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ABSTRACT. The missense mutation Arg-120 to Gly (R120G) in the hura@acrystallin sequence has

been reported to be associated with autosomal dominant myopathy, cardiomyopathy, and cataract. Previous
studies of the mutant showed a significant ability to aggregate in cultured cells and an increased oligomeric
size coupled to an important loss of the chaperone-like actimityitro. The aim of this study was to
further analyze the role of the R120 residue in the structural and functional propertids@fystallin.

The following mutants were generated, Arg-120 to Gly (R120G), Cys (R120C), Lys (R120K), and Asp
(R120D).In cellulo, after expression in two cultured cell lines, NIH-3T3 and Cos-7, the capacity of the
wild-type and mutant crystallins to aggregate was evaluated and the protein location was determined by
immunofluorescencdn vitro, the wild-type and mutant crystallins were expresseé&scherichia coli

cells, purified by size exclusion chromatography, and characterized using dynamic light scattering, electron
microscopy, and chaperone-like activity assays. Aggregate sizesllulo andin vitro were analyzed.

The whole of the data showed that the preservation of an Arg residue at position dBlavystallin is

critical for the structural and functional integrity of the protein and that each mutation results in specific
changes in both structural and functional characteristics.

The a-crystallins belong to the small heat shock protein pathy and catarac®). The R120 residue seems particularly
(sHSPj family (1). The sHSPs are found in most organisms interesting. The corresponding mutation ¢A (R116C)
(archea, bacteria, plants, and animals) where they arecauses congenital cataradtOf and in HSP22 (K141E or
generally induced in response to a variety of physiological K141N) is responsible for distal hereditary motor neuropathy
and environmental stresg, 3). In humans, 10 SHSPs have and Charcot Marie Tooth diseas&lf 12). In all these
been identified 4, 5). WhereasaA-crystallin @A) is inherited diseases, the transmission is autosomal dominant.
essentially expressed in lenaB-crystallin @B) is also Moreover, the equivalent mutation in HSP27 (R148G)
expressed in other tissues (muscle, heart, lung, etc.), wherdnduces accumulation of aggregates in cellS)( The
it is often found to be associated with other SHSBS). A involvement of this conserved residue in inherited human
number of point mutations leading to pathologies have now diseases highlights its important role in the structure and
been identified ). The most well-known is the mutation of  function of SHSPs.

Arg-120 to Gly inaB (R120G), which is responsible for an

autosomal dominant myopathy associated with cardiomyo- The sHSP family is characterized by a highly conserved

C-terminal domain o~90 amino acids, “thex-crystallin
domain” (L4), and a variable N-terminal domain. A typical
an;miﬁ/l V;/Okr)k maes ::golt)cci);tt?gnbgrﬂ;?s ';rcegﬁtf:e’\/llzsisl\tzyoofalfﬁsei«a&g ’\(A?S feature of sHSPs is the formation of large oligomeric
(SS. and,Gyre_mt 11764 to P.V%, by University Paris 7 (P.V.), by complexes (1240 subunits of 1250 kDa). In plants and
University Paris 6 (F.S.-P. and A.T.), and by the Centre National de la @rchae, sHSPs have a fixed number of subunits, whereas in
Recherche Scientifique (CNRS) (F.S.-P. and A.T.). mammals, they are polydisperse. In mammalian lersas,

* To whom correspondence should be addressed: EA 300, Universite n B iate in 1 ratio to form Ivdi r
Paris 7, Case 7136, 75251 Paris Cedex 05, France. Phone: 33 1 44 2? d oB associate a 3/1 ratio to fo polydisperse

47 36. Fax: 33 144 27 36 11. E-mail: stef.labo@gmail.com. oligomers of~40+ 5 subunits and of 800 kD), whereas
*EA 300, UniversiteParis 7. oA and oB alone form polydisperse oligomers smaller in
ﬁEK{AER%%%% %%E%?Sggrﬂteansfép 6ot size,~30 subunits and 600 kD4§). So far, only three three-

s - -univers aris o et /. . .
OIFR83, UniversiteParis 6. dimensional (3D) structures of sHSPs are known, one from

1 Abbreviations: WT, wild-type; SDSPAGE, sodium dodecyl @ hyperthermophile archadethanoccus jannaschiHSP16.5,
sulfate-polyacrylamide gel electrophoresis; ADH, alcohol dehydro- with 24 subunits 17); one from wheatTriticum aestium

genase; CS, citrate synthase; DLS, dynamic light scatteciAgand ; ; . i
oB, aA- andaB-crystallin, respectively; @B-WT, human wild-type HSP16.9, with 12 subunitsi§); and one from a parasitic

aB-crystallin; SHSP, small heat shock protein; PBS, phosphate-buffered flatworm, Taenia saginataTsp36, with two subunits, each
saline; 3D, three-dimensional. subunit containing twat-crystallin domains19). A fourth
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one is in progress, from the bacteKanthomonas axonopo-
dis pv. citri (20), whereas the multiple assemblies of a fifth - —

. . construct construct method of cloning/ restriction
one, HSP26 from the yeasaccharomyces cersiag have number designation  source of the cDNA site used primefs
been modeled from cryoelectron microscopy, yet at a lower

