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Abstract

We have chemically crosslinked a globular protein, g -crystallin, to produce a system of well-defined oligomers:IIIb
monomers, dimers, trimers and a mixture of higher n-mers. Gel electrophoresis, size exclusion chromatography,
quasielastic light scattering spectroscopy, and electrospray ionization mass spectrometry were used to characterize
the oligomers formed. The liquid]liquid phase separation boundaries of the various oligomers were measured. We
find that at a given concentration the phase separation temperature strongly increases with the molecular weight of
the oligomers. This phase behavior is very similar to previous findings for g -crystallin, for which oxidation-inducedII
oligomerization is accompanied by an increase in the phase separation temperature. These findings imply that for
phase separation, the detailed changes of the surface properties of the proteins are less important than the purely
steric effects of oligomerization. Q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Aggregation, a common phenomenon in pro-
w xtein solutions 1 , frequently alters the normal

biochemical and biophysical properties of pro-
teins. For example, aggregation of proteins is
responsible for the formation of inclusion bodies

w xin bacterial cells 2 , the loss of protein stability in
w xdrug delivery 3 and the pathology observed in

w xprotein condensation diseases 4 . Aggregation in
biological systems is governed by both specific
and non-specific interactions. The non-specific in-
teractions lead to amorphous aggregates which

w xoften cannot be obtained reproducibly in vitro 5 .
Consequently, it is difficult to systematically study
the effects of aggregation on the physical and
chemical properties of protein solutions. In par-
ticular, it is not easy to understand to what extent
the properties of aggregated protein solutions re-
sult from the aggregation itself, and to what ex-
tent do the properties depend on the specific
chemical structure of the aggregates. It is there-
fore important to develop model systems in which
well-defined aggregates can be produced in a
controlled fashion.

Aggregation is driven by attractive interactions
between proteins. Attractive interactions also

w xdrive the liquid]liquid phase separation 6 and
w xcrystallization 7 of protein solutions. Since ag-

gregation and phase separation are both facili-
tated by attractive interactions, they are often
observed simultaneously and indeed compete with
one another in protein solutions. For example,
one of the major obstacles in the crystallization of
proteins is the formation of amorphous aggre-

w xgates 8 . Aggregation also interferes with the
liquid]liquid phase separation of protein. This
poses a problem in aqueous phase separation
technology, where liquid]liquid phase separation

w xis used to concentrate and purify proteins 9 .
Although aggregation and phase separation in

protein solutions have been studied separately by
w xmany authors 10]15 , there are few works which

examine quantitatively the effect of aggregates on
the phase separation of protein solutions. This is
partly because there are few protein systems for
which full phase diagrams have been determined.
One family of proteins in which crystallization,

liquid]liquid phase separation and aggregation
have all been observed are the g-crystallins, a
homologous family of monomeric proteins found

w xin the mammalian eye lens 16]20 . The phase
behavior of these proteins has been implicated in
the opacification of the eye lens which occurs in

Žw x .cataract 4 and references therein . Aggregates
of g-crystallins have been isolated from catarac-

w xtous lenses 16,21 , and work in our group has
Žshown that the phenomenon of cold cataract in

which animal lenses cloud when their tempera-
.ture is lowered is due primarily to the

liquid]liquid phase separation of the g-crystallins
w x22 . However, it was only recently observed that
the aggregation of the g-crystallins can directly
affect the location of the liquid]liquid phase sep-

Ž . w xaration boundary the coexistence curve 23 .
w xThe recent work of Pande et al. 23 has shown

that, under oxidative conditions, the liquid]liquid
phase separation temperature of a solution of g -II
Ž .g B- crystallin increases with time. This increase
was found to be due to the formation of a new
protein species, g -crystallin. When isolated,IIH
g was found to be a composite species consist-IIH
ing of an intermolecular disulphide-crosslinked

w xdimer and loosely associated oligomers 23,24 .
These findings clearly demonstrated that aggrega-
tion has a significant effect on the liquid]liquid
phase boundary of a protein solution. However,
due to the inherent variability of the aggregation

Žprocess e.g. the variation in the proportion of
.oligomers to dimers and the high phase separa-

Ž .tion temperatures above 458C , it was not possi-
ble to use g for a detailed study of the effectsIIH
of aggregation on liquid]liquid phase separation.
We therefore developed a model system of well-
defined oligomers which was then used to investi-
gate the effect of aggregation on the location of
the coexistence curve.

