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ABSTRACT:. We reported previously that chemical modification of huneek-crystallin by a metabolic
dicarbonyl compound, methylglyoxal (MGO), enhances its chaperone-like function, a phenomenon which
we attributed to formation of argpyrimidine at arginine residues (R) 21, 49, and 103. This structural
change removes the positive charge on the arginine residues. To explore this mechanism further, we
replaced these three R residues with a neutral alanine (A) residue one at a time or in combination and
examined the impact on the structure and chaperone function. Measurement of intrinsic tryptophan
fluorescence and near-UV CD spectra revealed alteration of the microenvironment of aromatic amino
acid residues in mutant proteins. When compared to wild-typed#trrystallin, the chaperone function

of R21A and R103A mutants increased 20% and 18% as measured by the insulin aggregation assay and
increased it as much as 39% and 28% when measured by the citrate synthase (CS) aggregation assay.
While the R49A mutant lost most of its chaperone function, R21A/R103A and R21A/R49A/R103A mutants
had slightly better function (614% and 16-14%) than the wt protein in these assays. R21A and R103A
mutants had higher surface hydrophobicity than a#-crystallin, but the R49A mutant had lower
hydrophobicity. R21A and R103A mutants, but not the R49A mutant, were more efficient than wt protein

in refolding guanidine hydrochloride-treated malate dehydrogenase to its native state. Our findings indicate
that the positive charges on R21, R49, and R103 are important determinants of the chaperone function of
oA-crystallin and suggest that chemical modification of arginine residues may play a role in protein
aggregation during lens aging and cataract formation.

o-Crystallin, a major structural lens protein in the eyes of (5—7). Several years ago it was discovered wratrystallin
vertebrates, is a multimeric protein consisting of two exhibits a molecular chaperone-like functiod, @). Like
subunits,aA- and aB-crystallin. These subunits usually other sHSPsy-crystallin prevents aggregation of denaturing
combine in a in 3:1 ratio to form high molecular weight proteins (0). Sincea-crystallin in the lens does not turn
oligomers of~800 kDa protein I). The two proteins thus  over, posttranslational modifications presumably accumulate
formed have approximately 60% amino acid sequence during aging. Numerous studies over the past few years
homology @), and they belong to the small heat shock addressed the relationship between various posttranslational
protein (sHSP%)superfamily 8, 4). While aB-crystallin is modifications and the chaperone function afcrystallin.
found throughout the bodwA-crystallin is found primarily Investigators found that posttranslational modifications such
in the lens, although other tissues contain small quantities as oxidation {1), phosphorylation 12), deamidation 13),
and glycation 14, 15) decreased the chaperone function of
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RO1EY-09912 (to R.H.N.) and P30EY-11373 (Visual Sciences Researchof o-crystallin was thought to cause protein aggregation
Center of CWRU), Research to Prevent Blindness, New York, and Ohio durina aging and cataract formation
Lions Eye Research Foundation. g aging ’

* To whom correspondence should be addressed at the Department  Glycation of a-crystallin is a major posttranslational

of Ophthalmology, Case Western Reserve University. Tel: 216-844- it i i i i
1132. Fax: 216-844-7962. E-mail: ram.nagaraj@case.edu. moc(ijlflcathn pr](c)chess mbthellfens' .The reaCttl)or;] t:jeglns Wlthh
* Department of Ophthalmology, Case Western Reserve University. COndensation of the carbonyl function on carbohydrates, suc

8 Mason Eye Institute, University of Missouri. as sugars and ascorbate oxidation products, with an amino
' Center for Anesthesiology Research, Cleveland Clinic Foundation. group of proteins (on lysine and or the N-terminal amino

U Department of Pharmacology, Case Western Reserve University. _ . . - . P
! Abbreviations: sHSP, small heat shock protein; AGEs, advanced acid) to form a reversible Schiff base. This derivative then

glycation end products; PMSF, phenylmethanesulfonyl fluoride; DTT, undergoes rearrangement to form a relatively stable Amadori
dithiothreitol; IPTG, isopropyB-p-thiogalactoside; Gu-HCI, guanidine  product, i.e., ketoamine. Through a series of reactions, this

hydrochloride; CA, carbonic anhydrase; CS, citrate synthase; MDH, ; ;
malate dehydrogenase; MGO. methylglyoxal GO, glyoxal: TNS2-( product forms stable adducts on proteins that are collectively

toluidinyl)naphthalene-6-sulfonic acid sodium salt; NADpicoti- known as advanced glycation end products or AGE). (
namide adenine nucleotide reduced dipotassium salt. AGEs form as protein cross-linking adducts or non-cross-