Table 1: Detailed Information about the Used Constructs

. . ; 1  pcDNA3«aBWT  described previoustyKpnl/Xbal —
resolution 21). Sequence comparison coupled with structure 2 pcDNA3B R120G described previoudhKpnl/Xbal —
analysis revealed that the R120 mutation was located on a 3  pcDNA3-B R120C site-dtirected , Kpnl/Xbal a, b, c,d

. _ mutagenesis
highly conservegb-strand (9). _ . . 4 pcDNA3B R120D site-directed ~ Kpnl/Xbal a,b, e, f
Theo-crystallins share unique physicochemical properties, ~mutagenesis
including the ability to rapidly exchange their subunits while PeDN Ao RO Sl s P oal &.b.g.h
keeping the same average number of suburiz 23). 6 pET24deB WT described previoustyXhol/EcoRI —
Moreover, they can change their size and oligomeric state ; Pgiggﬂg Eggg SUEC:OH?HQ Ifomg mco:%ﬂo:*
. H . . p el subcloning frrom co ol —
with thein vitro environment (pH, temperature, etc.) through 9  pPET16beB R120D subcloning from4  Ncol/xhol —

subunit exchange2d). Bothin vivo andin vitro they function 10  pET16beB R120K subcloning from5  Ncol/Xhol —
as molecular chaperone8, @5—31), whose main function 23, B-aaaaaaggtaccatggacatcgccatccactao; ¥ -aaaaaatcta-gac-

|S tO&SSOCIate, nOt ref0|d, a Val’lety Of StrESS'denaturedtatttcttgggggctgcggtls c, Cagggagttccactgc aaataccggatccca; ’d, 5
proteins and prevent further aggregation, in an ATP- tgggatccggtatttgcagtggaactcectg-2, 3-tccagggagttccacgataaatac-

independent process. Subunit exchange might control thecggatcce-3 f, 5'-gggatccggtatttatcgtggaacteectgda@ 5-tccaggg-

chaperone-like activity, often associated with changes in 2dticcacaaaaaataccggatcéh3s-gggateeggtatititigiggaac tecetgg-3
. . ! b From ref9. ¢ From ref33,

oligomeric state 32).

Thea-crystallins therefore exhibit structural and functional . . . .
properties in the living world that seem closely associated instructions; 24 or 48 h later, cells were rinsed twice with
with their dynamic structure, yet the process by which a point Phosphate-buffered saline (PBS) before being fixed and
mutation may be sufficient to modify these properties and Permeabilized by incubation in a cold methanol/acetone
lead to pathologies remains to be determined. To addressSolution (7/3) for 5 min at #C. After several washes in
these questions, we constructed and expressed in differen’BS. cells were probed using monoclonal mouse antibody
systems several position 12 mutants: R120G, R120C, anti-aB (1/2(_)0, Stressgen) diluted in PBS containing 2%
R120K, and R120D. Thén cellulo andin itro properties ~ FCS. The primary antibody was then detected using a goat
of wild-type (WT) and mutant crystallins were analyzed. anti-mouse antlbody coup!ed to Alexa Fluor 11031 (1/1000,
After expression in cultured cell lines, the capacity to Molecular Probes) diluted in PBS_ and 2%_FCS._The samples
aggregate of the WT and mutant crystallins was evaluated Were mounted on coverslips using Mowiol (Sigma). Cells
and the protein location was determined by immunofluores- Were examined using a fluorescence microscope (LEITZ)

cence. The soluble assemblies were characteiizedtro and images collected via an ORCA-ER digital camera
by dynamic light scattering, electron microscopy, and (Hamama}tsu) and processed using Simple PCI 6.0 (Compix
chaperone assays. Inc. imaging systems_).

To test the expression level of each transfected construct,
EXPERIMENTAL PROCEDURES cells were lysed 48 h post-transfection in buffer A [125 mM

Tris-HCI (pH 6.8), 4% SDS, 20% glycerol, 400 mM

Cloning and Site-Directed MutagenesBloning of the dithiothreitol, and 0.01% bromophenol blue] prior to the
haB-WT and R120G cDNA into the pcDNA3 vector analysis by Western blotting using the monoclonal mouse
(Invitrogen) has been reported previously for thecellulo anti-oB-crystallin antibody (1/10000, Stressgen). A mono-
studies 9). The R120C, R120D, and R120K mutants were clonal mouse anti-vimentin antibody (1/2000, DakoCyto-
generated by site-directed mutagenesis. For itheitro mation) was used to normalize the amount of total protein
studies, each mutant DNA was then subcloned into bacterial|paded.
expression vector pET16b (Novagen); theBRWT cDNA Assessment of the Ability obB-WT and Mutants To
used for expression i&. coli was kindly provided by W.  Aggregate in Cell CulturesThe presence or absence of
W. de Jong 83) and was cloned into vector pET24d aggregates in transitory transfected cells was scored for, at
(Novagen). Detailed cloning information and primers used |east, 100 randomly transfected cells for each construct. Each
are given in Table 1. All the recombinant vectors were datum is the mean value of three independent experiments
sequenced by automated sequencing. + the standard error. A one-way ANOVA test was applied