We report here our work on the liquid]liquid
Ž .phase separation of oligomers of g - g D-IIIb

crystallin. These oligomers were made by chemi-
cally crosslinking the native protein. We chose
the protein g -crystallin as our model systemIIIb
since its critical temperature T is approximatelyc

w x58C 19 , and therefore the protein solution can
be handled at room temperature without under-
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going phase separation. Also, unlike g , gII IIIb
does not form dimers spontaneously by oxidation

Žunder the same solution conditions Pande et al.,
.unpublished data . This allows us to obtain re-

peatedly the same proportions of the various
oligomers of g and to separate the oligomersIIIb
into monomer, dimer, trimer and higher n-mer
fractions. Work in this laboratory and elsewhere
has shown that the thiol groups of the g-crystal-
lins are accessible to chemical modifications
w x24]28 . One such modifier, the monofunctional
reagent N-ethylmaleimide, has been shown to
specifically modify the thiol groups of the g-crys-

w xtallins 26 . We therefore chose a bismaleimi-
dohexane, a bifunctional analog of N-ethyl-
maleimide, to form oligomers of g . With thisIIIb
reagent we were able to produce the large quanti-
ties of protein oligomers necessary for phase sep-
aration studies.

2. Materials and methods

2.1. Preparation of pure g -crystallin solutionsIII b

The g -crystallin used in our study wasIIIb
isolated from 1- to 6-week-old calf lenses, ob-

Žtained by overnight express from Antech Tyler,
.TX . The monomeric g-crystallin fraction was

isolated from the soluble protein fraction by size
exclusion chromatography on Sephadex G-75, as

w xdescribed by Thomson et al. 17 . Native g-crystal-
lin so obtained was further fractioned into g , g ,I s
g , g and g by cation exchange chromatog-II III IV
raphy on Sulfopropyl Sephadex C-50, according to

w xThomson et al. 17 . Anion exchange chromatog-
raphy at pH 8.8 on diethylaminoethyl-Sephadex
was used to fractionate g into g and g asIII IIIa IIIb

w xdescribed by Broide et al. 19 . Native g con-III
sists of f60% g and f40% g by weight.IIIb IIIa
Immediately after elution, the pure g fractionIIIb
was transferred into 275 mM sodium acetate buf-
fer, pH 4.8, to minimize the oxidation of sulfhydryl
groups that occurs more quickly at the higher pH.
We designate this g fraction at low pH as theIIIb
native protein sample. The purity of the native
sample was at least 98%, based on both CAT-
HPLC, and SX-HPLC. These methods are de-
scribed in Section 2.3.

The purified g fraction was dialyzed exhaus-IIIb
Žtively into 100 mM sodium phosphate buffer ionic

.strength 240 mM, pH 7.1 , which contained
Ž .sodium azide 0.02% . The concentrations of the

pure monomeric g samples were determinedIIIb
by UV absorption at 280 nm, as described by

w xBroide et al. 19 , using the extinction coefficient
E0.1%,1cm s2.11. We have also used this value of280
the extinction coefficient to determine the con-
centrations of the oligomer samples. With this
value we find that the total mass of the protein
after the crosslinking reaction is the same as the
starting mass to within 5%. The protein volume
fraction f was obtained from the concentration

Ž .C in mgrml by using the expression fs¨C.
For most globular proteins, including oligomeric
ones, the value of the specific volume ¨ is approx-

3 w ximately, ¨ s 0.71 cm rg 29 . We therefore use
this value for the control and oligomer samples of
g . Precautions were taken to obtain aggregate-IIIb

w xfree and crystal-free solutions 19,20,30 .

2.2. Production of oligomers

The oligomers of g -crystallin were producedIIIb
by crosslinking the native monomeric protein with
the homobifunctional reagent bismaleimidohex-

Žane BMH; Pierce Chemical Company, Rockford,
. w xIL 31]33 . This reagent is a member of a homol-

Ž . Ž .ogous series of the form C H O N CH ,4 2 2 2 2 n
w xwith ns6 for BMH 34 . At neutral pH, BMH

w xreacts specifically with thiol groups 34 . The
structure of BMH and the expected structure of a
protein dimer are shown in Fig. 1. The reagent is
insoluble in water, and has been added to aque-

w xous protein solutions in the solid form 35 . For
our reactions the mass of BMH used was such
that the mole ratio of protein to BMH was unity.

ŽTypically 5 ml of g at 30]40 mgrml in phos-IIIb
.phate buffer, pH 7.1 were added to the appropri-

Ž .ate amount of dry, solid BMH approx. 2]3 mg .
The solution was reacted at room temperature for
3 h while being stirred constantly. Since BMH is
insoluble in water the solution appeared slightly
cloudy even at the beginning of the reaction. By
the end of the reaction the cloudiness had in-
creased, presumably due to the formation of large
aggregates of proteins.
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Ž .Fig. 1. The expected reaction of bismaleimidohexane BMH with thiol groups on a protein, schematically shown as P. The final
product is the expected structure of the dimer.