10.1021/bi052574s CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/21/2006



4570 Biochemistry, Vol. 45, No. 14, 2006 Biswas et al.

Table 1: Oligonucleotide Primers Used for Site-Directed Mutagenesis of HamAa@rystallin

protein template primers

N-terminal His tag WA a

R21A wt oA FP: B-TTCTACCCCAGCGCGCTGTTCGACCAG-3
RP

R49A His-tag wia A FP: His-tag forward primér
RP: B-GAGGGACTGGGCGTAGTAGGG-3

R103A His-tag winA FP: 3-CACAACGAGGCCCAGGACGAC-3
RP: His-tag reverse primer

R21A/R49A His-tag R21AA FP: His-tag forward primér
RP: B-GAGGGACTGGGCGTAGTAGGG-3

R21A/R103A His-tag R214A FP: 3-CACAACGAGGCCCAGGACGAC-3
RP: His-tag reverse primer

R21A/R49A/R103A His-tag R214A FP: 53-CACAACGAGGCCCAGGACGAC-3

RP: 83-GAGGGACTGGGCGTAGTAGGG-3

a See Experimental Procedures.

linking adducts, and they can be chromophoric and fluoro- Those particular mutations occurred on arginine residues
phoric in nature. AGEs accumulate in lenses during the agingdistinct from the MGO-modifiable ones. We interpret these
process, and they accumulate even more rapidly in catarac{indings to mean that mutations and argpyrimidine formation
tous lenses1(7—19). occur on different arginine residues and that they have
Recent studies suggest thaticarbonyl compounds, such  opposite effects on the chaperone function of hurnén
as methylglyoxal (MGO) and glyoxal (GO), are major crystallin. To confirm our hypothesis, we generated a series
sources of AGEs in tissue2@. MGO is derived mostly  of single and double mutants and one triple mutant.Af
from triose phosphate intermediates of glycolysis by non- crystallin in which we replaced MGO-modifiable arginine
enzymatic mechanism&1). GO is derived from oxidation  residues (R21, R49, and R103) with neutral alanine. We
of several products, including sugars, ascorbate, and glycatiorreport the effect of these mutations @A-crystallin structure
intermediatesZ1). The human lens has higher concentrations and its chaperone function and show that such changes
of MGO than plasma 22). MGO is a highly reactive  provide a basis for the enhanced chaperone function by MGO
dicarbonyl compound. It reacts with arginine, lysine, and modification.
cysteine residues in protein3). Several modifications of
MGO have been detected in the lens, including hydroimi- EXPERIMENTAL PROCEDURES
dazolonesZ4, 25), argpyrimidine 18, 26), methylglyoxat-
lysine dimer (MOLD) @7—29), and methylglyoxal 2-am- ! .
r¥10nio-6-([2-[E4-ango$1i0-5-Z)xido-S-oxo)[;egn);yl)amino]-4- dehydrogenase (MDH), carbonic anhydrase (CA), citrate
methyl-4,5-dihydro-H-imidazol-5-ylidene]lamino)hexano- syntha_se (CS), oxgloacetlc acid, a.nd NADH. were obtained
ate (MODIC) @0). Quantification of these products shows from S_lgma Che”.“ca' Co., St. Louis, MO. Citrate synthase
that MGO modifications accumulate in cataractous lenses "Vas dialyzed against 40 mM HEPE.S. buffer, pH 7.4, for 24
to a greater extent than in noncataractous clear lei®gs ( h before use. The reaggnt RHoluidinynaphthalene-6-
One recent study reported several nanomolar hydroimida-Sulfonate (TNS) was obtained from Molecular Probes (In-
zolones per milligram of protein in the human lergy, vitrogen, C_arlsbad, CA)._ C_Zentrlfugal filters (100 kDa cutoff)
making them one of the major chemical modifications of were _obtamed from M|I||lpore (Bedford, MA). All other
lens proteins during aging and cataractogenesis. chemicals were of analytical grade.
Amid these seemingly harmful effects of MGO, we made ~ Cloning and Site-Directed Mutagenesis N-terminal His
the surprising observation that when MGO reacts wifk tag and an enterokinase site were introduced by PCR
crystallin, it enhances its chaperone functiég)( We then ~ amplification into wtaA-crystallin harbored in a pET23d
found that Hsp27, a related sHSP, also becomes a bettevector (kindly provided by Mark Petrash, Washington
chaperone and a better anti-apoptotic protein after modifica- University, St. Louis, MO). The PCR reaction contained 10

tion by MGO (32). Our studies omA-crystallin suggested ~ ng of wt aA-crystallin pET23d as template, @AM forward
that argpyrimidine modification by MGO is the most likely ~Primer (3-CATGCCATGGGGCACCACCACCACCAC-

reason for the enhanced chaperone function, although hy-CACGATGACGACGACAAGATGGACGTGACCATCC-
droimidazole modifications may also bring about a similar AGCAC-3) and reverse primer (S8CCAAGCTTAGGAC-
effect. Using mass spectrometric analysis of the MGO- GAGGGAGCCGAGGT-3, 200uM dNTP, and 2.5 units
modified 0 A-crystallin, we identified three arginine residues, 0f Pfu Turbo (Stratagene). PCR conditions were as follows:
R21, R49, and R103, that were modified by argpyrimidine. 95 °C for 5 min (1 cycle); 94C for 1 min, 50°C for 1 min,

