-crystallin, one at the 50th position and another at the
56th position. Because R50 affects neither the structure nor
chaperone function2@), we explored how R56 iroB-
crystallin influenced its structure, chaperone function, and
subunit interactions witlwA-crystallin. Findings from our
earlier study 89) suggested that the enhancement of the
chaperone function by deletion 9FLRAPSWHFs; (38) might
be due to the removal of the positive charge on R56.
Accordingly, we undertook a detailed study to determine
exactly how this residue affects the structure and chaperone
function of aB-crystallin.

To differentiate specific effects as a result of R56 from
nonspecific effects that could result from amino acid muta-

pair for fluorescence resonance energy transfer (FRET). Wetion, we generated several mutant proteins, including those
measured subunit exchange kinetics according to Sreelakshmin which R56 was either deleted\R56) or substituted with

et al. 28). Subunit exchange experiments combinedug5
of Alexa fluor 350-labeled Wt or mutanitB-crystallins as
energy donors (each separately) with b of Alexa fluor
488-labeled aA-crystallin as the energy acceptor. The
proteins were incubatedif@ h at 37°C in PBS (pH 7.2) in

a ratio of 3:10A/aB to mimic the conditionsn vivo. At
different time intervals, fluorescence spectra (4600 nm)

alanine (R56A) and proteins in which amino acids adjacent
to R56 are deletedAL55 and AA57). We cloned and
expressed hexa-His-tagged Wt and mutaBicrystallins in

E. coliBL21(DE3)pLysS cells and then purified the proteins.
After the proteins passed through a Ni column, we checked
the purity of the proteins by SDSPAGE and Western
blotting (with a monoclonal antibody wB-crystallin). These

of the various samples were taken at the same temperaturgrocedures identified a single band in all samples, including

using a Fluoromax-2 (Jobin Yvon Spex, Horiba Group)

spectrofluorometer. The excitation wavelength was 346 nm.
The band pass of both excitation and emission monochro-

those with selected mutations as well as the Wt (Figure 1).
The molecular weight was determined by E&iass spec-
trometry and was as follows (including six histidines plus

mators was 5 nm each. We determined the intensity at 4400ne glycine): 21 038 Da for Wt, 20 925 Da fat 55, 20 882
nm and calculated the subunit exchange rate from this Da for AR56, 20 907 Da foAA57, and 20 953 Da for R56A

equation
F(t) F(0)= A+ Be ™ 1)

whereF(t) is the fluorescence intensity at 440 nm at different

and were fully compatible with the expected molecular
weight of proteins.

To define the role of R56 in the chaperone function, we
first used two target proteins, insulin and CS, to examine
how AL55, AR56,AA57, and R56A influenced chaperone
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kDa Coomassie to prevent insulin aggregation (Figure 2C). The two other
250 mutations,AL55 and AA57, had no effect on chaperone
150 | function, and the extent of inhibition of insulin aggregation
170‘,:3 e was comparable to that of the Wt.

50 l: We used analysis of CS aggregation as another means of

measuring chaperone function. Thermal aggregation of this
protein occurs upon incubation at 43 and pH 7.4. During
incubation at 43C, neither Wt nor any of the mutant proteins

gz g-  — —— —— exhibited light scattering, indicating that all proteins remained
1 2 3

37 |e—

stable under conditions required for the CS aggregation assay.
We found that R56A inhibited protein aggregation only
4 5 6 marginally (~9%) in the CS aggregation assay at a chaperone/
substrate ratio of 1:3 (w/w) (parts B and D of Figure 2).
Western However, at the same rati&R56 inhibited protein aggrega-
tion ~30% more than the Wt (Figure 2D). We noted that
ﬁ‘ 20kDa the AA57 protein had a chaperone function similar to that
of the Wt, but withAL55, it was slightly less{7%) than
1 2 3 4 5 6 that of the Wt. We also co_mpared the_chaperong function of
Ficure 1: Purification of human recombinaaB-crystallin. A total the W apd mutant proteins by_ varying the ratio between
of 1 ug of purified protein was subjected to SDBAGE on a 12% o-crystallin and substrate proteins. In each case, we found

reducing gel and then either stained with Coomassie blue or Westernthat AR56 was superior to the Wt, while the three other
blotted using a mouse monoclonal antibody to humBrcrystallin. mutants were either similar to or weaker than the Wt in