The reaction was not quenched, but at the end
of 3 h the sample was centrifuged for 30 min at
10 000 rev.rmin. The supernatant was removed

Ž .and filtered 0.22 mm filter . The resulting solu-
tion was clear. The composition of this solution
was determined by SX-HPLC on a Superdex

Ž .200HR column see Section 2.3.2 . Typically, the
solution contained 30% monomers, 60% dimers

Ž .and 10% higher oligomers Fig. 2 . Since some of
the monomer will have reacted with the
crosslinker, this fraction will no longer be native-
like. We will refer to this monomer fraction as

Ž .the ‘post-reaction monomer’ pr-monomer to
distinguish it from the native monomer protein.
To collect the large amounts of material needed
for phase separation studies, the individual

Žoligomers for simplicity, the term oligomer in-
.cludes the pr-monomer and the dimer fractions

were isolated by low pressure size exclusion chro-

matography on an XK26r70 Superdex-75 column
Ž .Pharmacia Biotech, Piscataway, NJ at a flow
rate of 1 mlrmin, with 100 mM sodium phos-

Ž .phate buffer containing sodium azide 0.02% .
This allowed not only for a large scale separation,
but also for a better resolution between
monomers, dimers and trimers than was possible
with the Superdex 200HR column. The final yields

Žof the oligomers as a percentage of the initial
.amount of protein after the low pressure Su-

perdex-75 separation were ;15% pr-monomer,
30% dimer and 3% trimer. These fractions were
each at least 99% pure as determined by SX-
HPLC. The good resolution of the low pressure
column enabled us also to collect a mixture of

Ž .higher n-mers trimers, tetramers and pentamers .
A control g sample was prepared exactly asIIIb
the oligomer samples except that no crosslinker
was added to the solution.
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Ž .Fig. 2. Size exclusion chromatography results on a Superdex 200HR column for the crosslinked protein after a 3 h reaction. The
absorbance at 280 nm is shown as function of retention time in min.

In the next section we describe the characteri-
zation of the oligomers we obtained.

2.3. Characterization of oligomers

2.3.1. Gel electrophoresis
SDSrPAGE was carried out on 12% gels in the

absence of urea with a Mini-Protean II elec-
Ž .trophoresis system Bio-Rad . Conditions were as

w xdescribed elsewhere 36,37 . Gels were run with
and without DTT. This reagent reduces disul-
phide crosslinks and has been shown to dissociate

w xg completely into monomers 23 .IIH

2.3.2. Size exclusion HPLC
SX-HPLC was carried out according to Friberg

w xet al. 24 with a Superdex 200HR column from
Pharmacia Biotech at a flow rate of 1 mlrmin.
The buffer used was 100 mM sodium phosphate
Ž .pH 7.1 with 0.02% sodium azide.

2.3.3. Thiol content
The thiol content of the control and oligomer

samples of g were determined by the DTNBIIIb
w xassay, described by Truscott and Martin 38 . All

solutions were degassed and kept under argon
during measurements. The number of free thiols
was estimated using the extinction coefficient e412

3 y1 y1 w xs13.6=10 M cm 38 . Measurements were
made both with and without 6 M GU.

2.3.4. Quasielastic light scattering
QLS measurements were performed with a 144

channel Langley-Ford model 1097 correlator and
a Coherent model Innova 90 Plus argon laser to
determine the diffusion coefficients of the
oligomers. Instead of reporting the diffusion co-
efficient, it is customary to characterize the size
of the scattering particle by its hydrodynamic
radius R . This is the radius of the sphere whichh
would have the same diffusion coefficient as the
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w xparticle 39 . To calculate the distribution of hy-
drodynamic radii of the scattering particles, we
used the method described in Braginskaya et al.
w x40 , which was adapted for the analysis of the
homodyne correlation function. The conditions of
non-negativity and smoothness were superim-
posed on the size distribution to stabilize this

w xotherwise ill-conditioned problem 41 .
Measurements were made at 258C on the con-

trol and oligomer samples at concentrations of
3]5 mgrml in 100 mM sodium phosphate buffer
Ž .pH 7.1 with 0.02% sodium azide.

2.3.5. Cation exchange HPLC
CAT-HPLC was performed essentially as de-

w xscribed by Siezen et al. 42 using a Bakerbond
Ž . ŽCBX 5 mm column from Phenomenex Tor-

.rance, CA . The proteins were eluted in 0.02 M
Tris acetate containing 0.02% sodium azide, pH
6.5, with a salt gradient of 5]100% 0.5 M sodium
acetate for 41 min.