On the basis of these findings, we reasoned that neutralization/2 °C for 1 min, and 72C for 1 min (36 cycles); 72C for

of the positive charge on the guanidine group of these 10 min (1 cycle). The 560 base pair PCR product was then
arginine residues by argpyrimidine modification might result cloned into pET23d betweeNcd and Hindlll restriction

in enhanced chaperone function. In fact, data derived from Sites using a Takara DNA ligation kit according to the
experiments with several arginine-modifying agents support manufacturer’s instructions (Takara, Shiga, Japan).

this interpretation 32). A few arginine mutations were aA-Crystallin containing the R21A mutation was gener-
previously identified ina-crystallin, but they decreased ated by PCR amplification from the wtA-crystallin in
chaperone function and resulted in cataract formatg3). ( pET23d vector using the forward primer indicated in Table

Materials. Dithiothreitol (DTT), bovine insulin, malate
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1 and the same reverse primer used to generate His-taggeavith 1:10000 diluted Precision StrepTaciRlRP conjugate

wt aA-crystallin (see above). The resulting PCR product

(Bio-Rad). The membrane was again washed extensively

containing the mutation was then used in a second PCRwith 0.05% Tween-20, developed with SuperSignal West
reaction as the mega reverse primer; the forward primer wasPico chemiluminescent stain (Pierce, Rockford, IL), and

the same as that used to generate His-taggedom

crystallin. The 560 base pair PCR product encoding the

R21A mutant aA-crystallin was purified, digested, and
ligated into pET23d as described above. R49A, R103A,
R21A/R49A, R21A/R103A, and R21A/R49A/R103A mu-
tants ofaA-crystallin were generated by a similar method,
using PCR amplification and either His-tagged wA-
crystallin or R21AaA-crystallin as templates and appropriate
mutant primers (Table 1). Wild-type and mutant cDNA

photographed.

Determination of Molecular Mass by Dynamic Light
ScatteringWe used dynamic light scattering measurements
to determine the molar mass of the wild-type and mutant
proteins as described earligd4j. In brief, purified recom-
binant proteins were incubated at 3¢ for 1 h and then
chromatographed on a TSK G5000RWTosoh Bioscience,
Inc., San Francisco, CA) size-exclusion column using
phosphate buffer (0.05 M- 0.3 M NaCl, pH 7.2). The

sequences were confirmed by restriction and DNA sequencecolumn was connected to an HPLC fitted with an RID

analyses.

Protein Purification. Escherichia colBL21(DE3)pLysS
were transformed with plasmids containing either wt or
mutantaA-crystallin cDNA. Expression of wt and mutant
proteins was as follows: 500 mL of LB supplemented with
ampicillin (100 «g/mL) was inoculated with 50 mL of an
overnight culture oE. coliBL21(DE3)pLysS harboring the
appropriate vector and cultured at 32, 250 rpm, until the
optical density (OD) was 0:-50.7. Induction ofa-crystallin
expression was initiated by addition of 2aM IPTG. The
cultures were then grown—4 h longer at 37°C, and the
cells were harvested by centrifugation at 5@0r 10 min
at 4°C. Pellets were resuspended in 5 mL/g lysis buffer (100
mM NaH,PQ,, 10 mM Tris-HCI 8 M urea, pH 8) and gently
mixed far 1 h atroom temperature. Lysates were immersed
in ice and dispersed by 8 40 s bursts of sonication at 40%
amplitude using a Branson digital sonifier (Danbury, CT).
All samples were centrifuged at 12af@r 30 min. Each
lysate was incubated with the appropriate amount of Ni-NTA

resin according to the manufacturer’s instructions (Qiagen,

Valencia, CA) and gently mixed fd. h atroom temperature

detector (Shimadzu) and coupled to multiangle light scat-
tering (DAWN) and quasi-elastic light scattering detectors
(Wyatt Technology Corp., Santa Barbara, CA). The molar
mass My), polydispersity index (PDI), and hydrodynamic
radius R,) of the samples were determined using ASTRA
(5.1.5) software developed by Wyatt Technology Corp.

Circular Dichroism (CD) Measurement$he conforma-
tion of aA-crystallin was examined by recording far-UV and
near-UV CD spectra at 2%C in a Jasco 810 spectropola-
rimeter (Jasco, Inc.) flashed with dry nitrogen. The far-UV
CD spectra were collected from 250 to 195 nm in a CD
quartz cell of 1 mm path length using a slit width of 1 nm
and a scan speed of 20 nm/min. The reported spectra, the
average of five scans, were analyzed for secondary structure
by the curve-fitting program CONTINLL35). Far-UV CD
spectra were recorded from 0.2 mg/mL proteins in 10 mM
phosphate buffer (pH 7.2). Near-UV CD spectra were
recorded from 1 mg/mL protein in the same phosphate buffer.
Spectra were collected from 300 to 250 nm using a CD cell
of 10 mm path length.