Cell Culture, Transfection, and Immunofluorescericgo to compare results between sample groups. Differences
different cell lines, adherent and easy to transfect, were between groups were considered statistically significant if
chosen. The murine NIH-3T3 cells are devoid of sHSP thep value was<0.05.
expression in the absence of stress. The monkey Cos-7 cells Expression and Purification ofdB-WT and MutantsuB-
are devoid ofoB expression but express HSP27 constitu- Crystallins were expressed ki coli strain BL21(DE3) and
tively. The cells were grown in DMEM Glutamax medium induced with 0.1 mM isopropyd-p-thiogalactoside (IPTG)
(Gibco), supplemented with 10% fetal calf serum (FCS, for 3.5 h at 37°C. After disruption of the cell wall using the
Gibco) and penicillin/streptomycin (Gibco) in a 5% €O “Bug Buster master mix” (Novagen) completed with @2
humidified atmosphere. One day prior to transfection, AEBSF (Novagen), which is an irreversible inhibitor of
cultured cells were trypsinized and plated on glass coverslipsserine proteases, and 100 mM NacCl, the soluble protein
placed in a culture dish. Transfection with:8 of each fraction was dialyzed against buffer B [22 mM MO,
pcDNAS3 recombinant vector was carried out using Fugene 28 mM KH,PQ,, 70 mM KCI, 1.3 mM EDTA, 3 mM Nal,
6 (Roche Diagnostics) according to the manufacturer's and 3 mM DTT (pH 6.8)] with 0.6 mM phenylmethane-
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sulfonyl fluoride (PMSF). The next step was a nucleic acid
precipitation with 0.12% poly(ethyleneimine) (PEI). Finally,
hoB-WT and mutants were purified by gel filtration FPLC.
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Assay for the Determination of Chaperone-like Aityi
of haB-WT and Its Mutants with Citrate Synthase (CB)e
chaperone activity was assayed with DLS, by monitoring as

According to the culture volume, chromatography was a function of time the light scattered at®©By the sample.
conducted either on a S200PG column or on a S200HR Indeed, measuring the scattered intensity at BODLS
column (Amersham Bioscience) and eluted in buffer B. The equipment is equivalent to measuring the scattered intensity
identity was controlled by mass spectrometry (MS/MS). The in a spectrometer (although the wavelengths are different)
purity of theaB preparations was assessed by 12% SDS and can be used to monitor heat-induced aggregation. Most
PAGE, colored with Coomassie blue. Purified proteins were CS assays reported in the literature have been performed

stocked at £C and never freeze-dried.

Dynamic Light Scattering (DLS) Measurements p&Rd
Polydispersity.DLS measurements were performed on a
DynaPro from Wyatt Technology Corp. (formerly Protein

Solutions) using regularization methods (software, Dynamics,

version 6). With this equipment, the laser light wavelength
is 830 nm and the scattered light is collected at BQ an

optic fiber until a detector is reached. The sample cell can

be thermostated with a Peltier element, from 4 t680As

macromolecules are subjected to Brownian motions, their

relative positions change as a function of time in a size-

dependent manner. With monodisperse solutions of patrticles,

the measurement of the autocorrelation function of the
scattered light as a function of time allows us to determine
the diffusion coefficient of the species in solutidds. The
hydrodynamic radiugy,, is then calculated from the Stokes
Einstein equation, in whicR, = KgT/62D, whereKg is

the Boltzman constanf the absolute temperature, and
the viscosity of the solvent. With globular particles and
assuming a level of hydration 6£25%, the MW can be
estimated using the equation MW #5N4(Ry)S.

With a monomodal distribution of polydisperse particles,

between 37 and 4%C (e.g., ref48), yet a rapid DLS analysis
of CS aggregation as a function of temperature demonstrated
a faster process at 4&€. The chaperone assay was therefore
conducted at 48C so that it could be more significant. The
scattering of the CS alone and of the CS in the presence of
hoB-WT or mutants was first measured atZDin a separate
experiment and shown to remain constant as a function of
time. Then, after equilibration at £& of the DynaPro, the
sample cell was placed in the sample holder and the scattered
intensity was recorded as a function of time over 0.5 0r 1 h
periods. To optimize the signal, the CS amB concentra-
tions were~2.2 and~0.5 mg/mL, respectively (i.e., a CS/
oB ratio of 4.5/1). Control experiments were carried out with
haB-WT and mutants alone under the same conditions; i.e.,
the scattered intensities were first recorded atQ@nd then
monitored fo 1 h at 48°C. After 1 h at 48°C, the lB-WT
scattering had increased by10% and the R120G scattering
by ~25%. The values of the other mutants were between
those. Eighty microliter reaction volumes were used in buffer
B. The laser power sensitivity was 50%, and the acquisition
time for one measurement was 10 s. Each experiment
therefore consisted of 180 or 360 measurements.
Energy-Filtered Transmission Electron Microscopy

an average hydrodynamic radius is obtained and the PercentyEETEM). Negative staining was carried out at 20 using
age of polydispersity is calculated in addition. These values 5hon-coated grids. A sample drop-at mg/mL was de-

are calculated with DynaProDYNAMICS. When several

posited on the grid and negatively stained with a 2% aqueous

species are present in solution, the number of species canrany| acetate solution. The specimens were examined with
be determined, as well as the average hydrodynamic radius; | g 912 (ZEISS 120 kV) “in-column” energy spectrom-
and the polydispersity of each species, yet the accuracy iSgter (Omega filter) transmission electron microscope.