2.3.6. Amino acid analysis
Amino acid analyses of the control and

oligomeric g -crystallins were performed at theIIIb
ŽHarvard Microchemistry facility Cambridge,

.MA . Samples were analyzed with a 420A amino
Žacid derivatizer Perkin-ElmerrApplied Biosys-

.tems Division, Norwalk, CT equipped with an
online 130A PTC-derivatizer. The data were col-

Žlected on a CR4A Chromatopac system Shimadzu
.Scientific Instruments Inc., Columbia, MD . Sol-

Ž .vent A was 50 mM sodium acetate pH 5.4 and
solvent B was 70% acetonitrile in 32 mM sodium

Ž .acetate pH 6.1 . For most samples, hydrolysis
was performed in 6 N HCl at 1508C for 1 h, and a
gradient of 7]68% solvent B in 20 min was used
for sample elution. However, this procedure failed
to resolve the strongly acidic reaction products
which elute early in the chromatogram. To en-
hance the yield of these strongly acidic products,
some samples were hydrolysed for 72 h at 1108C,
and resolved with a gradient of 5]68% solvent B
in 20 min.

2.3.7. Electrospray ionization mass spectrometry
ESIMS was used to determine the molecular

masses of the native, control and oligomer frac-

tions and to detect the presence of the crosslinker.
Ž .The g -crystallin samples at least 10 nmol eachIIIb

were dialyzed exhaustively into water and were
further purified by reversed phase HPLC directly
coupled to an electrospray ionization mass spec-
trometer. Samples were desalted on a C4 mi-

Žcrobore column Vydac, 1=50 mm, 5 mm; Mi-
.crotech Scientific, Sunnyvale, CA using a HPLC

Ž .binary gradient system LC-10AD; Shimadzu .
Solvent A was water containing 0.05% trifluo-
roacetic acid and solvent B was acetonitrile con-
taining 0.05% trifluoroacetic acid. A gradient of
30]98% solvent B in 15 min was used for protein
elution. The effluent from the HPLC was split,
with 10% diverted to a quadrupole electrospray

Žionization mass spectrometer Micromass Plat-
.formII, Manchester, UK , and 90% monitored by

Ž .a UV detector at 220 nm SPD-10A; Shimadzu .
Proteins were delivered to the mass spectrometer
in the HPLC effluent. The mass spectrometer was
calibrated with horse heart myoglobin over a mass
range of 700]1800 Da with a mass accuracy of 2
Da for a 20 kDa protein. Data were processed
with MassLynx 2.0 software.

2.4. Phase separation measurements

Upon cooling, a homogeneous protein solution
may separate into two liquid phases, one rich in

w xprotein, the other poor in protein 11 . This liq-
uid]liquid phase separation is analogous to the
liquid]liquid phase separation observed in binary

w xmixtures of organic liquids 43 . The coexistence
curve marks the boundary between the homoge-
neous, single phase and the heterogeneous two-
phase region. The coexistence curves for the con-
trol and oligomer samples were obtained using

w xthe method described in detail elsewhere 44 . A
brief outline of the procedure is given below.

A protein solution of known concentration is
placed in a temperature-controlled water cell and
the sample is initially maintained in a single phase
state. A laser beam is focused on the sample. The
temperature of the sample is then lowered until a
reduction in the transmitted intensity is observed.
This reduction in intensity is due to the strong
light scattering by the domains of protein-rich
and protein-poor phases which begin to form.
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The temperature of the water bath is then raised
until the initial transmitted intensity is recovered
i.e. the sample becomes clear again. In this way
we obtain both the clouding and clearing temper-
atures of the solution. Except for concentrations
very far from the critical point, the difference

Ž .between the two temperatures is small 1]28C .
For consistency, the phase separation tempera-
ture is taken to be the average of these two

w xtemperatures 44 .
We determined the complete coexistence curve

for the g dimers and a partial coexistenceIIIb
curve for the trimer. We wish to emphasize that
to obtain a reliable coexistence curve no less than

w x50 mg of protein are needed 30 . The crosslinking
reaction we have used allows us to produce large
quantities of dimer, but smaller amounts of the
trimer. The coexistence curve for the native,
monomer g has been published earlier fromIIIb

w xthis laboratory 19 . In this report we also present
partial coexistence curves for the pr-monomer
and n-mer fractions.

3. Results

3.1. Physical characterization of oligomers

The sizes of the oligomers formed were charac-
terized by SDSrPAGE, SX-HPLC, QLS, and ES-
IMS.

Ž .The SDSrPAGE results Fig. 3 show that the
Ž . Žmajor dimer lanes 5 and 6 and trimer lanes 8

.and 9 bands have molecular weights of f41 kDa
and f62 kDa, respectively. These molecular
weights are consistent with the known, native

w xmonomer molecular weight of f21 kDa 45 .
Ž . Ž .Tetramers f85 kDa and pentamers f97 kDa

Ž .were seen in the high n-mer fraction lane 10 .
SDSrPAGE experiments following a 4-h incuba-

Ž .tion with 100 mM DTT data not shown gave
results almost identical to those presented in Fig.
3.