Tryptophan Fluorescence Measuremerife intrinsic

before being loaded onto a prepared column. The columnstryptophan fluorescence spectrumodi-crystallin at 25°C

were washed with buffer (pH 7.0) containing 100 mM NaH
POy, 10 mM Tris-HCI, an 8 M urea and eluted with the

was recorded in a Varian Eclipse spectrofluorometer (Varian
Inc.). The fluorescence emission spectrum of each protein

same buffer at pH 5.5. The fractions were separated by (0.1 mg/mL) in 50 mM phosphate buffer (pH 7.2) was

SDS-PAGE, and immunoreactivity was assessed by West-

ern blotting with an antibody tooA/oB-crystallin as

recorded between 310 and 400 nm using 295 nm as the
excitation wavelength. The excitation and emission band-

described below. Proteins that appeared as a single band gpasses were 5 nm each.

20 kDa were pooled and extensively dialyzed &C4against
50 mM Tris-HCI (pH 8.0). The pooled protein was then
concentrated using Amicon Ultra-15 centrifugal filters (Mil-
lipore) and stored at20 °C.

SDS-PAGE and Western Blottindzour micrograms of

TNS Fluorescence Measuremeritee surface hydropho-
bicity of the wild-type and mutant humarA-crystallin was
studied with TNS, a specific hydrophobic probe. Ten
microliters of a 10 mM methanolic solution of TNS was
added to 1 mL of protein [0.1 mg/mL in 50 mM phosphate

protein and Precision protein standard (Bio-Rad Laboratories,buffer (pH 7.4)], and the mixture was incubated fh at

Hercules, CA) were loaded onto two 12% SBISAGE gels
and subjected to electrophoresis at 150 V for 1.5 h. After

this time, one gel was stained with Bio-Safe Coomassie (Bio-
Rad), and protein from the other was transferred electro-

phoretically to a nitrocellulose membrane (100 V for 1 h).

25°C. Fluorescence emission spectra were recorded between
350 and 520 nm using an excitation wavelength of 320 nm.
The excitation and emission band-passes were 5 nm each.
Chaperone-like Function of Wild-Type and Mutant Human
oA-Crystallin. The chaperone-like function was determined

The membrane was blocked by overnight incubation at 4 with three target proteins: insulin, citrate synthase (CS), and

°C in buffer A (5% NFDM in PBS). The blocked membrane
was then incubated with polyclonal rabbit ao#yoB-

crystallin antibody in buffer A (1:3000) (Stressgen, Victoria,
BC, Canada) at room temperature for 1 h. Following this

initial incubation, the membrane was washed extensively

with 0.05% Tween-20 in PBS and incubated foh atroom
temperature with a 1:3000 dilution of HRP-conjugated goat
anti-rabbit 1gG (Sigma) in 0.05% Tween-20 in PBS along

carbonic anhydrase (CA). For insulin and CS, chaperone
activity was assayed in 96-microwell plates using a micro-
plate reader (SpectraMax, Model 190; Molecular Devices,
Sunnyvale, CA). The total reaction volume was 280

(a) Insulin Aggregation Assaynsulin (0.32 mg/mL) in
50 mM phosphate buffer (pH 7.2) was incubated at’e5
with or without wild-type (wt) or mutanttA-crystallin (0.064
mg/mL). Insulin aggregation was initiated by adding freshly
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prepared DTT to a final concentration of 20 mM, and light
scattering at 400 nm was monitored fb h in thekinetic
mode 36).

(b) CS Aggregation AssagS (0.06 mg/mL in 40 mM

Biswas et al.
Coomassie Western
|, St
12:34:56:7 8123456738
Ficure 1: Purification of human recombinaatA-crystallin. Four
micrograms of protein was subjected to SEFSAGE on a 12%

20kDa

HEPES buffer, pH 7.4) was incubated in the presence or reducing gel and then either stained with Coomassie blue (panel

absence of differentA-crystallin preparations at 4%, and
light scattering was monitored at 360 nB8i7). The ratio of
o-crystallin to CS was 1:15 (w/w).

(c) CA Aggregation Assagix hundred microliters of CA
(0.24 mg/mL) in 50 mM phosphate buffer containing 100
mM NaCl (pH 7.2) was incubated at 6C with or without
wt or mutantoA-crystallins (0.06 mg/mL) in a Beckman
DU spectrophotometer (Fullerton, CA). Light scattering at
400 nm was monitored fol h in akinetic mode.