better when only two or three clearly different species are
present. The technique was used to measure & \WT
and mutant size and polydispersity at 20 and°@8and to
check the stability of these values as a function of time. All

RESULTS

Location and Characterization ofdB-WT and Mutant
Assemblies in Mammalian Cell LineBhe immunofluores-

the samples were filtered before experiments on Nanosep.ance location of @B-WT and the different mutants was

MF GHP, 0.45m centrifugation devices to eliminate large  jetermined 24 and 48 h after transfection in Cos-7 and NIH-
aggregates or dust particles. The protein concentration wasyt3 ce|ls, These cell lines were chosen since NIH-3T3 cells
0.1-1 mg/mL, the sample volume 5L, the acquisition  yq not have endogenous SHSPs, whereas Cos-7 cells express
time for one measurement 10 s, and the laser power, pigh level of endogenous HSP27 associated with a low

sensitivity 50%. Each experiment consisted of—BB0
measurements.

Assay for the Determination of Chaperone-like Aityi

of haB-WT and Its Mutants with Alcohol Dehydrogenase
(ADH). The capacity of bB-WT and different mutants to

level of aB. The differentaB-crystallin species presented
the same type of location in the two transfected cell lines
(Figure 1). As expected from previous wor®) (haB-WT
exhibited a diffuse cytoplasmic pattern at both 24 and 48 h
(Figure 1A,B,K,L). Instead, 24 h after transfection, the

prevent 1,10-phenanthroline-induced ADH (Sigma) dena- R120G mutant was found essentially as well-defined mul-
turation and aggregation was determined. The assay wagifocus-like aggregates in the cytoplasm (Figure 1E,O); 48 h
conducted at 42C in 500uL reaction volumes in buffer C  after transfection, the R120G-induced aggregates were bigger
[50 mM sodium phosphate buffer (pH 7.2) and 100 mM and perinuclear (Figure 1F,P). The location of the R120G
NaCl] containing ADH at 0.4 mg/mL in the presence or mutant at 24 and 48 h is in agreement with previously
absence of @B-WT or mutants at 0.08 mg/mL (i.e., 5/1 published studiesd( 34). The mutant R120K exhibited the
ADH/aB ratio). The assay was monitored for 40 min at 360 same pattern of distribution astB-WT (Figure 1C,D,M,N).

nm on a UVIKON 923 spectrometer. Control experiments The mutants R120C (Figure 1G,H,Q,R) and R120D (Figure
were conducted withdB-WT and mutants alone under the 11,J,S,T) had a tendency to form aggregates and a location
same conditions. similar to those of R120G 24 h after transfection. Note that
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Cos-7 NIH-3T3

24 h 48 h 24 h 48 h

Ficure 1: Cellular location of b B-WT, R120K, R120G, R120C, and R120D in Cos-7 and NIH-3T3 cells 24 and 48 h post-transfection.
hoB-WT (A, B, K, and L) and R120K (C, D, M, and N) show a diffuse immunostaining within the cytoplasm in both cell lines 24 and 48

h after transfection. In contrast, the expression of R120G (E, F, O, and P), R120C (G, H, Q, and R), and R120D (I, J, S, and T) induced
the formation of cytoplasmic and/or perinuclear aggregates that can be observed 24 h after transfection in both cell lines. Arrows indicate
the presence of aggregates in cells. The scale bar is60

the R120D aggregates seemed even bigger than those ofhow significant variation, whereas the R120D mutant and,
R120G. At 48 h, however, large aggregates were also moreso, the R120G and R120C mutants showed an increased
observed for R120C and R120G which can be seen in Figurenumber of transfected cells with aggregates with 34 2.6,
1. The presence ofdB-WT and mutants species in the 35.7+ 3.9, and 20.Gt 5.2%, respectively. The same results
nucleus was observed only in a small, nonsignificant number were obtained in NIH-3T3 cells (data not shown). Figure
of cells, which can be seen in Figure 1E,J,O,P. 2C shows the variation of the number of aggregates in
Aggregation Kinetics in Mammalian Cell LineAs the transfected cells as a function of time. It can be seen on the
ability to aggregate is a time-dependent phenomesd)y (  figure that the increase in the number of transfected cells
we determined the percentage of transfected cells containingWith aggregates for the R120G and R120C mutants was more
aggregates 24 and 48 h after transfection in Cos-7 and NIH-important than for the R120D mutant, suggesting that, in
3T3 cells. Figure 2A shows the results obtained 24 h after Cos-7 cells, R120G and R120C mutants aggregate quicker
transfection in Cos-7 cells. No aggregates could be observedthan R120D. The level of synthesized protein was determined

with haB-WT and R120K, with a background of1%. to be similar in all the transfected constructs, eliminating
Instead, the R120G, R120C, and R120D mutants exhibitedthe possibility of a dose-dependent effect. The analysis was
a significant tendency to form aggregates with 26.4.4, done by Western blotting, with a specific antibody against