We note that, as expected, the control sample
Ž .lane 3 appears identical to the native sample
Ž .lane 2 . The native is a g -crystallin sampleIIIb
that was not incubated in parallel with the control
or oligomer samples, but set aside at 48C and pH

Ž .4.8 see Section 2.1 .

Fig. 3. SDSrPAGE of the oligomers of g without DTT.IIIb
Ž .Lanes: 1 and 7, molecular mass markers from bottom to top

are 14.4, 21.5, 31.0, 45.0, 66.2 and 97.4 kDa; lane 2, native
g ; lane 3, control g ; lane 4, monomer fraction afterIIIb IIIb
crosslinking; lanes 5 and 6, dimer fraction; lanes 8 and 9,
trimer fraction; lane 10, n-mer mixture.

The SX-HPLC elution times for the various
oligomers were consistent with the molecular
weights found by SDSrPAGE. Over a period of 1
week there was no measurable dissociation of the
protein oligomers as determined by SX-HPLC.

In Fig. 4 we show the normalized scattering
intensity plotted against the apparent hydrody-
namic radius R as obtained by QLS for theh
control and oligomer samples. The height of each
bar gives the fraction of the light scattering inten-
sity associated with each range of R . The resultsh
for the g oligomers are shown in Fig. 4A]D:IIIb

Ž . Ž . Ž .control monomer A ; dimer B ; trimer C ; and
Ž .n-mer mixture D . The average hydrodynamic

² :radius R increases with aggregation numberh
w xas expected 46 .

In Fig. 4E and F we present the results for the
g monomer and for g , respectively, adaptedII IIH

w x ² :from Pande et al. 23 . It is evident that the Rh
values for the native g and ‘dimer’ g areII IIH
larger than the corresponding sizes for the native
and dimeric g . These results will be discussedIIIb
in Section 4 where we compare our model system
with that of g .II

Our ESIMS data for the native and control
g monomers give a molecular weight of 20 747IIIb



( )N. Asherie et al. r Biophysical Chemistry 75 1998 213]227220

Ž .Fig. 4. QLS data for g - and g -crystallins. Normalized scattering intensity is plotted against apparent R . A g controlIIIb II h IIIb
Ž . Ž . Ž . Ž . Ž w x. Ž . Ž w x.monomer; B g dimer; C g trimer; D g n-mer mixture; E g monomer from Ref. 23 ; F g from Ref. 23 .IIIb IIIb IIIb II IIH

Da, which is in good agreement with the pub-
Žlished value of 20 749 Da calculated from the

w xcDNA sequence determined by Hay et al. 47
w xand also obtained by Kilby et al. 48 using mass

.spectrometry . The results for the pr-monomer
and dimer are shown in Fig. 5A and B, respec-

Ž .tively. For the pr-monomer Fig. 5A , the mass of
M 20 746 corresponds to one protein moleculer
without a linker, while the mass of M 21 024r
corresponds to one protein molecule and one

Ž .linker. For the dimer Fig. 5B , the mass of Mr
41 768 corresponds to two protein molecules and
one linker, while the mass of M 42 042 corre-r
sponds to two protein molecules and two linkers.
We see a similar pattern for the higher oligomers
as well: one large peak accompanied by another

smaller peak with the same number of protein
molecules, but with one extra crosslinker present.
The molecular weights of all of the oligomers
with the crosslinkers are consistent with the
molecular weight of the control monomer and
with the calculated molecular weight of 276.3 Da
for the crosslinker BMH. Thus our ESIMS results
confirm that BMH has reacted with the protein to
form oligomers as expected.

3.2. Chemical characterization of oligomers

We have used the DTNB assay and amino acid
analysis to check if the crosslinking reaction
between BMH and cysteine residues on the pro-
tein had indeed taken place. The results of our
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Ž . Ž . Ž .Fig. 5. ESIMS results for the g oligomers: A pr-monomer; B dimer. A The molecular weight of M 20 746 corresponds toIIIb r
one protein molecule with no crosslinker. The molecular weight of M 21 024 corresponds to one protein molecule with oner

Ž .crosslinker; B the molecular weight of M 41 768 corresponds to two protein molecules with one crosslinker. The molecular weightr
of M 42 042 corresponds to two protein molecules with two crosslinkers.r

thiol assay are shown in Table 1. For each protein
species in the table, we present the average num-
ber of unreacted thiols per monomeric unit both
in the absence and in the presence of GU. As
expected, for any given oligomer there are fewer