Lane 1, molecular-weight markers; lane 2, Wt; lan@\B55; lane preventing aggregation of a target protein (data not shown).
4, ARS6; lane SAAST; and lane 6, R56A. Together, our findings indicate that substitution of alanine

03, A +RS6A B cs for arginine at position 56 results in a significant loss in
_ Ins _ 0.02 +R56A chaperone function, whereas deletion of this arginine residue
3 3 results in a paradoxical gain of chaperone function. To our
€ 02 t +ALSS knowledge, this is the first demonstration that deletion and
S s 9 " substitution of the same amino acid residue has opposite
3 e © 001 *aAST effects on the chaperone functionaB-crystallin. Because
§ 0.1 ARST § - deletion of L55 and A57 failed to improve the chaperone
5 s function (parts C and D of Figure 2), we can conclude that
§ 4R § the improved chaperone function aB-crystallin reported
“ 0.0 “ 0.00 by Sharma and his colleague38] is likely due to the

1530 4560 0 % 60 9% removal of the R56 residue.
Time (Sec) Time (Sec)

At room temperaturey-crystallin has many hydrophobic
100, C § 75D pockets on its surface, as revealed by its binding to
< hydrophobic probes, such as ANS, bis-ANS, TNS, pyrene,
80 % etc. 33, 46—50), while a number of reserve hydrophobic
residues appear ready for relocation to the surface upon

\NFAR56

~
._5_ 60, £ 3 2 § %0 ﬁ structural perturbation5—53). Numerous studies showed
2 J 2 a correlation between chaperone function and surface
s 4 7 £ hydrophobicity in a-crystallin @5, 46, 51, 54, 55). We
& % = § believe that exposure of additional hydrophobic sites at the
20 % § * surface underlies the improved chaperone activity of mutant
/ « % proteins R21A and R103A afA-crystallin compared to the

0 0 . . . :
Ficure 2: Chaperone function of humarB-crystallin. (A and B) Wt protein @9). Accordingly, we expl_o_red _the relationship
DTT-induced aggregation of 0.32 mg/mL insulin at 26 and between enhanced chaperone activity AiR56 and the
thermal aggregation of 0.06 mg/mL CS at %3 with and without exposure of additional hydrophobic pockets using the
aB-crystallins. The chaperone/substrate ratio (w/w) was 1:5 and hydrophobic probe, TNS. Figure 3 shows that, upon binding
1:3 for insulin and CS aggregation assays, respectively. The percent ihe Wt, TNS displays intense fluorescence, with an

protection ability of differentB-crystallins against insulin (C) and S . : ;
CS aggregation (D). Data are meahsstandard deviation from ~ €MISSION Maximum Ana) at 432 nm. Thisimay did not
triplicate determinations. change in mutant proteins. However, the fluorescence

intensity of AR56 was 68% more than that of the Wt.
function. Figure 2A shows the profile of DTT-induced Fluorescence cAA57 increased only slightly~5%), but it
aggregation of insulin in the presence or absence of Wt anddecreased-21 and~33% in AL55 and R56A compared to
mutantoB-crystallins. At a ratio of 1:5 (w/w) of Wt/insulin,  the Wt protein (Figure 3). From data obtained with TNS,
we noted~50% protection against aggregation (Figure 2C). we established a decreasing order of surface hydrophobic-
Remarkably, under the same conditio®dR56 increased ity: AR56> AA57 ~ Wt > AL55 > R56A. Because these
chaperone function further to provide88% protection changes in surface hydrophobicity correspond to the order
(Figure 2C). In contrast, the R56A mutant completely failed of decreasing chaperone function in these proteins, we
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Table 1: Determination of and Dissociation Constank§) for the
Interaction of Different HumamB-Crystallins with CA at 57°C

120 AR5 4
system studied n Kg (uM)

humanaB-crystallin plus CA 4.53t 0.08 7.73£ 0.42

90 ALS5S5 plus CA 4.23+ 0.07 7.144+0.38

AR56 plus CA 5.62+ 0.07 4.34+0.20

AA57 plus CA 4.65+0.12 7.73+0.61

R56A plus CA 3.46+ 0.08 9.38+ 0.49

=)
=
T

@
=
T

180

Relative Fluorescence Intensity (a.u.)