23.9+ 2.1, and 18.2+ 1.4% of transfected cells, respec- @B, on the total protein extracts of the transfected cells, 48
tively, containing aggregates, i.e., no significant difference h post-transfection (data not shown).

among these three mutants. The same observations were Expression and Solubility in the Bacterial Hodtve
established in NIH-3T3 cells (data not shown); 48 h post- previously observed with native bovine-crystallin that
transfection (Figure 2B), the background of aggregation of renaturation procedures after, for example, dissociation in
hoB-WT, 2.0 £ 1.0%, and R120K, 3.t 1.7%, did not urea yielded particles with a lower molecular mass. We
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R120K R120G R120C R120D 0

*

* Ficure 3: Gel filtration chromatography ofdB-WT, R120K,
R120G, or R120D mutant performed on a S200HR column. The
flow rate was 0.75 mL/min. Fractions of 0.25 mL were collected

30— and checked via SDS gels. Only one band was observecdd+ h

X # WT. With the mutants eluting close to the void volume, and

especially with the R120G mutant, a few minor bands, barely
detectable, could be observed in addition.

therefore did not want to resolubilize inclusion bodies to
avoid any possible change in the “native” oligomeric state
10— and looked for expression conditionskn coli that are able

to provide us with sufficient protein in the soluble fraction.

Under our optimal conditions,dB-WT and the mutant
|—I—| | { ] R120K were mainly found in the bacterial soluble fraction

R120K R120G R120C R120D whereas a significant fraction of the R120G and R120D

mutants remained in the insoluble one. The R120C mutant
c was found exclusively in the insoluble fraction (data not
40— shown).

Purification and Characterization by Gel Filtration of
Ri20% Recombinant AssemblieSoluble total extracts of proteins
30— were purified by gel filtration via FPLC. Since only the
soluble fraction was used for the final purification, the mutant
R120C could not be purified. The yield foolB-WT and
for the mutants was, on average, between 2 and 5 mg for a
100 mL culture. Typical elution profiles are shown in Figure
3. haB-WT eluted as a sharp symmetrical peak at a position
corresponding approximately to 66680 kDa (sometimes,
a few aggregates were eluting in the void volume). All the
other mutants eluted close to or in the void volume, indicating
___'______:HWOK a mass of>1000 kDa. The molecular mass was increasing
23’;__ | 28 h in the following order: WT< R120K < R120D < R120G.
Fioure 2: Capacity of bB-WT and R120K, R120G, R120C, and For f[he mutants, a s_houlder was often observed in the elution
R120D mutants to aggregate in Cos-7 éells 24 ’and 48’h after profile, corresponding to a lower molecular ma_ss\(BOO
transfection. Percentage of transfected cells containing aggregate&Da. For subsequent analyses, only the main peak was
(A) 24 and (B) 48 h after transfection in Cos-7 cells. Each histogram considered. For all mutants, and especially for R120G, the
represents the mean of three independent experiments. The batrystallin yield was shown to be higher and the FPLC profile
indicates the standard error. The data between groups were analyzeghgre reproducible when FPLC was performed immediately

using a one-way ANOVA. Differences between groups were
considered statistically significant {5 was <0.05. An asterisk after the preparation of the total protein extracts. Therefore,

indicates groups significantly different from thex®B-WT and in the experiments presented here, small culture volumes
R120K groups. A number sign indicates groups significantly were used and the purification was conducted with an S200
different from the lxB-R120G and R120C groups. (C) Representa- HR column to proceed with all the purification steps on the
tion of aggregate formation as a function of time in Cos-7 cells. ggme day

Note that the number of transfected cells containing aggregates A .

increases slowly for&B-WT, R120K, and R120D and rapidly for Stability in Vitro.Once purified, hB-WT was stable for
R120G and R120C. several weeks; i.e., both the solubility and the particle size

% of transfected cells with aggregates

20— —OR120D

[

% of transfected cells with aggregates
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60 —
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0 R o F ____
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: S
. e FiGurRe 5: Transmission electron micrographs of #B samples
FiGURE 4: Best-fit distribution of theR, values calculated by the negatively stained with 2% urany! acetate and photographed at a
DLS instrument for each sample. The measurements were taken ainagnification of 50008. The solid bar represents 50 nm for all
20 °C immediately after purification. The acquisition time was 10 micrographs: (A) kB-WT, (B) R120K mutant, (C) R120G mutant,

s and the laser power sensitivity 50%. The sample concentrationanq (D) R120D. Note that the particle size and polydispersity
was 0.4 mg/mL. Each experiment was an average of at least 15 jcrease from panel A to D.