Žfree thiols for the non-denatured protein without
.6 M GU than for the denatured protein. How-

ever, we find that the number of free thiols for
Ž .the denatured native protein 3.5 is smaller than

the five free thiols expected from the cDNA se-
w xquence 47 . Therefore, even in the denatured

state, it appears that not all the thiol groups are
available for reaction with DTNB. This may be

due to an intramolecular disulphide crosslink pre-
sent in the native state of g -crystallin, al-IIIb
though such a disulphide crosslink has not been
observed in the three dimensional X-ray crystal

w xstructure of the protein 49 . The control and
native samples are practically identical, while each
protein in the dimer has one free thiol fewer than
in the native monomeric state. The pr-monomer
has on average 0.3 free thiols fewer than the
control protein, which is consistent with our ES-
IMS result that approximately one quarter of the

Ž .pr-monomers contain a crosslinker Fig. 5A .
We have performed the crosslinking reaction
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Table 1
Number of free thiols per monomeric unit as determined by

w xthe DTNB assay 38

Native Control Dimer pr-Monomer

Without 6 M GU 1.9 1.8 0.9 1.5
With 6 M GU 3.5 3.3 2.5 3.0

Each result represents an average of two measurements. The
precision of the results is "0.1 free thiol. The total number of

w xthiols in the native and control protein is five 47 .

under conditions where the maleimide group is
specific towards the thiol groups of the cysteine

w xresidues 34 . However, it has been noted that
reactions with free amino groups and the imida-

w xzole group of histidine are also possible 50 . In
the case of g , BMH appears to target only theIIIb
thiol group of the cysteines. Amino acid analysis
of the oligomers shows no significant difference
in the number of glycine, lysine and histidine
residues between the oligomers and the control
protein. This indicates that the a-amino group of
the N-terminal glycine, the e-amino groups of the
two lysine residues and the imidazole groups of
the seven histidine residues are unmodified by the
reaction with BMH.

Amino acid analysis also confirmed that BMH
had reacted with the cysteine thiols. The hydroly-
sis product of the maleimide-cysteine crosslink

w xshould be observable in amino acid analysis 50 .
Ž .This product, S- 1,2-dicarboxyethyl -L-cysteine,

Ž .HO C ?CH NH ?CH ?S2 2 2

Ž . Ž .?CH CO H ?CH ?CO H 12 2 2

is strongly acidic and should elute very early from
the reversed phase HPLC amino acid analysis
column. We therefore conducted amino acid
analyses under conditions which increase the yield

Ž .and resolution of S- 1,2-dicarboxyethyl -L-cy-
Ž .steine see Section 2.3.6 . Under these analysis

conditions, we observed large peaks eluting at
very early times for the dimer, trimer and n-mer
samples. Moreover, these peaks eluted at the
same retention times as samples of cysteine which
were reacted with BMH under conditions identi-
cal to the protein-BMH crosslinking reactions.

The early eluting, acidic peaks were absent in the
control and native g samples. The detection ofIIIb
Ž .S- 1,2-dicarboxyethyl -L-cysteine in the oligomer

samples confirms that BMH did react with the
cysteine residues.

3.3. Coexistence cur̈ es of oligomers

In Fig. 6 we present the coexistence curves for
oligomers of g -crystallin in 100 mM sodiumIIIb

Ž .phosphate solution pH 7.1 . We show our results
for the phase separation temperature as a func-
tion of protein volume fraction for the following

Ž .systems: g pr-monomers solid bowties , theIIIb
Ž .g dimers solid circles and the g trimersIIIb IIIb

Ž . Žsolid triangles . The monomer g taken fromIIIb
w x. Ž .Ref. 19 is also shown open squares together

Ž .with our control sample open circles . As can be
seen in the figure, we find excellent agreement
between our control sample and the results of

w xBroide et al. 19 .
The solid lines in the figure are fits of the

w xcoexistence curves to the function 51

bfyf Tc Ž .sA 1y 2ž /f Tc c

where f is the volume fraction of protein in
solution, f is the critical volume fraction, A is ac
parameter that characterizes the width of the

Žcoexistence curve, T is the temperature in
.Kelvin , T is the critical temperature and bsc
Ž0.325 the exponent for the three-dimensional

w x.Ising model 52 . In Table 2 we list the values of
the parameters f , T and A for the nativec c
monomer and for the dimer which correspond to
the solid line fits in the figure.

We observe that the dimer has a lower critical
volume fraction, a higher critical temperature and
a narrower coexistence curve than the monomer.
Since we could only obtain a partial coexistence
curve for the trimers, we could not determine the
values of f and A. We estimate that the criticalc
temperature of the trimer is T s317 K, which isc

Ž .higher than that of the dimer T s304.7 K andc
Ž .the control monomer T s278.4 K . More gener-c
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Ž .Fig. 6. Coexistence curves for the oligomers of g -crystallin in 0.1 M sodium phosphate pH 7.1 . Native monomers, from Ref.IIIb
w x Ž . Ž . Ž . Ž . Ž19 open squares ; control monomers, this report open circles ; pr-monomers solid bowties ; dimers solid circles ; trimers solid

. Ž .triangles . The solid lines are fits to Eq. 2 .

