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ABSTRACT: HumanâB1-crystallin is a major eye-lens protein that undergoes in vivo truncation at the
N-terminus with aging. By studying nativeâB1 and truncatedâB1∆N41, which mimics an age-related in
vivo truncation, we have determined quantitatively the effect of truncation on the oligomerization and
phase transition properties ofâB1 aqueous solutions. The oligomerization studies show that the energy
of attraction between theâB1∆N41 proteins is about 10% greater than that of theâB1 proteins. We have
found thatâB1∆N41 aqueous solutions undergo two distinct types of phase transitions. The first phase
transition involves an initial formation of thin rodlike assemblies, which then evolve to form crystals.
The induction time for the formation of rodlike assemblies is sensitive to oligomerization. The second
phase transition can be described as liquid-liquid phase separation (LLPS) accompanied by gelation
within the protein-rich phase. We refer to this process as heterogeneous gelation. These two phase transitions
are not observed in the case ofâB1 aqueous solutions. However, upon the addition of poly(ethylene
glycol) (PEG), we observe heterogeneous gelation also forâB1. Our PEG experiments allow us to estimate
the difference in phase separation temperatures betweenâB1 andâB1∆N41. This difference is consistent
with the increase in energy of attraction found in our oligomerization studies. Our work suggests that
truncation is a cataractogenic modification since it favors protein condensation and the consequent formation
of light scattering elements, and highlights the importance of the N-terminus ofâB1 in maintaining lens
transparency.

Cataract is the opacification of the eye lens resulting in
loss of vision. The opacification phenomenon is related to
the presence of spatial inhomogeneities of the refractive index
within the lens, which leads to light scattering (1, 2).
Crystallins, which are the major structural proteins in the
eye lens, are responsible for maintaining the spatial homo-
geneity of the refractive index. In the mammalian lenses,
crystallins can be divided into three major classes: the
R-crystallins, which form large oligomers (≈800 kDa); the
â-crystallins, which form oligomers ranging from 50 to 200
kDa; and theγ-crystallins, which remain monomers (21 kDa)
(3, 4).

The presence of protein-protein attractive interactions
causes the formation of large protein clusters, which leads
to the loss of refractive index homogeneity in the lens (1).
The role ofâ-crystallins and their complex oligomerization
process in relation to the refractive index properties of the
lens is not well understood. Hence, it is clearly important to
investigateâ-crystallin oligomerization in solution.

Analysis by mass spectrometry has shown that there are
six â-crystallins expressed in the human lens:âA1, âA3,
âA4, âB1,1 âB2, andâB3 (5-10). Size-exclusion chroma-
tography shows thatâ-crystallins of human fetal lenses
separate into two fractions of soluble hetero-oligomers:âH
(≈200 kDa) andâL2 (≈40 kDa). It was found thatâH
consists mainly ofâB1 andâA4, while âL2 consists mainly
of âB2 homodimers (10). An intermediate molecular weight
fraction of hetero-oligomers,âL1 (≈80 kDa), appears after
1 year of age (8-10). Theâ-crystallin subunits of the hetero-
oligomers assemble by noncovalent specific interactions.
Measurements of osmotic pressure and X-ray scattering show
that the average interaction between hetero-oligomers is
repulsive (11). Hence, hetero-oligomerization ofâ-crystallins
appears to be protective against association and opacification
(11, 12).

âB1 andâB2 are the onlyâ-crystallins for which the three-
dimensional X-ray structure is available (13, 14). These two
homologous proteins consist of two tightly packed globular
domains that are linked by a connecting peptide. Each of
these domains contains two Greek key motifs of antiparallel
â-pleated sheets, analogous to the tertiary structure observed
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in the case ofγ-crystallins (15). Yet two main features
distinguish theγ and theâ families. On the basis of their
crystal structures,γ-crystallins are monomers while bothâB1
andâB2 are homodimers; theâB1 dimer is different from
the âB2 dimer (13). These crystallographic findings are
consistent with hydrodynamic (10, 16, 17) and equilibrium
(18, 19) measurements performed on these proteins in dilute
aqueous solutions. Furthermore, both the N- and C-terminal
peptide segments of theâ-crystallins are projected outside
the protein globular domains like extended arms (4, 10).

âB1-Crystallin, which comprises 9% of the total crystallins
in a newborn human lens (5, 9, 20), undergoes extensive in
vivo truncation of the N-terminal arm. This degradation can
delete as few as 15 and as many as 41 amino acids (6).
Interestingly, it has been found that while the nativeâB1 is
found in theâH oligomeric fraction, its truncated forms are
found in the lower molecular weight oligomeric fractions,
âL1 and âL2. This finding suggests thatâB1 degradation
causes the disassembly of severalâH hetero-oligomers and
a consequent redistribution ofâ-crystallins toward the low
molecular weight fractions in aging lenses (8, 9). Thus the
N-terminal extension is believed to play a role in the
formation ofâH hetero-oligomer fraction (8, 21, 22).

The oligomerization properties of bothâB1 andâB2 have
been studied in aqueous solutions (10). The most important
results come from size-exclusion chromatography and
quasielastic light scattering. The size of nativeâB1 and its
truncated forms appeared to be highly concentration-depend-
ent. On the other hand, the size ofâB2 shows no significant
concentration dependence. These observations indicate that
âB2 remains a homodimer as its concentration increases. On
the other hand, nativeâB1 and its truncated forms appear
to undergo reversible homo-oligomerization. However, no
quantitative comparison between native and truncatedâB1
has been reported.

It might be expected that truncation of the N-terminal of
âB1 alters the conformational stability of the protein.
However, circular dichroism and fluorescence studies onâB1
have shown that truncation does not affect the unfolding/
refolding properties of the protein (23).

Interestingly, aqueous solutions ofâB1 with 41 amino
acids deleted at the N-terminus (âB1∆N41), which mimics
an age-related in vivo truncation, undergo reversible opaci-
fication on cooling below 4°C (10). A similar type of
phenomenon, related to the onset of a liquid-liquid phase
transition, has been reported forγ-crystallin aqueous solu-
tions (24-31). This phase transition has been associated with
the existence of protein-protein attractive interactions and
thus is directly relevant to the refractive index properties of
the eye lens and cataract formation. It is important to point
out that γ-crystallins, in contrast withâB1∆N41, do not
undergo reversible oligomerization in solution (11, 16, 31).

The first goal of this paper is to determine quantitatively
the effect of truncation on the oligomerization and phase
transition properties ofâB1 aqueous solutions. The second
goal is to compare the phase behavior forâB1-crystallin with
that of the well-characterizedγ-crystallin systems. This work
provides important insights on the effect of reversible
oligomerization on the phase transitions of protein solutions.

We use recombinant DNA techniques to produce native
âB1 and truncatedâB1∆N41. We first analyze the effect of
truncation on the structural properties of the individual

proteins by comparing the circular dichroism and hydrody-
namic properties ofâB1 andâB1∆N41 in solution. Second,
we study, by quasielastic light scattering, the oligomerization
of both âB1 andâB1∆N41 so as to assess the role of the
N-terminal arm. Third, in the case of aqueous solutions of
truncatedâB1∆N41, we investigate the phase transitions and
compare them with those ofγ-crystallin solutions. We also
establish that phase separation for nativeâB1 aqueous
solutions is not observed. In this case, phase separation can
be induced by adding poly(ethylene glycol) (PEG). Finally,
we discuss our findings in relation to eye-lens transparency.