360 measurements.
was increasing in the following order:of8-WT < R120K

Table 2: Summary of the Detta < R120D < R120G. These data are representative of the
chargée o R polydis- pr(th:BtLon pro;egtsion results obtained with different preparations1Q) over a
onresidue in uitro persity o o period of 1 year. Indeed, the values obtained faBRAWVT
120  stabilty (om) (%) ¢6) ¢6) were reproducibly found to be 7.& 0.3 nm with a
goigb\AK’T ii f“ 18'_8 }12.2 3? gz percentage of polydispersity 6f20%. When analyzed on
R120G 0 —_ 133 582 0 61 the same day, the hydrodynamic radii of R120G were also
R120D -1 - 12.8 485 0 77 reproducibly found to be-13.3 nm, yet the polydispersity

aThe averageR, and polydispersity values correspond to the Was much higher, on the order of 58%, with a significant
preparations shown in Figure 4 and dynamic light scattering conducted part of the particles having hydrodynamic radii-e80—50
at 20°C. For the chaperone assays, the percentages of protection towarhm_ Moreover, over a period of a few days, the sample had
ADH and CS were calculated from Figures 6 and T-at'/;. Stability precipitated in part and th®, value of the remaining soluble
refers to the ability of proteins to remain in solution as a function of . .
time. fraction had increased. Instead, the values found for the

R120K mutant were much more variable from one prepara-
remained essentially unchanged. On the other hand, thetion to the other, e.g., between 11 and 15 nm up to 20 nm in
R120G mutant exhibited a strong tendency to precipitate asone case; however, the polydispersity remained generally
a function of time, with most of the material already limited to ~40%, and the observed values were stable with
precipitated in a few days. R120K and R120D had interme- time. The R120D values were both varying with the
diate behaviors: R120K increased slightly in size in a week preparation and increasing as a function of time with, in all
or so, whereas R120D rapidly increased in size in a few days;cases, a high percentage of polydispersitp0%. When
both mutants formed a few percent of precipitates at the sameanalyzed as a function of temperature, theBAWT and the
time (data not shown). This result led us to conduct the DLS R120 mutants were found to be remarkably stable until 50
and chaperone assay measurements shortly after the purifica®C with only small variations in hydrodynamic radius and
tion procedure. polydispersity.

Determination of Hydrodynamic Radii and Polydispersity ~ Visualization of Size and Polydispersity with EFTEMe
with DLS. The in vzitro size, shape, and polydispersity of electron microscopy studies were consistent with the DLS
hoB-WT and R120 mutants were investigated at@0with data. On the EM fields, dB-WT appeared homogeneous
DLS. One series of preparations is shown in Figure 3, and in size with, on average, an external diameter of 4%
the corresponding best-fit distribution &%, values and nm. An example is given in Figure 5A. All the mutants were
polydispersities are shown in Figure 4. The numerical values bigger and more polydisperse, as shown in Figure-BB
are given in Table 2. As we can see in Figure 4, the The polydispersity particularly increased for the R120G
distribution profiles were rather different fooB-WT and (Figure 5C) and R120D (Figure 5D) mutants, where the
for the mutants. Moreover, the profiles observed with the presence of a significant number of large particles with a
mutants were asymmetrical, indicating the presence of avariety of shapes, from quasi-spherical up to elongated ones,
significant fraction of particles with large sizes and molecular was clearly visible. However, since the electron microscopy
masses. Th&, values at the maximum of the distribution could not always be performed immediately after the
were found to increase in the following orderaB-WT < preparation, part of these aggregates could also originate from
R120K < R120D~ R120G. The width of the distribution = some aging of the preparation.
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Time (mn) Ficure 7: Chaperone-like activity of theB-crystallin samples

toward CS. Scattered intensity at°9fheasured with the DLS
instrument as a function of time at 48. The CS andoB
concentrations were 2.2 and~0.5 mg/mL, respectively. The CS/
aB ratio was 4.5/1. The laser power sensitivity was 50%, and the
S acquisition time for one measurement was 10 s. Each experiment
precipitation, whereas R120K, R120G, and R120D mutants do not. consisted of 180 or 360 measurements. Protection of CS provided

Note that the aggregation and/or precipitation of ADH in the P -
presence of the R120K mutant is delayed compared to the E%Z(BE?( iaLn(fé(?\sN_lrndlcated the following: R120€ R120D <

aggregation and/or precipitation of ADH in the presence of R120G
or R120D. The ADHd&B ratio was 5/1.

FiGurRe 6: Chaperone-like activity of theB samples toward ADH.
Optic density at 360 nm was measured as a function of time at 42
°C. Each plot corresponds to the mean of two independent
experiments. aB-WT protected ADH against aggregation and/or