Table 2
Coexistence curve parameters for the g monomer andIIIb
dimer

Ž .Oligomer f T K Ac c

Monomer 0.20"0.01 278.4"0.2 2.6"0.1
Dimer 0.18"0.01 304.7"0.5 2.1"0.1

Here we present the critical volume fraction f , the criticalc
Žtemperature T and the width of the coexistence curve A seec

Ž . .also Eq. 2 in the text .

ally, we see from Fig. 6 that at a fixed concentra-
tion the phase separation temperature markedly
increases with the size of the oligomer.

Another significant observation is that the criti-
Ž .cal temperature of the pr-monomer solid bowties

is ;281 K, which is 3 K higher than that of the
control protein. This change is perhaps due to the
nearly 25% of the pr-monomer which contains a

Ž .crosslinker Fig. 5A . In previous studies on phase
separation in mixtures of two proteins with dif-

w xferent critical temperatures 44,53 , we observed
experimentally that for many mixtures the critical
temperature increases approximately linearly with
the proportion of the higher T component. If wec
assume that such a linear approximation holds for
the pr-monomer, then we would expect the criti-
cal temperature of 100% of the pr-monomer with
one crosslinker to be ;12 K higher than the
native monomer.

4. Discussion

Our physical characterization of the dimer,
trimer and higher n-mers shows that they are
stable, covalently bound complexes of monomeric
g -crystallin. Our chemical analyses stronglyIIIb
support the proposed linkage of the dimer shown
in Fig. 1. Our work also suggests that the larger
oligomers are connected in similar fashion i.e.
through the bonding of BMH to the cysteine
residues.



( )N. Asherie et al. r Biophysical Chemistry 75 1998 213]227224

A significant feature of our crosslinking method
is the production of large quantities of dimeric
w x54 and oligomeric species. Production of large
quantities of dimer are important not only for the
phase separation studies presented here, but also
in other biochemical and spectroscopic work. A
typical example is the study of enzymes for which
enzymatic activity is enhanced through the forma-

w xtion of oligomers 55 . Furthermore, techniques
such as NMR and Raman spectroscopies require
millimolar amounts of the protein species being

w xcharacterized 56,57 . We therefore propose a re-
action scheme which explains the high yields of
dimer obtained in our crosslinking reaction.

The predominance of the dimer over other
Ž .oligomers in the reaction see Fig. 2 suggests that

one thiol group is much more reactive than the
rest. This has been demonstrated for the reaction

w xof g with glutathione 27 . The existence ofIIIb
one most reactive thiol is also consistent with the
three dimensional X-ray crystal structure of g ,IIIb
which shows that only one of the five thiol groups
present in the protein has significant surface ac-

˚2Ž . w xcessibility ;7 A 49 .
The formation of dimers is a two step process.

First, a monomer must react with the crosslinker.
Second, a monomer containing a crosslinker must

Žreact with a monomer lacking a crosslinker a
.‘free’ monomer . In a reaction such as ours, which

is terminated before any of the reactants is ex-
hausted, the outcome is determined by the ratio
of the rates of the above two steps. If the rate of
the first step is very large compared to that of the
second, most of the monomers will have a
crosslinker attached to them. Consequently, there
will be few free monomers available and hence

w xfew dimers will be formed 58 . On the other
hand, if the rate of the second step is larger than
that of the first, then once a monomer containing
a crosslinker is produced, it promptly reacts with
a free monomer to form a dimer. In this case, as
the reactions proceed, the fraction of the
monomers which have a crosslinker will be small.
This is indeed observed in our ESIMS for the

Žpr-monomer see Fig. 5A; only 25% of the pr-
.monomer has a linker attached . Thus, as ex-

pected from the low solubility of BMH, the reac-

tion between g and the crosslinker is the rateIIIb
limiting step.