MATERIALS AND METHODS

Expression, Purification, and Characterization of Human
âB1 and âB1∆N41. Recombinant humanâB1-crystallin
(âB1) and its truncated form (âB1∆N41) were expressed in
Escherichia coli. The expression plasmids were obtained as
described by Bateman et al. (10). The pET3a recombinant
plasmids were transformed into BL21(DE3) GOLD cells
(Stratagene). For the overexpression ofâB1 andâB1∆N41,
the bacterial cultures were grown at 37°C to an absorbance
at 600 nm (A600) of about 0.5. Expression ofâB1 and
âB1∆N41 was induced by the addition of isopropyl 1-thio-
D-galactopyranoside to a final concentration of about 1 mM,
and the cultures were grown for an additional 5-6 h. Cells
were pelleted by centrifugation, and the pellet was resus-
pended in lysis buffer (50 mM Tris‚HCl containing 25 mM
NaCl and 2 mM EDTA, pH 8), to which complete protease
inhibitor (Roche Molecular Biochemicals) was added at 1
tablet per 30 mL. The cell suspension was lysed with
lysozyme (250µg/mL) followed by five cycles of a rapid
freeze-thaw procedure that involved freezing in liquid
nitrogen followed by thawing in a water bath set at 30°C.
To this suspension, DNase (1 mg/mL) was added, followed
by centrifugation at 48400g. Both the supernatant and pellet
were tested for the presence of crystallins by SDS-PAGE.
Theâ-crystallins fractionated almost exclusively (>95%) into
the supernatant. In the case ofâB1, the supernatant was
dialyzed exhaustively into 10 mM phosphate buffer at pH
7.0. In the case ofâB1∆N41, the supernatant was dialyzed
exhaustively into 10 mM phosphate buffer at pH 6.5. The
dialyzed solutions were then loaded onto a size-exclusion
Sepharose CL6B column and eluted with the same buffer.
The fraction corresponding to theâ-crystallins was then
loaded onto a cation-exchange SP-Sepharose fast-flow
column equilibrated with the corresponding buffer and eluted
with a linear NaCl gradient increasing from 0 to 200 mM.
The final product was analyzed by electrospray ionization
mass spectrometry (performed at the Biopolymers Lab at
the Center for Cancer Research at Massachusetts Institute
of Technology, ESI-MS model LCQ, ThermoQuest, San
Jose, CA), which confirmed the molecular masses of 27 892
g/mol for âB1 and 24 192 g/mol forâB1∆N41.

Solution Preparation.The purified âB1 and âB1∆N41
proteins were dialyzed exhaustively into sodium phosphate
buffer (0.1 M, pH 7.1) that contained sodium azide (0.02%).
Solutions containing diluteâB1 andâB1∆N41 in phosphate
buffer were concentrated by ultrafiltration (Amacon, 10 kDa)
for low protein concentrations and centrifugation (Centricon,
10 kDa); centrifugation was used to reach high protein
concentrations. The concentration ofâB1 andâB1∆N41 in
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the solutions were determined by UV absorption at 280 nm
(after protein samples were diluted), using the extinction
coefficient value of 2.05 mg-1‚mL‚cm-1 (5.70 × 104

M-1‚cm-1) for âB1 and 2.36 mg-1‚mL‚cm-1 (5.70 × 104

M-1‚cm-1) for âB1∆N41 (www.expasy.ch). The linear
dependence of the absorbance on the protein concentration
was verified.

Poly(ethylene glycol) (PEG) with average molecular
weight of 1450 g/mol (PEG1450) was purchased from
Sigma-Aldrich and used without further purification. Protein-
PEG aqueous solutions were prepared as described elsewhere
(30). The concentrations of PEG in solution are reported as
weight percent.

Circular Dichroism.Circular dichroic (CD) spectra were
obtained with an Aviv Associates spectrometer (model 202,
Aviv Associates, Lakewood, NJ). Protein concentrations of
1 mg/mL in 0.1 M phosphate buffer (pH 7.1) were used for
near-UV CD spectra (range 260-340 nm, cell path length
1.0 cm). Protein concentrations of 0.1 mg/mL in 0.01 M
phosphate buffer (pH 7.1) were used for far-UV CD spectra
(range 190-240 nm, cell path length 0.1 cm). The molar
ellipticity, [θ], was reported.

Temperatures of unfolding were determined by measuring
the [θ] value at 292 nm as a function of temperature. Starting
from 20°C, the temperature was increased at the rate of 0.4
°C/min until protein precipitation, due to unfolding, was
detected by the abrupt change of [θ].

Size-Exclusion High-Pressure Liquid Chromatography.
Size-exclusion HPLC experiments were performed on a
Superdex 75HR FPLC column (Amersham Pharmacia) at a
flow rate of 1 mL/min. Proteins were eluted isocratically
with 0.1M sodium phosphate buffer (pH 7.1) containing
0.02% sodium azide. The elution profiles indicate the
presence of only one peak in both cases.

Quasielastic Light Scattering.All protein samples were
filtered through a 0.02µm Millipore filter and placed in a
test tube. Quasielastic light scattering (QLS) experiments
were performed on a homemade light scattering apparatus
by use of a PD2000DLSPLUS correlator (256 channels;
Precision Detectors, Bellingham, MA) and a Coherent He-
Ne laser (35 mW, 632.8 nm; Coherent Radiation, Santa
Clara, CA). The measurements were performed at a scattering
angle of 90°. The sample holder temperature was controlled
by a water bath. The actual temperature of the sample was
measured (with a precision of 0.1°C) by placing a
thermocouple close to the test tube containing the sample.
The measured correlation functions were analyzed by the
Precision Deconvolve 4.4 software provided by Precision
Detectors. This software, which employs a constrained
regularization method, is used to determine the scattered
intensity versus the diffusion coefficient.

In all the experiments performed at temperatures higher
than 6 °C, the distribution of the scattering intensity was
time-independent and clearly monomodal with a polydis-
persity index that was typically less than 20%. The average
deviation between the measured correlation function and the
best fit was typically around 5× 10-5. The mean diffusion
coefficient, D, was determined from the distribution. The
mean apparent hydrodynamic radius,Rh

app, was calculated
from D by use of the Stokes-Einstein relation,D ) kBT/
6πηRh

app, wherekB is Boltzmann’s constant,T is the absolute

temperature, andη is the solvent viscosity. The value of the
viscosity of water at the temperature of the experiment was
used forη.

For the experiments performed at 2.0°C, where the
distribution of the scattered intensity was broad and time-
dependent, we report the normalized scattered intensity
versus the apparent hydrodynamic radius as a function of
time.

Phase Diagram.All protein samples were filtered through
a 0.2µm Millipore filter. The filtered protein solution, which
was contained in a test tube (diameter 0.4 cm), was placed
in a homemade water cell connected to a circulating water
bath. The actual temperature of the sample was measured
(with a precision of 0.1°C) by placing a thermocouple close
to the test tube containing the sample. A 0.4 mW He-Ne
laser was focused on the sample, and the transmitted light
intensity was received by a photodiode. Transmitted light
intensity, temperature of the sample, and time were all
recorded.