Determination of Binding Parameters between Carbonic
Anhydrase (CA) andA-Crystallin.Wild-type or mutantrA-
crystallin (12.5uM) was incubated at 60C for 1 h with
2—18 uM CA in 50 mM phosphate buffer containing 100
mM NaCl (pH 7.2). No protein aggregation was observed
under these conditions. The solutions were cooled td5

for 1 h. Unbound substrate was then separated by centrifuga-R21A/R49A

tion at 400@ through 100 kDa cutoff membrane filters. The
amount of remaining substrate (CA) associated wittrys-

tallin was calculated by subtracting free substrate from the

A) or Western blotted using a rabbit polyclonal antibody to human
aAl/oB-crystallin (panel B). Lanes: 1, molecular weight markers;
2, wtaA-crystallin; 3, R21A; 4, R49A; 5, R103A; 6, R21A/R49A,
7, R21A/R103A; 8, R21A/R49A/R103A.

Table 2: Molar Mass, Polydispersity Index, and Hydrodynamic
Radii (R,) of Wild-Type and Mutant HumaA-Crystallin
Determined by Dynamic Light Scattering

average
molar polydis- hydro-
molar mass mass persity dynamic
distribution  (g/mol, index radii (Ry)
proteins (g/mol) Muw) (PDI) (nm)

1.75€6-2.96e6 2.18e6 1.014 12.2

R21A 1.76e6-2.31e6 1.93e6 1.002 11.8
R49A 2.34e6-1.87e7 2.49e6  1.295 15.8
R103A 2.75e6-1.09e7 3.10e6 1.250 16.9
1.99e64.11e6 2.51e6 1.016 12.8

R21A/R103A 1.36e65.37e6 1.97e6 1.140 14.0
R21A/R49A/R103A 2.36e61.16e7 2.99e6  1.202 15.5

total substrate concentration. Protein concentrations werelions indicate that the positive charge on specific arginine
determined by the Bradford assay using BSA as the standard€Sidues influences the chaperone functioruafrystallin.

The number of binding siten( and dissociation constant
(Kq) were determined by a similar proceduZS)

Protein Refolding AssayChaperone efficiency was also
assessed by measuring thecrystallin-mediated refolding
of a homodimeric enzyme, malate dehyrogenase (MDH),
from its fully unfolded state. MDH (kM) was denatured
in 6 M Gu-HCI for 8 h at 25°C. Refolding of the enzyme
was initiated by diluting the denatured MDH 100-fold in a
refolding buffer (pH 7.5) containing 50 mM phosphate, 10
mM magnesium acetate, and 5 mM DTT, with or without
the addition of 3Q«tM aA-crystallin. The enzyme concentra-
tion was 10 nM during refolding. The activity of refolded
enzyme was assayed by adding0of refolding mixture
to 580uL of refolding buffer that also contained 0.1 mM
NADH and 0.4 mM oxaloacetate. The samples were pre-
incubated at 28C for 10 min, and the decrease in absorbance
at 340 nm with time was recorded.

RESULTS AND DISCUSSION

In our previous study32), we discovered that modification
of aA-crystallin by MGO resulted in enhanced chaperone

To further investigate the role of these MGO-modifiable
arginine residues ino-crystallin, we used site-directed
mutagenesis to replace arginine residues at positions 21, 49,
and 103 with neutral alanine residues. Even though neutral-
ization of positive charge on arginine residues appears to be
the major factor, we cannot exclude changes in physical
properties such as van der Waals interaction and dipole
moment and other factors such as hydrophobicity and
nucleophilicity contributing to the improvement in the
chaperone function oftA-crystallin.

We prepared six mutants of humaa-crystallin: R21A,
R49A, R103A, R21A/R49A, R21A/R103A, and R21A/
R49A/R103A as described above (Experimental Procedures).
For overexpression, plasmids of wild-type and mutant human
oA-crystallins were introduced int&. coli strain BL21-
(DE3)pLysS. Protein expression was induced by the addition
of IPTG. Bacterial cell pellets were solubilized by sonication
in phosphate buffer containing 100 mM M#O, and 10
mM Tris-HCI (pH 8). This procedure yielded significant
guantities of soluble wt protein, but it proved ineffective for
solubilizing the mutant proteins. Since we were able to
solubilize both wt and mutant proteins by sonication in the

function, and we found that this phenomenon depended uponpresence ©8 M urea, we used this procedure in our

the concentration of MGO. On the basis of immunoprecipi-
tation experiments with a monoclonal antibody against

argpyrimidine and mass spectrometric analysis of the protein,

we reasoned that argpyrimidine modification at R21, R49,
and R103 ofaA-crystallin could explain the enhanced
chaperone function. It is possible that hydroimidazolone

purification protocol. SDSPAGE and Western blotting
showed single bands, indicating that this method yielded pure
proteins (Figure 1).