0 1 1 1
360 400 440 480 520
Wavelength (nm)

FiGure 3: Fluorescence spectra of TNS-boun8-crystallin. The
fluorescence spectrum of different samples at@5vas recorded
from 350 to 520 nm using an excitation wavelength of 320 nm.
The protein concentration was/®, and the TNS concentration
was 100uM.

120

60

Relative Fluorescence Intensity (a.u.)
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— Ficure 5: Intrinsic fluorescence spectra for the Wt and mutant
= 045 ] oB-crystallins. The fluorescence spectrum of 0.1 mg/mL protein
= solutions was recorded from 310 to 400 nm at°Z5 using an
] excitation wavelength of 295 nm.
% Wt-oB
‘g’ 0.30-] N sites @) per subunit ofAR56 increased from 4.53 in the Wt
@ R56A to 5.62 and the association constant increased from 0.129
UM~ (Kqg = 7.73uM) in the Wt to 0.23QuM ! (Kq = 4.34
0454 \ | uM). In contrast,n for R56A decreased significantly from
) ALEERORAAST 4.53 to 3.46, and consequently, the association constant for

this interaction decreased from 0.1201 71 (Kq = 7.73uM)
to 0.107uM~* (Kg = 9.38uM). Deletion of L55 and A57
had no effect on the binding parameters for the interaction

Ficure 4: Binding parameters for the interaction between human ) .
oB-crystallin and CA at 57C. Scatchard plots for identical non- between WuiB-crystallin and CA (Table 1). From these data,

interacting multiple sites for calculating binding parameters. we conclude that the deletion of R56 ofB-crystallin
increases its affinity for denatured proteins, whereas substitu-

conclude that the enhanced Chaperone functioAR®B6 is tion of alanine for the charged arginine residue at pOSitiOﬂ
due to increased surface hydrophobicity. 56 dampens the interaction aiB-crystallin with the
To determine how mutations affect the interaction between denatured substrate. In these experiments, we cannot rule
aB-crystallin and denaturing substrates, we measured theOut substrate substrate aggregation/association before bind-
binding parameters using CA as the substrate. We incubatedng to aB-crystallin at 57°C, which might give a higher
aB-crystallin (12.5uM) for 1 h at 57 °C with various ~ number ofn per molecule ofxB-crystallin.
concentrations of CA (218 uM). Unbound (S) and bound Our results demonstrate changes in the surface exposure
CA were determined by filtration as described in the of hydrophobic groups on the deletion mutaAR56, and
Experimental Procedures. Assuming an identical number of suggest that such changes affect the binding of substrate
non-interacting sites per subunit of the chaperone, we proteins under denaturating conditions, thus enhancing
determined the dissociation constaki)(by the Scatchard  chaperone function. We used tryptophan fluorescence along
equation: with near- and far-UV CD techniques to determine whether
these surface changes were accompanied by any change in
vIS=n/Ky — 1Ky 2) the internal structure, such as perturbation in tertiary- and
secondary-structural organization. Intrinsic fluorescence spec-
wherev is the number of moles of substrate bound per mole tra indicated some differences between Wt and mutant
of chaperonen is the number of binding sites, akd is the proteins (Figure 5). While the fluorescence intensity of R56A
dissociation constant. The stoichiometrynaindKy obtained decreased-28% below that of the W, it increased dramati-
from the plot of#/Sagainsty (Figure 4) is 4.53 per subunit  cally in AR56 (~65%). We also observed alterations in
of aB-crystallin and 7.73:M, respectively (Table 1). The fluorescence emission maxima for these two mutants. The
number of CA-binding sites per subunit aB-crystallin fluorescence emission maximutihng,) of Wt aB-crystallin
appears to be large. We found that the number of binding was at 337 nm. We found that tfig.x of the AR56 mutant

18 27 36 45
[Bound]
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Ficure 7: Far-UV CD spectra of recombinantB-crystallin.
FiIGURE 6: Near-UV CD spectra of the Wt and mutanB- Spectra were recorded for 0.2 mg/mL protein (in 10 mM phosphate

crystallins. Spectra were collected at a 0.5 nm wavelength interval pyffer at pH 7.2) using a 1.0 mm path-length cell. The data interval
using a 10 mm path-length CD cell. The protein concentration was js 0.2 nm.