To induce phase transitions, the samples, which were
initially maintained in the stable single-phase state at 37°C,
were quenched to temperatures where phase separation was
known to occur. To monitor opacification and phase separa-
tion as a function of time for a given fixed temperature, the
turbidity, τ(t), was employed. This quantity was calculated
from τ(t) ) (1/L) ln [I(0)/I(t)], whereI(0) is the initial value
of the transmitted intensity,I(t) is the transmitted intensity
at timet, andL ) 0.4 cm is the internal diameter of the test
tube. Two distinct behaviors in the kinetic evolution of
opacification were encountered. In one case,τ(t) steadily
increases with time after the quench. In the other case, the
value ofτ(t) stays equal to zero after the quench until, after
a well-defined induction time is reached, a rapid increase of
turbidity is observed. To characterize the rate of opacification,
we respectively report the time,tτ)1, at which the turbidity
τ is equal to 1.0 cm-1 for the first case and the induction
time, tind, for the second case.

The values of phase-separation temperatures,Tph, for a
given protein concentration,C, were obtained by monitoring
τ(t) at several temperatures. We employed two different
methods for measuringTph, depending on the kinetic evolu-
tion of opacification. Ifτ(t) steadily increases with time, we
applied the following method (method I). The sample was
initially maintained in the single-phase state, and the initial
value of the transmitted light intensity was registered. Due
to the generally slow rate of opacification, the temperature
of the water bath was then lowered by 1°C every 30 min.
The temperature,Tcloud, at which the turbidity starts to
increase was recorded. The temperature of the water bath
was then raised in 0.5°C increments and the turbidity was
recorded as a function of time. The temperature,Tclear, at
which the transmitted intensity would recover its initial value
in less than 30 min was recorded. The temperature reported
for the onset of the phase separation wasTph ) (Tcloud +
Tclear)/2.

If an increase ofτ(t) could be detected only after
impractically large induction times, we applied the following
method (method II). The sample was initially maintained in
the single-phase state, and the initial value of the transmitted
light intensity was registered. The temperature of the sample
was then lowered significantly so that phase separation
occurred with a short induction time. After the short induction
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time, the turbidity started to increase due to phase separation.
The temperature of the water bath was then raised in 0.5°C
increments every 30 min and the transmitted intensity was
recorded as a function of time. The temperature,Tclear, at
which the transmitted intensity recovered its initial value in
less than 30 min was recorded. The temperature reported
for the onset of the phase separation wasTph ) Tclear.

A third method was employed for samples with small
supersaturations (method III). In this case the condensed state
was produced in a region of the phase diagram where the
induction time was short (large supersaturation). Then the
protein condensed phase was removed and combined with
fresh buffer. The samples were then stirred and allowed to
equilibrate at a given temperature,Tph, for about 10 h. The
protein concentration,C, of the supernatant was then
determined by UV absorption. This enabled us to obtain the
location of points along the low-concentration region of the
phase diagram.

Light Microscopy.Aliquots (2 µL) of protein solutions
were observed on 35 mm Petri dishes by using an inverted
light microscope (Diaphot-TMD, Nikon). Images were taken
with a camera (Sony, DXC-970MD) and digitized with a
built-in frame-grabber on a Power Macintosh computer.

A temperature-controlled cell (BC-250W) was mounted
on the microscope with a heat exchanger, model HEC-400.
The temperature was changed with the Bionomic controller
BC-100 (20/20 Technology, Wilmington, NC).

RESULTS

This section is divided into four parts. In the first part we
characterize the effect of truncation on individualâB1 and
âB1∆N41 molecules by measurements of CD spectra and
QLS. In the second part, we use QLS to determine the
apparent hydrodynamic radius of these same proteins as a
function of both total protein concentration and temperature.
In the third part, we report the phase boundaries in the
temperature-concentration phase diagram forâB1∆N41
aqueous solutions. These phase transitions were not observed
in the case ofâB1 aqueous solutions. In the fourth and final
part, we use PEG to actually induce phase separation inâB1
aqueous solutions.

Effect of Truncation on IndiVidual Proteins.The structure
of the two proteins,âB1 andâB1∆N41, were investigated
by circular dichroism (CD). CD measurements in the near-
UV range (data not shown), suggest that truncation does not
significantly affect the CD spectra. The N-terminal sequence
does not significantly contribute to the CD spectra because
there are no Trp, Tyr, or Cys residues. Thus the identity of
the two CD spectra implies that, apart from the N-terminal
arm, the two three-dimensional structures are essentially the
same. We also observe that truncation does not affect the
thermal stability of the protein, and unfolding was detected
at 56°C in both cases in agreement with the urea-induced
denaturation studies reported by Kim et al. (23).

In Figure 1, we present the far-UV CD spectra forâB1
and the truncatedâB1∆N41. These CD spectra are in
agreement with the results previously reported by Lampi et
al. onâB1 (19) and Kim et al. onâB1∆N41 (23). Since it
is the peptide backbone that absorbs in the far-UV range,
truncation of 41 amino acids is expected to affect the value
of the molar ellipticity. The difference in molar ellipticity,

[θ], betweenâB1 andâB1∆N41, also plotted in Figure 1,
represents the contribution of the N-terminal extension. This
difference spectrum displays a minimum at about 197 nm
as in the case of peptides with a random coillike structure
(31) and accounts for the observed shift of theâB1 minimum
compared toâB1∆N41.

The hydrodynamic radii forâB1 and âB1∆N41 were
determined by quasielastic light scattering (QLS). In Figure
2, the apparent hydrodynamic radius,Rh

app, is reported as a
function of protein concentration,C, for âB1 andâB1∆N41
at six different temperatures. The hydrodynamic radius,Rh

o,
of individual âB1 andâB1∆N41 was obtained by extrapo-
lating to C ) 0, Rh

app(C, T) (see Figure 2). This value was
found to be temperature-independent within the experimental
error. Thus we obtainRh

o ) 3.9 ( 0.1 nm forâB1 andRh
o

) 3.0 ( 0.1 nm forâB1∆N41.

These results can be compared with the hydrodynamic
radii obtained for theγ-crystallins. In the case ofγS-, γD-,
and γB-crystallins, it was found thatRh

o ) 2.5 ( 0.1 nm
(15, 16, 30). Thus the hydrodynamic radius ofâB1∆N41 is
20% larger than the value reported for theγ-crystallins. From
X-ray data on protein three-dimensional structures, it can
be deduced that the monomeric units of truncatedâB1∆N41

FIGURE 1: Far-UV CD spectra forâB1 (s) andâB1∆N41 (---).
The dotted line (‚‚‚) is the difference in molar ellipticity, [θ],
betweenâB1 andâB1∆N41.

FIGURE 2: Apparent hydrodynamic radius,Rh
app, as a function of

protein concentration,C, for âB1 (9) andâB1∆N41 (b) at several
temperatures: 7, 10, 14, 18, 22, and 27°C. At C ) 0, Rh

app is the
actual hydrodynamic radius of the protein,Rh

o. The curves forâB1
andâB1∆N41 are quadratic fit to the data.
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and γB can be superimposed with very small differences
(13). Thus the difference in hydrodynamic radius of 20%
betweenâB1∆N41 andγB appears to result from the dimeric
character ofâB1∆N41. This expectation is borne out by
considering that cross-linkedγD dimers have a hydrody-
namic radius 20% larger thanγD monomers (30).

From the Rh
o values of âB1 and âB1∆N41, we also

observe that the presence of the N-terminal arm produces a
large 30% increase of the hydrodynamic radius forâB1
relative toâB1∆N41. This is consistent with the presence
of N-terminal arms, which significantly increase the effective
size of this protein by their extension outside the globular
domains of the proteins.