DISCUSSION

Chaperone-like Actity in Vitro. The chaperone-like Thi - ; ;
- . . s study emphasizes the special role of residue 120 of
activity of haB-WT and of the mutants was investigated aB-crystallin. Indeed, the observation that all the mutants

using two target proteins, ADH and CS. In the ADH assays, that were studied. R120G. R120K. R120D. and R120C
the experiments were conducted with at least two different p ., o450 differ’ent way ’both ceIIl'JIo andin’uitro was '
protein preparations and were repeated, in each case, at Iea?}articularly striking. It wa{s already established'that in
three times._ The assay was carried 9“t gt"@Z using an mammalian cells, ®B-WT was mainly localized in th’e
ADH/oB ratio of 5/1. As onoe can seein F'gur? GBWT cytoplasm. Instead, the R120G mutant was known to result
was able to prevent_90100/o of the aggregation of ADH in the formation of cytoplasmic aggregates in a time-
by 1,10-phenanthroline at 4Z. In contrast, the R120G, dependent process. First, multiple foci appear in the cyto-
R120D, gnd R120K'mgtan_ts had no effect at all on the plasm of transfected cells. Second, these multifocus-type
aggregation of ADH, mdmatln_g _that all the mutants had lost aggregates are retrotransported along microtubules to form
thein vitro chaperone-like activity. Note, however, that CS large peri-centrosomal mass&. In the study presented
aggregation and/or precipitation started later for the R120K here, we have transfected Cos-7 and NIH-3T3 cell lines to
mutant than for the other mutants. determine the localization of theaB-WT and mutants
The CS assay was adapted for DLS experiments, asspecies. We have observed thatBAWT and the R120K
indicated in Experimental Procedures. The scattered intensi-mutant exhibited mainly a diffuse cytoplasmic localization
ties recorded at 48C with CS incubated alone or in the 5 poth cell lines. In constrast, the R120G, R120D, and
presence of @B-WT or mutants (using a C&B ratio of R120C expression induced the growth of aggregates in both
4.5/1) are shown in Figure 7. The curves were subtractedce|| lines. The location of the aggregates was also cytoplas-
for the values recorded at 2@ be directly comparable with  mic. For all theaB species, a few Cos-7 cells also displayed
the curves in Figure 6. The percentages of protection z nuclear immunostaining. To further characterize the ability
calculated at 30 min from Figure 7 are giVen in Table 2. As to form aggregates of the different mutantS, we have
one can see from Table 2 and Figure @BAWT was able  determined the number of transfected cells containing
to prevent CS aggregation. The chaperone-like activity of aggregates both 24 and 48 h after the transfection. Our results
the mutants was found to decrease with an increase in sizeshowed that &B-WT and the R120K mutant remained
and polydispersity, yet all the mutants retained a significant spjuble in the cytoplasm. In comparison, the R120G, R120D,
chaperone-like activity toward CS. The results were repro- agnd R120C mutants exhibited a significant level of trans-
ducible from one preparation to another. After some days, fected cells with aggregates 24 h post-transfection, which
however, the chaperone ability of the mutants, and especiallyincreased with time. The lack of solubility was presumably
that of the R120G, was reduced, whereas thatod8WT associated with an increased level of exposure of hydropho-
remained stable (data not shown). bic patches on the surface and, therefore, an increased
Taken together, the results obtained with the ADH and tendency to associate and aggregadte-37). Interestingly,
CS assays demonstrate a target protein specificity of thethe increase in the number of transfected cells with ag-
mutants and a direct connection between chaperone-likegregates appeared to be slower for the R120D mutant than
activity and mutant quaternary structure and stability. for the R120G or R120C mutant. This phenomenon was not
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due to a difference in the expression level of the proteins. yet not neutral, change, whereas a change in charge, i.e.,
According to these results, whatever the modification of the the replacement of Arg with Asp, had severe consequences
Arg residue, the cytoplasmic localization in unstressed Cos-7 in terms of aggregation. However, the situation seemed much
or NIH-3T3 cells of the differenttB species was preserved. more complex than a simple electrostatic effect, since the
On the other hand, conservation of the charge seemed to bestability appeared to be modified as well, with the less stable
required to keep a sufficient solubility, which is able to mutant being R120G. Finally, the R120C mutation, which
ensure a uniform localization. Indeed, the modification of seemed to be associated with a particularly low solubility,
the charge always resulted in the formation of a significant could correspond well to the exposure of a site particularly
amount of aggregates. In addition, the level of aggregatessensitive to oxidation, leading to the formation of aggregates
was a function of mutation type. through additional disulfide bonds. All these results suggest
The results obtained in the mammalian transfected cells that the presence of an Arg residue at position 126Bfs
were consistent with the expression patternso®{WT and essential to conserve its oligomerization properties. These
of the different mutants i. coli. haB-WT and the R120K results are at variance with those obtained faARNT in
mutant were essentially in the soluble fraction; the R120G which the replacement of R116 with a residue bearing the
and R120D mutants were found in both soluble and insoluble same charge, R116K, was enough to essentially preserve the
fractions, whereas the R120C mutant was completely found oligomeric sizein vitro (45).
in the insoluble fraction. Since the size and molecular mass The a-crystallin chaperone-like activity was known to
of a-crystallin were known to be particularly sensitive to protect against stress through the binding of a variety of
environmental conditions3@), no attempt was made to partially unfolded substrates, in a substrate-dependent manner
resolubilize the inclusion bodies, which precluded any further (24, 25, 29, 46—49). In some cases, an “activation” could

in vitro study of the R120C mutant. be required; e.g., the active form of native caltrystallin
The purification of the differenttB species allowed us  towardy-crystallins was an 80-mer as compared to the 40-
first to check the stability of the differentB speciesn vitro, mer of the native structure24). Previous studies on the