Multiangle light scattering coupled with size-exclusion
chromatography determines polydispersity and estimates the
absolute molar mass and size, which cannot be obtained by

modifications at these sites might also result in enhanced conventional chromatographic detection methotl.(Ac-
chaperone function. Soon after our discovery, another studycordingly, we compared the quaternary structure, i.e., oli-

confirmed that chaperone functionafcrystallin is improved
by MGO modification 89). Furthermore, another recent
study reported enhanced chaperone function-ofystallin

gomeric size and molecular mass of wt and mutant proteins,
by the dynamic light scattering method. Table 2 shows the
estimated oligomeric sizes of various proteins. The average

when a nine amino acid peptide at the N-terminus harboring molar mass ¥l,,) and hydrodynamic radiiR) value of wt

R21 residue was deleted(). Taken together, these observa-

oA-crystallin suggest that it has a higher oligomeric size
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Table 3: Percent Levels of Secondary Structuredwt Protein 10k -—wt i
and Its Mutants Using CONTINLL Software o— R21A
R21A/  R21A/ > —+—Ra%A
wt R21A R49A RI103A R49A RI103A triple S oA 29
a-helix 57 53 5.8 7.4 6.9 7.5 6.9 E{‘ —4— R21A/R103A r RS
pB-sheet 38.8 409 382 387 391 380 391 o g 'y
p-tun 223 221 226 219 221 221 220 55 7 l
random 33.1 317 336 320 320 323 321 D i
coil = g
S & ]
T $
than the reported valuél2, 43). The large oligomeric size o §
of the wt protein may be due to its purification in the & T
=
presence of urea. We noted that all mutants except R21A g .
exhibited a wider mass distribution, and all except R21A =
and R21A/R103A had &, comparable to that of the wt
protein. The R21A mutation renderewA-crystallin less . . .
polydisperse, while R49A and R103A made it more poly- '3350 260 270 2&0 200 300
disperse (Table 2). This suggests that R21, R49, and R103
residues have a role imA-crystallin organization. Because Wavelength (nm)

all other mutants (except R21A) had higher hydrodynamic Ficure 2: Near-UV circular dichroic spectra of humamA-

radii (R,) values, we believe that they are less dynamic than ?WHS?"Z';‘ tP;%geCinss(l-Ot mg/mL) were in (1jq lighOSPhatt‘f] ?Uﬁet';]

; L pH 7.2) ai . Spectra were measured in a 10 mm path leng
wt proteln_. _Overall, our findings suggest that the _rem_oval CD quartz cell. Data were collected at 0.4 nm wavelength
of the positive charge from R49 and R103 results in higher egoution.

molecular weight homoaggregatesai-crystallin. This is
similar to observations made for the two arginine mutants,
R116C inaA-crystallin and R120G imB-crystallin, where

it was noted that arginine residues at these positions are
essential for maintaining proper oligomeric structuté 45).

We probed the secondary structure of wt and mudaht
crystallins by far-UV circular dichroism. All of the spectra
reflect characteristics of dominaiitsheet structure. The
spectra were quantitatively analyzed using the CONTINLL
program. The estimated levels of secondary structure are
listed in Table 3. The values suggest that there is no
significant change in the secondary structure in any of the
mutant proteins. We also studied the effect of mutation on
the secondary structure using Fourier transform infrared
spectroscopy (data not shown). The data confirmed the results
from far-UV measurements indicating that our selected
mutations did not perturb the secondary structure of proteins. -

The near-UV CD spectra of the six mutants andou- 320 340 360 380 400
crystallin are shown in Figure 2. The near-UV spectrum of
the wt protein exhibited five distinct maxima (around 259, o )
264, 272, 279, and 287 nm) and five distinct minima (around Ficure 3: Intrinsic quorescenc_e spectra of humaA-crystallin. _
262, 268, 275, 283, and 292 nm), which are consistent with The fluorescence spectrum of different samples (0.1 mg/mL protein)

’ ' 1 £O9, J ) h was recorded from 310 to 400 nm at 2&. The excitation
previously published resultg§). The signal for Phe in the  wavelength was 295 nm. Data were collected at 0.5 nm wavelength
250-270 nm region showed minimal alteration in the six resolution.
mutants compared to the wt protein. However, peaks beyond
270 nm for all six mutants were significantly different both wt aA-crystallin was at 344 nm. We found that thgax of
in intensity and in position from those for wt protein. These six mutants exhibited a2 nm blue shift, which suggests
marked changes in spectral characteristics of six mutantsthat the tryptophan microenvironment is somewhat altered
suggest alteration of the microenvironments of Tyr and/or in all mutant proteins. These observations support our
Trp and indicate that the tertiary structure of the mutant previous conclusions that minor structural changes enhance
proteins could be changed by substitution of alanine for the the chaperone function afA-crystallin 32).
charged arginine residues. We explored the effect of structural changes on the