1.0 mg/mL.

. . .. Table 2: Different Secondary-Structural Elements in Wt
exhibited~2 nm blue shift (335 nm), whereas that emission ,g_crystaliin and Its Mutants Using CONTINLL Software

maxima for R56A mutant was at 340 nm, i.e<3 nm red

. roteins o helix sheet turn random coil
shift. TheAmax values forAL55 andAA57 were 338.5 and th 148 531 5 ﬁzz 5 308
339.5nm, i.e.~~1.5 and 2.5 nm red shift, respectively. The AL55 176 289 230 305
changes in fluorescence intensity aigax may reflect AR56 20.4 26.9 23.1 29.6

i i i ich i AA57 14.4 32.1 22.9 30.6
changes in the microenvironment of $¢pwhich is located R5OA 599 = 558 203

close to the mutation sites of the protein.

Near-UV CD spectra of Wt and mutantB-crystallins _ —
support our intrinsic fluorescence data (Figure 6). The near- Table 3: Oligomeric Size of the Wt and Mutant Human
UV CD spectrum of the Wt had five distinct maxima and B-Crystaliin Determined by Dynamic Light Scattering

five distinct minima, which is quite similar to previously proteins My (g/mol) PDI Ri (nm)
published results56). The negative vibronic signals a291 \gﬁss ;igi 8.8%>< 182 1.81(7) Egggfg g.i 8.3
~ ™ H . .02 x . 3% . .
and . 285 nm (minima) are from tryptophan r_es_;ldues. The ARB6 971+ 0.01x 106 1,010 (0.5%) 8.1t 0.2
maxima close to 260 and 265 nm and the minima close to  AA57 7.72+0.02x 10° 1.001 (0.4%) 8.4r 0.2
268 and 261 nm indicate a phenylalnine fine structure. The _ RS6A 7.47£0.01x 10° 1.007 (0.3%) 8.4:0.2

remaining transitions between 270 and 290 nm arise from
tyrosine and/or tryptophan. The signal for phenylalanine in of the secondary structure (Table 2). Therefore, we can
the 250-270 nm region was minimally altered in all mutants conclude that deletion and substitution of R56 have opposing
compared to the Wt protein, although the intensity values effects on the structural integrity ofB-crystallin.
decreased sharply for R56A. Beyond 270 nm, the spectral Dynamic light scattering (multi-angle light scattering
characteristics of this mutant protein differed both in intensity coupled with size-exclusion chromatography) determines
and position from those for the Wt protein. As expected, we polydispersity and estimates the absolute molar mass and
noticed spectral shifts in the other mutants as w&R56 size of proteins. We used this technique to determine whether
showed a slight alteration in the peak position beyond 270 the perturbation in secondary and tertiary structures altered
nm, and deletion of L55 and A57 shifted the near-UV CD the quaternary structure, i.e., oligomeric size, @B-
spectra both in intensity and position (beyond 270 nm). crystallin. Wt and mutant proteins (except R56A) had slightly
Because these residues are close tfTipe assume that  different elution profiles (Figure 8). However, from data in
these deletions alter the microenvironments of tyrosine and/Table 3, it is evident that perturbation in secondary and
or tryptophan inaB-crystallin. tertiary structures had little effect on the molecular mass.
Mutation of R56 perturbed not only the tertiary structure Even polydispersity and hydrodynamic rad#,( remained
of aB-crystallin but also its secondary structure, as indicated unaltered (Table 3). Overall, these findings suggest that
by far-UV CD spectra (Figure 7). The spectra were quan- residues 5557 of aB-crystallin do not affect the homo-
titatively analyzed using CONTINLL41) The estimated  oligomerization of the protein. Shreelakshmi et é8)(
levels of secondary structure are listed in Table 2. We reported earlier that R50 and P51 residues in “substrate
estimated~32% 3-sheet and-15% a-helix content, which recognition sequence 1;,I SLSPFYLRPPSFLR4) had no
corresponds to published estimates of the secondary structureffect on the oligomeric size aiB-crystallin. Our results
for aB-crystallin @6, 57). For R56A, thea-helix content confirm these findings, and we believe that the peptide
increased from 15 to 29% and tHesheet content decreased sequence;]RPPSFLRAy, is not essential for protein oligo-
from 32 to 18%. Deletion of R56 caused minimal alterations merization.
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Ficure 8: Elution profiles of the Wt and mutantB-crystallins. Molar mass distribution across refractive index peaks of the Wt, R56A,
andARS56 (A) and the WtALS5, andAA57 (B) determined by dynamic light scattering measurements. Data acquired from Rl and DAWN-
QELS detectors were analyzed using ASTRA (5.1.5) software developed by Wyatt Technologies, Santa Barbara, CA.