The majority of the dimers produced are held
together by a crosslink which connects the most
reactive or primary thiol on one protein to the
most reactive thiol on another. These dimers are
relatively unreactive, for the sites on the dimers
which are available for further reaction are the
less reactive, remaining thiols. Dimers which pos-
sess an available most reactive thiol are rare since
such dimers are formed by an intermolecular
crosslink between a reactive thiol on one protein
and a secondary thiol on another. Thus, regard-
less of the kinetic pathway, the trimers and higher
oligomers are expected to form very slowly be-
cause the existence of these oligomers necessarily
involves the less reactive secondary thiols. There-
fore, the dimer species is expected to dominate
the distribution of oligomers, which is consistent

Ž .with our observations Fig. 2 .
In the scheme proposed above, the high yield

of the dimer is due to two properties of the
system: a single most reactive crosslinking site
and a slow reaction rate of the crosslinker with

Žthe monomer as compared to the rate of dimer-
.ization . These two criteria can be useful in op-

timizing the yield of dimer for other protein-cros-
slinker systems as well. Group-specific crosslink-
ers should be used instead of non-specific ones

w xsuch as gluteraldehyde 59 . For fast-reacting, spe-
cific crosslinkers, the effect of a slow crosslinking
reaction can be obtained by the gradual release
of the crosslinker so that at each moment its
concentration is small compared to the concen-
tration of free monomers.

One important application of our model system
is in cataract research, where we wish to under-
stand the aggregation and phase separation be-
havior of the g-crystallins. In Fig. 7 we compare
the coexistence curves for the oligomers of g -IIIb
crystallin with those of g -crystallin. The nativeII
g and g monomers are shown as openIIIb II
squares and open triangles, respectively. The solid
symbols represent our results for the g IIIb

Ž . Žoligomers: dimers solid circles , trimers solid
. Žtriangles and a mixture of higher n-mers solid
. Žsquares . We estimated from our Superdex 75
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w x ŽFig. 7. Comparison of the coexistence curves for g and g oligomers. Native g and g monomers, from Ref. 19 openIIIb II IIIb II
. Ž . Ž . Ž .squares and open triangles, respectively ; g dimers solid circles ; g trimers solid triangles ; g n-mers solid squares ;IIIb IIIb IIIb

w x Ž .g from Ref. 23 crossed squares .IIH

.separation } see Section 2.2 that the n-mer
mixtures contained ; 10% trimers, 70% te-
tramers and 20% pentamers. The crossed squares
are the results for the partial coexistence curve of

w xg obtained by Pande et al. 23 .IIH
We see from this figure, that although the

coexistence curves of the g and g monomersIIIb II
are practically the same, the partial coexistence
curve of g is very different from that of theIIh
g dimer; it resembles more closely the partialIIIb
coexistence curve of the g n-mers. It is possi-IIIb
ble that some of the differences in phase behavior
arise from the different chemical nature of the
protein crosslink, since the g dimer contains aIIIb
long, extrinsic crosslinker while g does not.IIH
However, a comparison of the g and g QLSIIIb II

Ž .data Fig. 4B, F reveals that g contains aIIH
significant fraction of particles larger than dimers.
Thus, it is the g n-mer mixture, and not theIIIb
g dimers, which most closely resembles gIIIb IIH

in the distribution of particle sizes. These obser-
vations suggest that the loosely associated
oligomers make a significant contribution to the
high phase separation temperature of g andIIH
that this high temperature is not due solely to the
covalent dimer fraction, as had been previously

w xsuggested 24 . However, the g model doesIIH
suggest that the aggregation of the lens proteins
may cause the phase separation temperature to
increase in vivo as well as in vitro, especially since
aggregation in vivo will most likely proceed bey-
ond the dimer stage: g-crystallin aggregates, con-
taining both dimers with intermolecular disul-
phide bridges and physically associated oligomers,

w xhave been isolated from cataractous lenses 16,21 .
Furthermore, it has been observed that the phase
separation temperature of rabbit lenses increases

w xafter irradiation by X-rays 60 and that under the
same conditions high molecular weight aggregates

w xalso form 61 .
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It is clear from the above discussion that aggre-
gates can strongly affect the phase behavior of
protein solutions by changing the location of the
phase boundaries. In fact, the similarity between
the phase behavior of the naturally occurring
species g and the artificial g n-mers indi-IIH IIIb
cates that for phase separation the details of the
surface properties are less important than the
purely steric effects of oligomerization. However,
further work must be carried out to determine
whether the effect of oligomerization on phase
separation observed here is applicable to a larger
group of proteins. The study of different phase
separating proteins will be important not only to
understand a variety of protein condensation dis-

w xeases 4 , but also to examine other phenomena,
such as crystallization, which involve high concen-
trations of protein. Our findings suggest that ag-
gregates may allow liquid]liquid phase separation
to occur at higher temperatures and compete
with the crystallization process.

The experimental methods presented above al-
low large quantities of pure and stable oligomers
to be produced. With these methods we will be
able to form controllably a wide variety of dimers
and higher oligomers by merely changing the
length of the crosslinker spacer arm or the iden-
tity of the crosslinker. We will then be able to test
more stringently the extent to which the effects of
oligomerization are independent of the chemical
nature of the oligomers. We believe that the
model system we have developed will facilitate
systematic investigations of the effect of aggrega-
tion on the thermodynamic behavior of globular
protein solutions.
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