Oligomerization ofâB1 andâB1∆N41 in Aqueous Solu-
tion. Self-association of bothâB1 andâB1∆N41 in aqueous
solution was first investigated by size-exclusion HPLC and
QLS. The HPLC measurements were performed at room
temperature (21°C) and agree with previous results (10, 18).
These measurements show that the retention time forâB1
andâB1∆N41 solutions is a function of protein concentration
(see Figures 2 and 3 of ref 10). This characteristic, which is
not observed in the case ofγ-crystallins, indicates reversible
oligomerization for bothâB1 andâB1∆N41 in solution.

To more quantitatively investigate the effect of truncation
on the oligomerization process, we used our measurements
of Rh

app versus total protein concentration,C. These are
reported in Figure 2. Our QLS measurements confirm the
presence of association. In both cases (âB1 andâB1∆N41),
as the protein concentration increases, the value ofRh

app

significantly increases with respect to its valueRh
o at C )

0. Furthermore, this figure shows that the extent of oligo-
merization is significantly dependent on the temperature at
fixed concentration. In the case ofâB1, Rh

app/Rh
o at C ) 30

mg/mL was found to be 1.58 at 7°C and 1.36 at 27°C; in
the case ofâB1∆N41, the corresponding values were found
to be 2.27 at 7°C and 1.70 at 27°C. On the other hand,
Rh

app/Rh
o for γ-crystallins was generally found not to exceed

1.2 within the same concentration and temperature domains
(15, 16). Thus, our QLS measurements not only show the
presence of protein-protein association but also reveal that
protein cluster size increases upon decreasing the temperature
for both proteins. In the case ofâB1∆N41, average cluster
size increases as the temperature approaches one of the phase
boundaries to be reported below. Furthermore, association
of âB1 is significantly less than association ofâB1∆N41 at
each temperature. This behavior is consistent with the view
that the N-terminus, which is extended outside the globular
domain of the protein, sterically inhibits oligomer formation.

Phase BehaVior of the âB1 and âB1∆N41 Aqueous
Systems.Liquid-liquid phase separation (LLPS) and crystal-
lization are observed for severalγ-crystallins (24-31). LLPS
is described by the phase boundary,Tph(C), in the phase
diagram. This boundary exhibits a maximum at the critical
temperatureTc(Cc) and Cc is the critical concentration. At
temperatures lower than its critical value, theTph(C) phase
boundary describes the equilibrium between two coexisting
phases, I and II, with different protein concentrations,CI and
CII , and the same temperature,Tph(CI) ) Tph(CII). This phase
transition is metastable with respect to crystallization (28).

No phase transition could be detected in the case ofâB1
aqueous solutions for protein concentrations as high as 250

mg/mL and temperatures as low as-10 °C. On the other
hand, two distinct phase transformations were observed in
the case of truncatedâB1∆N41 aqueous solutions. In Figure
3, we report the temperature-concentration phase diagram
for the âB1∆N41 aqueous system. The two phase bound-
aries, R and â, separate the phase diagram into three
domains: I, II, and III. To describe the phase transition
properties of theâB1∆N41 aqueous system in Figure 3, we
consider a protein solution that is initially in a state of domain
I, where no phase transformation occurs. Upon quenching
of the protein solution to a state of domain II, a dramatic
increase of sample turbidity is observed after a well-defined
induction time. If the opaque sample is brought back into
domain I within a few hours, it becomes transparent again,
demonstrating reversibility.

This I-II phase transformation is related to the formation
of large protein scattering elements. To characterize the
morphology of these elements, we have used light micros-
copy. Figure 4 reveals that these protein assemblies display
a regular rodlike shape. We will refer to them as “rodlike

FIGURE 3: Phase diagram of theâB1∆N41 aqueous system: Phase
boundaries relative to (9, [) the formation of rodlike assemblies
(phase boundaryR) and (b) heterogeneous gelation (phase boundary
â). The solid curves passing through the data are eye-guides. The
phase diagram is made of the following domains: homogeneous
solutions (I), rodlike assemblies (II), and heterogeneous gelation
(III). States a-c show a representative path for obtaining the
experimental results. The data points were obtained by methods I
(b), II (9), and III ([) as described under Materials and Methods.

FIGURE 4: Images taken with a phase-contrast light microscope:
Formation of rodlike assemblies during phase separation atT )
20 °C of a âB1∆N41 aqueous solution withC ) 50 mg/mL. The
length of the horizontal bar is 10µm.
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assemblies”. The rod thickness is≈1 µm and is virtually
identical for all the assemblies; the rod length is generally
larger than 100µm and varies significantly from rod to rod.
Phase boundaryR in Figure 3 thus describes protein solubility
with respect to the rodlike assemblies.

We have investigated the kinetics for the formation of the
rodlike assemblies. Protein samples of a given protein
concentrationC were quenched from≈37 °C to a temper-
ature T inside domain II and the sample turbidity was
monitored as a function of time. It was found that the rodlike
assemblies appear only after an induction time (tind) has
elapsed. No intermediate mesoscopic protein cluster could
be detected by QLS prior to the induction time. After the
induction time has been reached, the presence of large
heterogeneities inside the samples precludes the use of QLS.
In Figure 5, we report the induction time,tind, as a function
of temperature,T, for several protein concentrations,C. At
fixed temperature, we generally find thattind increases as
the protein concentration decreases. At fixed protein con-
centration, we find that, starting from phase boundaryR of
Figure 3 and decreasing the temperature along a path at
constant protein concentration,tind first decreases and then
increases, becoming large near phase boundaryâ. In Figure
5, we can also see that the temperature at which the minimum
occurs increases with protein concentration. Furthermore,
near phase boundaryâ, the induction time values of various
concentrations atC J 50 mg/mL tend to come close to one
another. The significance of thesetind data will be discussed
in the next section.

The rodlike assemblies shown in Figure 4 are actually
found to be intermediate structures leading to the formation
of more thermodynamically stable protein crystals shown in
Figure 6. Indeed, if an opaque sample is left inside domain
II for a long time (from 1 day to 1 week) and then the
temperature is increased up to 37°C (into domain I), this
sample may now remain opaque in this state. By light
microscopy, we observed that the thickness of the rodlike
assemblies had increased up to≈5 µm and birefringence is
clearly observed as it would be expected for crystalline
structures. These thicker assemblies were equilibrated with
fresh buffer solutions and the protein solubility relative to
these crystals was determined as a function of temperature

(by method III as described under Materials and Methods).
We find approximately that the protein solubility linearly
increases from 8 to 19 mg/mL when the temperature is
increased from 3 to 37°C, demonstrating that phase boundary
R has shifted toward lower protein concentrations. These new
solubility values describe the more stable thermodynamic
phase boundary. It is important to remark that these crystal-
line structures can only be generated inside domain II of
Figure 3.