It can be seen that the profiles lack strong cooperativity,
indicating multistate transitions. Sun et &2). analyzed the
unfolding profile of recombinarmiB-crystallin by the three-
state model according to the native intermediate=
unfolded scheme. The present profiles of Wt and muidat
crystallins were fitted to the three-state mod&2,(45, 62)
according to the following equation:

0.75

0.50

I337/ 1350

I, + 1,expAG) + m[urea])RT + I_exp(—AG; + murea])RT

0251 1+ exp(—AG! + m,[urea])RT + exp(—AGs + my[urea])RT
(3)
0.00 wherel,, |1, andl., are the signal intensities for the 100%
0 2 4 6 native, 100% intermediate, and 100% unfolded forms,
[Urea] (M) respectiverAGcl’ refers to the standard free-energy change

Ficure 9: Thermodynamic stability of humawnB-crystallin. ; : ;
Equilibrium urea unfolding profile for 0.1 mg/mL Wt and mutant between the native and intermediate forms, Aﬁg refers

aB-crystallins at 25°C. The profile is normalized to a scale of (O the standard free-energy change between the intermediate
0—1. Symbols represent the experimental data points, and the solidand unfolded formsAG?, being the sum oﬁGg and AGS,
lines represent the best fit according to the three-state modelrefers to the standard free-energy change of unfolding
described by eq 3. (between native and unfolded forms) at the urea concentra-
Although there is a general belief that exposed surface tion of 0. Table 4 lists the fitted parameters. The standard
hydrophobic sites are responsible for chaperone function of free-energy change afB-crystallin unfolding at 25°C is
o-crystallin @5, 46, 51, 54, 55), recent studies imply that  22.51 kJ/mol. This value oAG® is comparable to that
other factors, such as oligomerization, structural perturbation, reported by Sun et al6@) from guanidine hydrochloride
and subunit interaction, may also be responsi88 86, 49, unfolding (21.0 kJ/mol). Deletion of R56 lowered the
51-53, 58—61). To quantify the structural perturbation thermodynamic stability by approximately 5 kJ/mol. Th&®
because of R56 mutations, we compared the thermodynamicvalue for R56A decreased to 12.76 kJ/mol, indicating a
stability of Wt and mutantoB-crystallins. We measured reduction in thermodynamic stabilitAG®) of ~10 kJ/mol.
equilibrium urea unfolding by following tryptophan fluo- There are differing views as to the role of the peptigle
rescence of the proteins at various urea concentrations. NativeSLSPFYLRPPSFLRAPSWin the chaperone function and
and unfoldedB-crystallins havé max values of 337 and 350  aA—aB subunit interaction. Whereas Sreelakshmi et2d) (
nm. We plotted the ratio of intensities at 337 and 350 nm as reported that a peptide within this sequence binds.Ae
a function of the urea concentration and generated sigmoidalcrystallin and the binding does not affect the chaperone
curves for all three proteins (Figure 9). A rough estimate of function, Ghosh et al.30) reported that thesSLSPFYLR-
the transition midpoint@,) of Wt oB-crystallin indicated PPSFLRABs sequence imB-crystallin has a dual role, in
Cyp at 2.6 M urea.Cy, decreased marginally (2.4 M) for  both subunit interaction witlwA-crystallin and chaperone
the AR56 mutant but decreased further (1.8 M) for the R56A function. Our findings indicate that mutation in this region
mutant. The reduction in thermodynamic stability indicates influences the chaperone function @B-crystallin (Figure
that substitution of arginine 56 by alanine causes important 2). Additionally, we confirmed the importance of the arginine
structural perturbations aiB-crystallin. mutation within this peptide sequence for subunit exchange
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Table 4: Parameters of Equilibrium Urea Unfolding of HumeB-Crystallin and Its Mutants at 25C, Obtained from the Three-State Model