Intrinsic fluorescence spectra of the wt and mutaAt chaperone-like activity of wixtA-crystallin and six mutant
crystallins (Figure 3) support our near-UV CD data. While proteins using two target proteins, insulin and citrate syn-
the fluorescence intensity of R49A, R21A/R49A, and R21A/ thase. Figure 4A shows the profile of DTT-induced insulin
R49A/R103A decreased-12—14% compared to the wt aggregation in the presence or absence of wt and mutant
protein, it increased slightly in R21A, R21A/R103A, and oA-crystallins. At a 1:5 (w/w) ratio of witA-crystallin to
R103A. Alteration in fluorescence emission maxima was also insulin ard | h incubation, we noted-30% of protection
noticeable. The fluorescence emission maximumej of against aggregation (Figure 4A, trace 4, and 4C). At the same
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The protein concentration was 0.1 mg/mL, and the TNS concentra-
Ficure 4: Chaperone function of humamA-crystallin. DTT- tion was 10QquM. The fluorescence spectrum of different samples
induced aggregation of 0.32 mg/mL insulin atZ5 (panel A) and at 25 °C was recorded from 350 to 520 nm. The excitation
thermal aggregation of 0.06 mg/mL CS at 43 (panel B) in the wavelength was 320 nm. (B) Fluorescence intensity at 430 nm
presence or absence of differentA-crystallin preparations. (emission maxima) for wt and mutaai-crystallin at 25°C.

Traces: 1, target protein (TP) alone; 2, FHR49A; 3, TP+ R21A/

RA9A; 4, TP+ wt; 5, TP+ R21A/R103A; 6, TP+ triple (R21A/  the secondary structure detected by CD spectra and tryp-

R49A/R103A); 7, TP+ R103A; 8, TP+ R21A. Panels C and D - -
show the percent protection ability of differentA-crystallins tophan fluorescence. We think that the improved chaperone

against insulin and CS aggregation. The chaperone:substrate ratidunction reported by Pasta et ak0] in deletion mutants of
(w/w) was 1:5 and 1:15 for insulin and CS aggregation assays. a-crystallin may be due to removal of the R21 residue from
Data are the means standard deviation from triplicate determina-  the N-terminal end of the protein.

tions. Numerous studies suggested a correlation between chap-
erone function and surface-exposed hydrophobicity-grys-
protein ratio, R21A and R103A markedly increased chap- tallin (38, 47—50), but a few others failed to find such a
erone function, providing 50% and 48% protection (Figure correlation b1, 52). Notwithstanding this controversy, it is
4A, traces 7 and 8, and 4C). In contrast, R49A and R21A/ generally believed that surface hydrophobicity governs the
R49A mutants decreased chaperone function and providedchaperone function ofi-crystallin. Accordingly, we used
only ~11% and~27% protection against insulin aggregation TNS, a hydrophobic molecule (with low fluorescence
(Figure 4A, traces 2 and 3, and 4C). The double mutant quantum yield in water), to explore how mutation of arginine
R21A/R103A and the triple mutant R21A/R49A/R103A residues affects the hydrophobicity @A-crystallin. When
afforded slightly better protection than vetA-crystallin TNS binds to hydrophobic sites on proteins, its quantum yield
(Figure 4C). With CS as the target protein, we saw a more dramatically increase$8). This dye has been widely used
dramatic effect. At a chaperone:substrate ratio of 1:15 (w/ for probing the surface hydrophobicity ofcrystallin (13,
w), R49A (Figure 4B, trace 2) and R21A/R49A (Figure 4B, 44, 54). Figure 5A shows fluorescence measurements of TNS
trace 3) inhibited protein aggregation minimally. At the same after binding to wt and mutantA-crystallins. Upon binding
ratio, R21A and R103A inhibited protein aggregation 39% to the wtaA-crystallin TNS displays intense fluorescence
and 28% better than wiA-crystallin (Figure 4B, traces 7  with an emission maximumifay) at 430 nm. Thislmax did
and 8, and 4D). We also compared the chaperone functionnot change in mutant proteins. The results suggest that R21A
of wt and six mutant proteins by varying thecrystallin: and R103A both have'55% more hydrophobic surface area
substrate ratio. In each case, we found the R21A and R103Acompared to the wixtA-crystallin (Figure 5) and the triple
mutants to be better than the wt and R49A to be less effectivemutant has~20% more. In contrast, R49A and R21A/R49A
than the wt in preventing aggregation of the target protein mutant proteins had decreased26% and 18%) surface
(data not shown). Taken together, these data suggest that Aydrophobicity (Figure 5). The surface hydrophobicity of
significant loss in chaperone function occurs when the our selected mutants decreased in the following order: R21A
positive charge on R49 is removed, but an opposite and > R103A > R21A/R49A/R103A> R21A/R103A> wt >
favorable increase in chaperone function occurs with removal R21A/R49A > R49A (Figure 5B). The decreasing order of
of positive charge on R21 and R103. The strength of the the surface hydrophobicity coincides with decreasing chap-
chaperone function decreases in the following order: R21A erone function. From these results, we could conclude that
> R103A> R21A/R49A/R103A> R21A/R103A> wt > the enhanced chaperone function of mutant proteins was due
R21A/R49A> R49A. We believe that this is the first report  to increased surface hydrophobicity. However, this interpre-
of an increase in the chaperone functioroetrystallin due tation conflicts with the results of two previous studies, where
to removal of a single arginine residue without changes in MGO-mediated enhancement in chaperone function did not
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Ficure 6: Inhibition of thermal aggregation of carbonic anhydrase
(CA). CA was incubated at 60C for 1 h in 50 mMphosphate [Bound]

buffer (pH 7.2) containing 100 mM NacCl in the presence or absence FiGure 7: Binding constant oftA-crystallin for carbonic anhy-

of indicated proteins. Light scattering due to protein aggregation drase. Scatchard plot to calculate binding parameters for the
was monitored at 400 nm. Traces: 1, 0.24 mg/mL CA alone; 2, interaction between CA and different recombinast-crystallins

CA + 0.06 mg/mL R49A,; 3, CAt+ 0.06 mg/mL wt; 4, CA+ 0.06 at 60°C.

mg/mL R103A; 5, CA+ 0.06 mg/mL R21A.