We now consider domain III of the phase diagram. Upon
quenching of the protein solution from domain Irapidly to
domain III, a second distinct phase transition was observed,
accompanied by the formation of an opaque gellike material
rich in protein. We find that, at protein concentrations lower
than ≈100 mg/mL, a (transparent) liquid phase could be
separated from a gellike opaque fraction by centrifugation.
The concentration of protein inside the gellike fraction was
found to be≈100 mg/mL. The measured protein concentra-
tions of the supernatant forC < 100 mg/mL are consistent
with the concentration data defining phase boundaryâ in
Figure 3, which were determined by turbidity (method I as
dexcribed under Materials and Methods). At protein con-
centrations larger than≈100 mg/mL, nomacroscopicphase
separation of the opaque samples was observed even after
centrifugation at 4300g for 6 h. These samples do not flow
if the test tubes are tilted. This implies gellike properties
extending throughout the sample. The opacity of the samples
is clear evidence of protein concentration heterogeneities on
the length scale of the wavelength of light. We will refer to
the observed phase transformation as “heterogeneous gela-
tion”. This heterogeneous gelation is thermoreversible. If the
opaque sample is brought from domain III back to domain
I, it becomes transparent again. Furthermore, if the opaque
sample is brought from domain III to domain II, it first
becomes transparent and then, after a given time, rodlike
assemblies are observed. Interestingly, if a sample containing
rodlike assemblies is quenched from domain II to domain
III, no phase transformation occurs. This is consistent with
heterogeneous gelation being metastable with respect to
rodlike assemblies. An analogous situation occurs in the case
of γ-crystallin solutions, where liquid-liquid phase separa-
tion (LLPS) is found to be metastable with respect to protein
crystals (24-28).

FIGURE 5: Induction time, tind, for the formation of rodlike
assemblies as a function of temperature,T, and for several protein
concentrations ofâB1∆N41 aqueous solutions. The solid curves
are guides for the eye. The numbers associated with each curve
identify the corresponding values ofC (in milligrams per milliliter).

FIGURE 6: Images taken with a phase-contrast light microscope:
Formation ofâB1∆N41 crystals. The length of the horizontal bar
is 20 µm.
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To further investigate heterogeneous gelation, we per-
formed QLS and light microscope measurements on con-
densation at lowâB1∆N41 concentrations (10-20 mg/mL)
and near phase boundaryâ. Contrary to the rodlike assembly
case, intermediate mesoscopic protein clusters can be de-
tected. We have used QLS to determine the molecular size
distribution as a function of time. We have quenched
âB1∆N41 solutions at 37°C (inside domain I) to 2.0°C
(inside domain III). QLS measurements were performed at
temperatures only slightly lower than the temperature of
phase boundaryâ. Here the rate of phase transformation was
low and the size distribution as a function of time could be
accurately monitored. In Figure 7, we report theâB1∆N41
size distribution atC ) 12 mg/mL and for three representa-
tive times after the quench to 2.0°C. One minute after the
quench (panel A), the distribution is monomodal with an
averageRh

app of about 6 nm. This value of hydrodynamic
radius at 2.0°C andC ) 12 mg/mL is consistent with the
data reported in Figure 2 and represents the protein oligomers
(made of 4-6 protein dimers). After 15 min (panel B), the
distribution broadens, showing the formation of higher
molecular weight protein clusters. After 150 min (panel C),
the distribution is clearly bimodal. We can see that the first
peak remains atRh

app ≈ 6 nm and corresponds to the low
molecular weight oligomers; the second peak corresponds
to mesoscopic scattering elements. Their size increases with
time and ultimately becomes on the order of the wavelength
of light. About 5 h after quenching of the sample to 2.0°C,
macroscopic assemblies could be distinctly observed by light
microscopy. These assemblies appear to possess a globular
shape as in the case of droplets found in LLPS. The particle

diameter is≈1 µm. These globular assemblies are observed
to undergo Brownian motion as it was observed by Broide
et al. (25) in the case ofγ-crystallin, protein-rich liquid
droplets surrounded by a protein-poor liquid domain. How-
ever, in contrast to theγ-crystallin case, neither coarsening
nor coalescence of the globular assemblies was observed
under microscope. Our experimental observations are con-
sistent with the view that domain III represents LLPS
accompanied by gelation within the protein-rich phase.
Indeed,âB1∆N41 forms reversible oligomers in solution in
contrast toγ-crystallins. It is likely that this phenomenon of
reversible association, which will produce large protein
clusters at high concentrations, is the basis of the gelation
within the protein-rich phase. This gelation prevents coarsen-
ing and coalescence of the droplets.

We also investigated the kinetics of heterogeneous gelation
asâB1∆N41 concentration increases. Samples with increas-
ing protein concentration were quenched to a temperatureT
into domain III and the turbidity was monitored as a function
of time. Contrary to the rodlike assembly case, turbidity for
heterogeneous gelation was found to increase immediately
after the quench. A convenient way to describe the rate of
opacification is to consider the time,tτ)1, at whichτ(t) is
equal to 1.0 cm-1. In Figure 8, we reporttτ)1 as a function
of protein concentration at the representative temperature,T
) 1.0 °C. We can see thattτ)1 decreases (the rate of
opacification increases) asC moves away from phase
boundaryâ as expected. However, forC larger than≈50
mg/mL, tτ)1 starts to dramatically increase with protein
concentration. AtC ≈ 100 mg/mL, tτ)1 is 2 orders of
magnitude larger than atC ≈ 50 mg/mL. At this concentra-
tion, macroscopic phase separation is also not observed.
Indeed, at this concentration, the domain where the gel forms
is so large that it creates a network spanning the whole
system. Hence, for the components to partition toward the
thermodynamic equilibrium concentrations, they have to
diffuse through a very viscous medium because of the
concomitant formation of the gel network. This gel network
reduces the dynamics of phase separation and ultimately
“freezes” the entire protein sample. This is again consistent
with the presence of LLPS accompanied by gelation within
the protein-rich liquid phase. Indeed, this result can be
directly associated with the formation of the bicontinuous
structure (i.e., two interlaced networks) of two interconnected
liquid domains observed in the case ofγ-crystallin LLPS at

FIGURE 7: Normalized scattered intensity,iS, as a function of the
apparent hydrodynamic radius,Rh

app, for âB1∆N41 solutions atC
) 12 mg/mL and for three representative times: 1 min (A), 15
min (B), and 150 min (C) after the quench at 2.0°C.

FIGURE 8: Time, tτ)1, at which τ ) 1.0 cm-1, as a function of
âB1∆N41 concentration,C, at the representative temperature,T
) 1.0°C. The solid curve is a guide for the eye. The vertical dashed
line locates phase boundaryâ at 1.0°C.

1322 Biochemistry, Vol. 44, No. 4, 2005 Annunziata et al.



concentrations approaching the critical concentration (25).
However the protein-rich and the protein-poorγ-crystallin
domains will always form two macroscopic liquid phases
separated by a meniscus under the influence of a gravitational
field or by centrifugation since gelation does not occur.

Phase Separation ofâB1 Solutions in the Presence of
PEG. We have previously shown that, in the case ofγS-
crystallin aqueous solutions, the addition of PEG can raise
the temperature of phase separation into the accessible
temperature domain, that is, above the freezing point (30,
33). By this means, it was possible to estimate by extrapola-
tion, the temperature of phase separation for theγS-crystallin
aqueous system, which lies below the freezing point.
Therefore, to observe phase separation inâB1 aqueous
solutions and compare its phase behavior with that of
âB1∆N41, we have added PEG1450 to nativeâB1 aqueous
solutions. We succeeded in observing phase separation for
the âB1 + PEG aqueous mixture analogous to that found
for âB1∆N41 inside domain III. We measured the temper-
ature of phase separation,Tph, as a function of PEG
concentration,CPEG, at constant protein concentration (C )
100 mg/mL). The data are reported in Figure 9.