(N < | < U) Fit

systems AG) AG) AGP my m
studied (kJ mol?) (kJ mol ) (kJ mol?) (kJ moFrt M1 (kJ moFrt M~1)
humanoB 6.30+ 0.32 16.214 0.54 22.51+ 0.43 5.97+ 0.55 7.49+ 0.81
AR56 4,52+ 0.51 13.014+ 0.68 17.53+ 0.60 6.114- 0.51 7.614+0.73
R56A 2.31+ 0.67 10.45+ 0.46 12.76+ 0.57 4.88+ 0.31 7.1+ 0.52
K, ' < 0,084 £0.008 min” sistent with previously published results relating the structural
104 K Brohinteraction _0'06910'005 Ca perturbation ofx-crystallin to enhanced chaperone function
ssaBaimracion 120 =S I (51-53, 58, 59). We find that the R56A mutation perturbs
T Krsoassaa naracton™ 0-051 £0.003 min the aB-crystallin structure more thaAR56 and decreases
S surface hydrophobicity and chaperone function. We speculate
§ that, in addition to surface hydrophobicity, subunit exchange,
< and oligomeric structure, the positive charge on selected
E_ arginine residues is also likely to influence the chaperone
e function of aB-crystallin, similar to our findings witfoA-
crystallin 39).
y T T T ACKNOWLEDGMENT
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Ficure 10: Subunit exchange of the Wt and mutai®-crystallins
with olA-crystallin. Decrease in fluorescence intensity at 440 nm
as a function of time. A total of 2ag of Alexa fluor 350-labeled
Wt or mutantoB-crystallin and 75«9 of Alexa fluor 488-labeled
aA-crystallin were mixed at 37C. The fluorescence spectrum
(400-600 nm) was taken at various intervals from samples at room

curves were fitted according to eq 1.

with aA-crystallin by the FRET assay (because deletion of 2.

L55 and A57 do not affect the structure and chaperone
function of oB-crystallin, we excluded them from this 3
particular experiment). As expected, we observed a time-

dependent decrease in Alexa fluor 350 emission intensity at 4.

440 nm and a concomitant increase in Alexa fluor 488
fluorescence intensity at 520 nm. The reaction was completed
by 2 h at 37°C (Figure 10). The subunit exchange rate

constant k) was then derived by fitting the declining Alexa 6.

fluor 350 intensity to eq I:F(t)/ F(0) = A + Be ™. From
this method, we calculated thevalue for the Wt to be 0.084
min~—t, which agrees with previously reported valu@s, (
60, 63). Rate constants fakR56 and R56A were 0.069 and
0.051 min%, respectively Thus, deletion of R56 reduced the
subunit exchange rate by18%, and the substitution of
alanine for arginine reduced it further89%). Our findings

indicate that R56 is critical within this peptide sequenge ( 9.

SLSPFYLRPPSFLRAR), for subunit interaction witlA-
crystallin.

The correlation between subunit interaction and chaperone 1g
function of a-crystallin is still unclear. Several previous
studies showed that an increasexidi—aB subunit interac-
tion enhances the chaperone functidf, (60, 61), whereas
others suggest that subunit interactions do not influence
chaperone functior2@, 34, 40, 63). Our own studies failed

to indicate a correlation between the subunit interaction and 12.

chaperone function ofiB-crystallin. We speculate that
subunit exchange in-crystallin may be required to attain
an optimum ratio ofaA and aB that confers a stable
conformation to the oligomeric assembly of the protein.

We find that deletion of R56 causes subtle structural
perturbations that result in exposed hydrophobic surfaces and
enhanced chaperone-like function. These findings are con-

13.

14.

czewski of Case Western Reserve University, Cleveland, OH,
for use of the CD spectropolarimeter and the fluorescence
spectrofluorometer.
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