Table 4: Determination of and Dissociation Constankg) Values

correlate with surface hydrophobicity afcrystallin 32, 39). for Interaction of HumarwA-Crystallin and Its Mutants with
Possibly MGO modification (and ensuing cross-linking) of Carbonic Anhydrase (CA) at 60C
a-crystallin impedes the binding of hydrophobic probes. system studied n Ka (uM)
To determ!ne how the interaction betweeA—crystallln. ' humanaA-crystallin+ CA 2321006 3.87% 030
and denaturing substrates would be affected by arginine R21A-+ CA 3.734+ 0.09 2.924+0.24
mutations, we measured the binding parameters using R49A+ CA 1.67+0.02 3.82£0.15
R103A+ CA 3.04+ 0.07 2.33+0.17

carbonic anhydrase (CA) as the substrate. Before determining
the binding constant and number of binding sita} (ve
first compared the chaperone activity of wt and mutaht similar to that of wtaA-crystallin. On the basis of these
crystallin proteins using CA as the target protein. We used data, we conclude that substitution of alanine for charged
only three single mutants for these experiments. Figure 6 arginine residues at positions 21 and 103 provides higher
shows the thermal aggregation profile of 0.24 mg/mL CA affinity toward denaturing proteins farA-crystallin.
at 60°C in the presence or absence of wt and mutafst a-Crystallin also assists in the in vitro refolding of many
crystallin (0.06 mg/mL). The chaperone function followed enzymes %5—-58). As a measure of this activity, we
the same pattern as the insulin and CS aggregation assaysxamined the ability of wt and mutamtA-crystallins to
proceeding from highest to lowest in the following order: reactivate fully denatured malate dehydrogenase (MDH).
R21A > R103A > wt > R49A. To determine binding  MDH was renatured by 100-fold dilution fro 6 M Gu-HCI
constants, we incubated 12:M aA-crystallin at 60°C for to refolding buffer, and refolding was measured in the
1 h with varying concentrations {218 uM) of CA. Unbound presence or absence ofA-crystallin (Figure 8). In the
(S) and bound CA were measured by filtration as described absence ofxA-crystallin, only 3% activity was recovered
above under Experimental Procedures. Assuming that therg(trace 5). In the presence of 301 wt aA-crystallin about
are identical noninteracting sites per subunit of the chaperone41% activity of MDH could be regained (trace 3). R21A
the dissociation constari{) was analyzed by the Scatchard and R103A mutant proteins at the same protein concentration
equation: provided a further increase of 9% and 4% (traces 1 and 2).
As expected, the recovery of enzyme activity with R49A
VIS=n/Ky — LK 1) was drastically reduced~(13% less than with wioA-
crystallin) (trace 4). Thus, both aggregation and refolding
where? is the number of moles of substrate bound per mole activity assays show that mutation of charged R21 and R103
of chaperonen is the number of binding sites, akd is the markedly enhances the chaperone functioaAfcrystallin,
dissociation constant. The stoichiomeiryand Ky obtained while mutation of R49 decreases it.
from the plot of#/S againsty (Figure 7) is 2.32 per subunit We noted that the increase in chaperone function does not
of aA-crystallin and 3.87M, respectively (Table 4). When  correspond quantitatively with enhanced surface hydropho-
R21A interacts with CA, we found that the number of bicity. For example, the R21A mutant protein enhanced
binding sites §) per subunit increased considerably (from hydrophobicity more than 55% but only increased refolding
2.32 to 3.73) and the association constant increased fromapproximately 10% (Figure 8, trace 1). The insulin aggrega-
0.258uM™* (Kg = 3.87uM) to 0.342uM 1 (Kg = 2.92uM). tion assay for the same protein indicates~&20% increase
The binding parameters for the interaction between CA and in chaperone activity above that of the wi-crystallin
R103A also indicate enhanced CA binding. In contrast, we (Figure 4C). This anomaly could be explained if the
found that the number of binding sitas) for CA on R49A hydrophobic probe, TNS, binds to all of the exposed
decreased significantly (from 2.63 to 1.79), although the hydrophobic patches, but not all of them are accessible or
dissociation constantKg) for this interaction was quite large enough to accommodate the target protein.
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refolding buffer (pH 7.5) containing 50 mM phosphate, 10 mM
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