The figure shows thatTph increases withCPEG. A satisfac-
tory estimate ofTph for the PEG-free system at this protein
concentration can be obtained by extrapolating theTph values
(at C ) 100 mg/mL) toCPEG ) 0. We find thatTph falls
between-20 and-30 °C. We therefore conclude thatTph

of the âB1 aqueous system is about 30°C lower than the
correspondingTph for the case ofâB1∆N41 aqueous system
(phase boundaryâ in Figure 3). Since the difference in
critical temperature,Tc, is also expected to be about 30°C,2

we conclude that the presence of the N-terminal arm
produces a 10% decrease inTc (from 279.6 to≈250 K). In

the next section, this difference inTc will be associated with
the corresponding difference in oligomerization energy.

DISCUSSION

We have found that bothâB1 and âB1∆N41 undergo
reversible oligomerization in aqueous solutions; the degree
of oligomerization (i.e., the average cluster size) is greater
for the truncated protein than for the native one. We have
also found thatâB1∆N41 aqueous solutions undergo two
distinct types of phase transitions. The first phase transition
involves an initial formation of thin rodlike assemblies, which
then evolve to form crystals. Interestingly, the induction time
for the formation of rodlike assemblies displays a minimum
as a function of temperature along a path at constant
concentration. The second phase transition can be described
as LLPS accompanied by gelation within the protein-rich
phase. We have referred to this process as heterogeneous
gelation. These two phase transitions are not observed in
the case ofâB1 aqueous solutions. Nevertheless, upon the
addition of PEG, heterogeneous gelation was also observed
for âB1.

The first goal of this section is to determine the association
energy for oligomerization of bothâB1 andâB1∆N41. To
achieve this goal, we will analyze theRh

app/Rh
o values

associated with oligomerization ofâB1 andâB1∆N41 as
reported in Figure 2. The difference in oligomerization
energy will be related to the difference inTc for âB1∆N41
as compared toâB1. The second goal of this section is to
explain the behavior of the induction time for the formation
of âB1∆N41 rodlike assemblies as reported in Figure 5. We
shall see that the experimental dependence oftind on
temperature and concentration can be related to both oligo-
merization and LLPS.

Oligomerization ofâB1 and âB1∆N41. Protein dimers
reversibly associate to form higher order oligomers in
solution. In the limit of low protein concentration,C, we
consider only the dimer-dimer association to form tetramers
and neglect higher order associations. In this case, we find
(see Appendix for more details) (32):

wheres is the ratio of the dimer hydrodynamic radius to the
tetramer hydrodynamic radius,K2 ) c2/c1

2 is the association
equilibrium constant,c1 and c2 are respectively the molar
concentrations of dimers and tetramers, andc is the total
molar concentration. In Figure 2, the mass concentration,
C, is plotted. This is related toc by c ) C/Mw, whereMw is
the molecular weight of the protein dimer. If we approximate
both âB1 andâB1∆N41 dimers as spherical particles, we
find s ) 0.72 (35). We used eq 1 withs ) 0.72 to fit our
values ofRh

app/Rh
o within the linear concentration range and

obtainedK2(T) for both âB1 andâB1∆N41. In Figure 10,
we report the values of ln (K2co), whereco ) 1 M, as a
function of 1/T for bothâB1 andâB1∆N41 and fit the data
to straight lines. We can see that, for each temperature, the
value ofK2 for âB1∆N41 is larger than forâB1 as expected
from the greater oligomerization ofâB1∆N41.

It is important to observe that the chosen value forsaffects
the value of the intercept but not the slope of our linear fits.

2 The dependence ofTph on C vanishes at its maximum, that is, the
critical temperature,Tc. In the case ofâB1∆N41, the small change of
Tph(C) observed at higher protein concentrations indicates thatTph is
approachingTc equal to 279.6 K (6.4°C in Figure 3). In the case of
âB1, Figure 9 shows thatTph ≈ 250 K atC ) 80 mg/mL. SinceTph(C)
does not significantly change fromC ) 80 to 280 mg/mL in the case
of âB1∆N41 (see Figure 3), we expect a corresponding weak
dependence ofTph on C in the case ofâB1. Hence the value ofTc for
âB1 will also be≈250 K.

FIGURE 9: Temperature of phase separation,Tph, as a function of
PEG1450 concentration,CPEG, at constant protein concentration (C
) 100 mg/mL) forâB1-PEG solutions. The data were fitted to a
straight line (solid line). The dashed line represents a linear
extrapolation of the data toCPEG ) 0.

Rh
app

Rh
o

) 1 + 4(1 - s)K2c (1)
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Thus we can use the two slopes in Figure 10 to determine
more reliably the standard association enthalpy,∆H°2, by

whereR is the ideal gas constant. The association enthalpy,
∆H°2, for âB1 andâB1∆N41 is respectively-26 ( 1 and
-30( 1 kJ/mol. Therefore, the magnitude of the association
enthalpy for âB1∆N41 is ≈10% larger that forâB1.
Furthermore, from the two values of∆H°2, we see that the
association enthalpy for bothâB1 andâB1∆N41 is≈10RT
within the experimental temperature domain (280 K< T <
310 K). Interestingly, in the case ofγ-crystallins, the
protein-protein attraction energy (≈1.3RT) was found to be
1 order of magnitude smaller within the same temperature
range (26). Clearly, this large difference in attraction energy
betweenâB1 andγ-crystallins is consistent with the presence
of reversible oligomerization in the case ofâB1 and
âB1∆N41 solutions.

In the previous section, we have estimated thatTc increases
≈10% from âB1 to âB1∆N41. Thus, the increase inTc

produced by truncation at the N-terminus is roughly equal
to the corresponding increase in magnitude of the association
enthalpy ∆H°2. We observe that a change in association
entropy due to truncation would also affect the difference
in Tc between âB1 and âB1∆N41 (36). However, the
consistency between the change inTc and ∆H°2 suggests
that association entropy changes are less important. This
indicates that the increase in oligomerization energy from
âB1 to âB1∆N41 is responsible for the observed shift of
the LLPS phase boundary toward higher temperatures. A
shift of Tc toward higher temperature was also obtained when
the LLPS phase boundary forγD-crystallin monomers and
the corresponding cross-linked oligomers were compared,
showing thatTc increases with the size of the oligomer (30).3

Induction Time for the Formation ofâB1∆N41 Rodlike
Assemblies.In the case of theâB1∆N41 aqueous system,
we have experimentally observed that protein crystallization

occurs via the formation of intermediate thin rodlike as-
semblies. We have measured the induction time,tind, for the
formation of rodlike assemblies as a function of both
temperature and concentration. In the previous section, we
noted two important features related to thetind values
reported: (1) tind displays a minimum if plotted versus
temperature at constant concentration, and (2) thetind values
for various concentration values atC J 50 mg/mL tend to
come close to one another near the temperature correspond-
ing to phase boundaryâ. We now provide a rationale for
these two features by relating the induction time to the protein
chemical potential,µ1. This quantity, in turn, strongly
depends onâB1∆N41 self-association or oligomerization in
solution.