when stored in a cold room, as assessed by their ability toR120G mutant had shown a decrease in the chaperone-like
remain in solution as a function of time. Whereas todh activity associated with the increased oligomeric size and
WT properties remained unchanged for a couple of weeks, the decreased stabilit$@—41, 50). Our study demonstrates
we were able to show that any kind of mutation of the R120 that all the mutants presented quaternary structure modifica-
residue destabilized theB structure. Our study demonstrated tions and were functionally impaired. In addition, the results
once more the specificity of the R120G mutation since, in obtained with the R120K mutant demonstrated that a
agreement with previous worl89), the R120G mutant was  modified quaternary structure may result in functional
found to be inherently unstable in solution. The R120K and impairment even though sufficient solubility is retained to
R120D mutants had a stability intermediate between thoseensure a normal cytoplasmic location. The functional impair-
of the WT and the R120G mutant. To avoid additional ment varied in a substrate-dependent manner. In agreement
complexity, thein vitro experiments were conducted using with previous studies, the chaperone activity of the R120G
fresh protein preparations. Usually, DLS measurements weremutant toward ADH was completely lost; in contrast, this
taken immediately after purification, on the same day. study shows that the chaperone activity toward CS was only
The most striking property of the-crystallins is their moderately reduced. Another novelty of our study was to
dynamic oligomeric structure. Previous studies had estab-show that, as far as the chaperone-like activity is concerned,
lished that the R120G mutation imB-WT led to an increase  all the mutants behaved in a similar way: none of them was
in the average size of the oligomeric structué-{42) while able to prevent ADH aggregation, and all of them were
keeping the secondary structure essentially unchangf®d (  providing some protection toward CS aggregation. In this
Similar results were obtained for the R116C mutation context, it is interesting to note that the R120 residue is
(43—45). The FPLC, DLS, and EM measurements presented located in a region that had been identified as an interactive
here indicate that, whatever the amino acid replacing the sequence for chaperone activity with ADH but not with CS
R120 residue, the mutation induced an increase in both the(48). This might be the reason why mutations in the R120
average molecular mass and the polydispersity of the region differently affect the chaperone activity toward the
oligomeric structure, according to the following order: WT two target proteins.
< R120K < R120D < R120G. Similarities between the pathological consequences of the
The behavior in solution ofdB-WT and R120 mutants R120G mutation iraB and of the R116C mutation iaA
after purification can probably be considered to reflect the are well-known. Previous A studies have demonstrated the
behavior in a cell of freshly synthesized particles. It is conservation of a positive charge at this position was enough
therefore interesting to note that the less soluble mutants thato preserve the functional propertiesaoh (45). Indeed, the
were, in solution, the most prone to forming large oligomers replacement of the Arg residue with a Lys conserved the
were those forming the largest aggregates in the transfectedchaperone function assessed as the ability to suppress ADH
cells. In both cases, R120K was quite similar to the WT, aggregation. The study presented here demonstrates that
R120G and R120C were the least soluble, and R120D waspreserving the charge at position 120 was not sufficient
between the WT and the other mutants. The mutation to preserve its chaperone-like activity toward ADH and that,
destabilized the native structure and probably exposed andespite the high level of homology betweer and oB,
increased number of association sites with, as a consequencehese two proteins possess their own characteristics.
an increase in the oligomeric size that, ultimately, led to  Taken together, all the results seemed to indicate a
aggregation and precipitation. Keeping the same charge, i.e.significant variability of the environment of the residue in
replacing Arg with Lys, seemed to be the least traumatic, position 120 from the WT to the different mutants, or from
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A7, yet from the other subunit. R107 could therefore be
involved in the stability of the HSP 16.5 local dimeric
structure. Since the loop regions are flexible and, moreover,
the large loop is known to be especially variable from one
species to the other, it therefore appears rational that a single
mutation in such regions might modify a wide series of
interactions and associations with a huge variability among
species. The study advocates that the Arg residue at position
120 of aB plays a crucial role in the control of quaternary
structure and interaction sites and is mandatory f@B-

WT quaternary structure integrity and function.
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FiGURe 8: Representation of am-crystallin domain dimer of HSP
16.5 (Protein Data Bank entry 1SHS). (A) Location of Arg-107 of
HSP 16.5, which is equivalent to Arg-120 od&B. (B) Local side

Gly4 T Wil

chain interactions in the HSP 16.5 structure. Residues supposed to 11.

interact with Arg-107 of HSP 16.5 are reported. The analysis of
the other published 3D structures also indicates interactions with
residues located in neighboring loops.

one crystallin to another. In an attempt to visualize such an
environment, the 3D structure of a subunit dimer of HSP
16.5 (Protein Data Bank entry 1SHS) was represented in
Figure 8A,B. As one can see in the figure, the R107 residue
in one subunit, equivalent to the R120 residue od,
interacts with residues localized on neighboring loops:
residues G41 and M43 on the loop which connects the
f-strands 1 and 2 of the same subunit and residue E98 which
is located on the large loop connecting the strafisand

10.

for molecular biology.
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