The induction time is a complex function of thermody-
namic and kinetic parameters, and it is very sensitive to both
the nucleation mechanism and the employed experimental
technique (37). However, since we are only interested in
interpreting the qualitative behavior oftind, we shall use an
approximate relationship that allows us to relate the behavior
of µ1 to the behavior oftind in a simple fashion. This equation,
which assumes thattind is inversely proportional to the rate
of homogeneous nucleation (38), is

where

In eq 3a,A is a preexponential kinetic parameter andW is
the nucleation work. From classical nucleation theory (37),
W is given by eq 3b, whereg is a geometric coefficient
related to the shape of the nucleus (g ) 16π/3 for a spherical
nucleus),Ω is the volume occupied by a protein in the
nucleus,γ is the surface tension of the nucleus, and∆µ1 is
the thermodynamic supersaturation. This quantity is defined
by eq 3c, whereµ1(T, c) is the protein chemical potential in
solution andceq(T) is the protein molar concentration in
equilibrium with rodlike assemblies. Indeed,ceq(T) is the
phase boundaryR in Figure 3 (there instead ofc we use the
mass concentrationC).

The use of eq 3a-c has the advantage of expressing clearly
the essential dependence oftind on the thermodynamic
supersaturation,∆µ1. Due to the relatively small experimental
temperature range (279 K< T < 302 K), we do not expect
changes ofA, Ω, andT to significantly affect the dependence
of tind on T. Both γ and ∆µ1 are expected to depend on
temperature. However, the oligomerization phenomenon
explicitly affects only the chemical potential of the protein
in the liquid phase (see Appendix). The surface tension of
the nucleus/solution interface is not directly related to
oligomerization in solution. Since the degree of oligomer-

3 However, there is no correlation between the large attraction energy
found for âB1∆N41 compared to the monomericγD-crystallin and
the nearly equal values ofTc: 279.6 K forâB1∆N41 and 278.6K for
γD-crystallin (see ref 30). This apparent inconsistency can be justified
by considering the role of anisotropic interactions (e.g., reversible
association) on LLPS (see refs 29 and 36).

FIGURE 10: Logarithm of the association equilibrium constant, ln
(K2co), as a function of 1/T for both âB1 (9) andâB1∆N41 (b)
solutions. The straight lines are linear fits to the data weighted by
the standard deviations associated with each point. In the case of
âB1, the ln (K2co) values and their standard deviations were obtained
from linear fits to theRh

app data withC < 8 mg/mL. In the case of
âB1∆N41, the ln (K2co) values and their standard deviations were
obtained from linear fits to theRh

app data withC < 6 mg/mL.

d ln (K2c
o)

d(1/T)
) -∆H°2/R (2)

tind ) A exp(W/RT) (3a)

W
RT

) gΩ2γ3

RT(∆µ1)
2

(3b)

∆µ1 ≡ µ1(T, c) - µ1[T, ceq(T)] (3c)
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ization depends significantly on temperature, we expect that
the related dependence of∆µ1 on T is also large. We will
now show that the essential features of the observed
dependence oftind on temperature and concentration can be
accounted for by just examining the behavior of∆µ1,
assumingγ to be constant.

On approaching phase boundaryR (in Figure 3) ,c f ceq

and ∆µ1 f 0; thus tind diverges (see eq 3a-c). This is
consistent with the experimentally observed dependence of
tind on bothT andC presented in Figure 5 in the vicinity of
the phase boundaryR. We now consider the dependence of
∆µ1 on temperature along a path at constantc, moving inside
domain II. An approximation usually employed for∆µ1(T,
c) to explain nucleation kinetics is to considerµ1 ∼ ln c
and, consequently,∆µ1 ) RT ln (c/ceq) (37-39). No
maximum can be found within the experimental temperature
domain if we use this approximation. This happens because,
upon lowering the temperature below the phase boundaryR
at constantc inside domain II of Figure 3, the difference
betweenc andceq(T) increases monotonically. Clearly, the
presence of the minimum is associated with a decrease of
∆µ1 at low temperatures that cannot be described by the
previous approximation. Indeed, due to chemical equilibrium
among the oligomers, a better approximation for∆µ1 can
be found by consideringµ1 ∼ ln c1 and ∆µ1 ) RT ln (c1/
c1

eq), wherec1(T, c) is the molar concentration of free protein
dimers andc1

eq ≡ c1[T, ceq(T)] (40-42). This approximation
implies that only the free protein dimers give rise to crystals,
and oligomerization in solution reduces the thermodynamic
driving force for crystallization.

As c increases at constantT, c1/c decreases due to
oligomerization. Hence, the increase ofµ1 ∼ ln c1 with c is
smaller than that predicted by simply assumingµ1 ∼ ln c.
Furthermore asT decreases, the degree of oligomerization
increases and the dependence ofµ1 on c becomes weaker.
Thus the increase ofµ1 from ceq(T) to c, i.e., ∆µ1, can be
very small at low temperatures and can account for the
observed minimum oftind (see Appendix for a simple
quantitative model that includes oligomerization). We also
observe that since the degree of oligomerization increases
with c, the effect of oligomerization on∆µ1 is greater at
higher concentrations. This observation is consistent with
the experimental evidence that the temperature where the
minimum occurs increases withC (see Figure 5). In our
approximationµ1 ∼ ln c1 we have neglected excluded volume
interactions. These interactions can be significant at high
protein volume fractions. However, on lowering the tem-
perature at constantc, the excluded volume contribution to
∆µ1 is expected to monotonically increase and cannot
account for the observed minimum.

If, within domain II of Figure 3, we now move toward
phase boundaryâ , we can see from Figure 5 that logtind

becomes nearly independent of protein concentration near
phase boundaryâ and forC J 50 mg/mL. From eq 5a-c
we realize that this finding is again consistent with a weak
dependence ofµ1 on c. Interestingly, the condition (∂µ1/∂c)T

) 0 applies along a spinodal boundary (43). Since this
boundary is located at temperatures below the binodal
boundary (i.e., phase boundaryâ), the observed small change
of log tind with C at low temperatures suggests that, forC J
50 mg/mL andT ) 6 °C, the spinodal boundary,Tsp(C),

lies close to the binodal boundary,Tph(C). We can ap-
proximately estimate the position ofTsp(C) relative to
Tph(C) by using mean-field theory (43). Within this ap-
proximation,Tc - Tsp ≈ 3(Tc - Tph). This relationship has
been shown to well represent the difference betweenTph(C)
and Tsp(C) for γB-crystallin (24). Using our values for
Tph(C) andTc ) 6.4°C (see Figure 3), we estimated thatTph

- Tsp ≈ 3 °C at C ) 50 mg/mL. This difference decreases
to Tph - Tsp ≈ 1 °C atC ) 100 mg/mL and becomes smaller
at the higher protein concentrations of Figure 5. Thus, our
mean-field estimates of the spinodal boundary posi-
tion predict thatTsp(C) lies close toTph(C) and is consistent
with the observed behavior of logtind. This relation between
Tsp(C) and Tph(C) can be used also to explain the sharp
increase of the turbidity timetτ)1 in Figure 8 forC > 50
mg/mL andT ) 1.0 °C. We have estimated thatTsp ≈ 1 °C
at C ) 50 mg/mL. This implies that the large values oftτ)1

(with C > 50 mg/mL) were measured inside the spinodal
domain, where phase separation occurs through the formation
of the bicontinuous network discussed in the previous section.

SUMMARY AND CONCLUSIONS

We have investigated the phenomena of oligomerization
and phase separation in aqueous solutions of nativeâB1 and
its truncated formâB1∆N41. These studies have allowed
us to (1) determine the role of truncation on both oligomer-
ization and phase separation ofâB1, (2) compare the
phase behavior forâB1 with that of the well-characterized
γ-crystallin systems, and (3) gain insight on general phase
behavior of protein aqueous solutions in the presence of
reversible oligomerization.

The oligomerization studies show that the energy of
attraction between theâB1∆N41 proteins is about 10%
greater than that ofâB1. Furthermore, this energy of
attraction is 1 order of magnitude greater than the weak
energy of attraction found in the case ofγ-crystallins.

We note that protein crystallization was observed only in
the case of the truncated protein, suggesting that the removal
of the N-terminal arm permits crystallization. We have shown
that the kinetic evolution ofâB1∆N41 crystallization is
determined by both the phenomenon of oligomerization and
the proximity of the LLPS boundary. These results show
that the rate of protein crystallization is reduced by the
presence of associative processes in solution and the presence
of other phase transitions.

For both âB1 and âB1∆N41, we have shown that
oligomerization increases as the temperature is lowered. As
the temperature is lowered sufficiently, we observe hetero-
geneous gelation. We find that heterogeneous gelation differs
from a regular liquid-liquid phase transition, such as the
one observed in the case ofγ-crystallins, because it is the
result of LLPS accompanied by association and gelation
within the protein-rich phase. For truncatedâB1∆N41, the
temperature of heterogeneous gelation is higher than that
found for nativeâB1. The increase in critical temperature
from theâB1 case to theâB1∆N41 case correlates with the
corresponding increase in the magnitude of the oligomer-
ization energy.

The findings described above imply that the N-terminus
in the nativeâB1, which is extended outside the globular
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domain of the protein, suppresses oligomerization and LLPS
and prevents protein crystallization.

The ability of nativeâB1 to suppress association and phase
separation is consistent with the maintenance of eye-lens
transparency. Conversely, the truncation of the inhibitory arm
favors protein condensation and the formation of light
scattering elements. Our studies on both nativeâB1 and
truncatedâB1∆N41 provide the basis for undertaking two
further investigations. The first is to determine how inter-
mediate (occurring in vivo) degrees of truncation affect
oligomerization and phase separation. Indeed, such an
investigation may reveal a crucial determining role for
specific amino acids. The second investigation is the study
of multicomponent mixtures ofâ-crystallins so as to more
accurately produce and mimic theâ-crystallin hetero-
oligomers found in the living lens. Here two issues come to
the fore. The first is to determine whether the N-terminal
arm ofâB1 actually facilitateshetero-oligomerization as has
been suggested (8, 21, 22). The second is to determine how
hetero-oligomerization affects the phase behavior of the
multicomponent â-crystallin mixtures. Indeed, previous
workers have suggested that hetero-oligomers have repulsive
interactions (11). If this is the case, hetero-oligomerization
could suppress phase separation.
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APPENDIX

Protein Chemical Potential in the Presence of Oligomer-
ization.Protein dimers reversibly associate to form oligomers
in solution. We can write the following reaction scheme for
this associative process:

where P symbolizes the protein dimer and Pi (with i ) 2, 3,
...) symbolizes the higher order oligomers. With each
reaction, we can associate a condition of chemical equilib-
rium, µi ) iµ1, by considering the chemical potentialµ1 for
the free protein dimer andµi for each oligomeri. It is
important to observe thatµ1 is not only the chemical potential
of the protein free dimer species but also the chemical
potential, µprotein, of the protein as a component of the
protein-water binary system with total molar concentration
c ) ∑i)1

∞ ici. This can be easily recognized by applying the
conditions of chemical equilibrium between the oligomers
to the free energy change:∑i µi dci ) µ1∑i i dci ) µ1 dc )
µprotein dc.

In the low protein concentration limit, we can approximate
the chemical potentials byµi ) µi

o + RT ln (ci/ci
o), whereci

the molar concentration of speciesi, µi
o is the chemical

potential of oligomeri in the standard state atci
o ) co ) 1

M, andR is the ideal gas constant.

Using the condition of chemical equilibrium, we can write

whereKi and∆Gi
o are respectively the equilibrium constant

and the standard free energy change associated with the
formation of Pi from P and Pi-1.

Diffusion in the Presence of Oligomerization.If the
lifetime of the individual species, P and Pi, is long compared
to relaxation time for concentration fluctuations, the popula-
tion of each species is retained during this relaxation time.
Thus, the QLS value ofD will be the weighted average of
the individual diffusion coefficientsD1 of P andDi of Pi,
where the weighting factors are the relative intensities of
light scattered by each species. We can write

Even in the opposite extreme, that is, when the lifetime of
the individual species is short compared to the relaxation
time for concentration fluctuations, eq A3 still holds (34).

In eq A3, the molar concentration of the individual species,
eachci, can be expressed as a function of the total molar
concentration,c. This can be carried out if it is remembered
that eachci is related toc1 by the recursion relation:ci )
(∏n)2

i Kn)c1
i. Thus it suffices to obtainc1(c). This is

achieved by first expressingc1(c) as a Taylor’s expansion
in c aboutc ) 0, viz., c1 ) ∑n)0

∞ (1/n!)(dnc1/dcn)c)0cn. The
coefficients in this expansion can be determined from the
mass conservation condition:c ) ∑i)1

∞ ici and the recursion
relation by differentiation. The result forc1(c) is c1 ) c -
2K2c2 + (8K3

2 - 3K2K3)c3 + .... We apply this result to eq
A3 in order to expressD as a power series inc. Retaining
only linear terms inc, which corresponds to including only
the P + P a P2 equilibrium and neglecting higher order
association, we find thatD1/D is given by eq 1, whereRh

o

) kBT/6πηD1, Rh
app ) kBT/6πηD, ands ≡ D2/D1.

Induction Time in the Presence of Oligomerization.To
obtain the dependence ofT∆µ1

2 on T and c, we need an
expression for the thermodynamic supersaturation∆µ1.
Without loss of generality, the protein chemical potential,
µ1, can be expressed in the following way:

wherey(T, c) is the thermodynamic activity coefficient. By
use of eqs 3c and B1, we can write

whereyeq ≡ y[T, ceq(T)]. We now consider the dependence
of T∆µ1

2 on temperature along a path at constantc, moving
inside domain II. The presence of a minimum intind implies
a maximum inT∆µ1

2. A maximum inT∆µ1
2 occurs when

[∂(T∆µ1
2)/∂T]c ) 0. Using this condition, we find that the

P + P a P2

P2 + P a P3

Pi-1 + P a Pi

Ki )
ci

c1ci-1
(A1)

∆Gi
o ) µi

o - (µi-1
o + µ1

o) ) -RT ln (Kic
o) (A2)

D ) ∑
i)1

∞

i2ciDi/∑
i)1

∞

i2ci (A3)

µprotein(T, c) ) µ1(T, c) )

µ1
o(T) + RT ln (c/co) + RT ln y(T, c) (B1)

∆µ1 ) RT ln (c/ceq) + RT ln (y/yeq) (B2)
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temperature,Tm, where the maximum occurs isTm )
-(1/2)∆µ1/(∂∆µ1/∂T)c. Thus,Tm can be directly determined
from ∆µ1(T, c).

Due to chemical equilibrium among the oligomers, we set
the activity coefficienty equal to the fraction of free protein
dimers,y ) c1(T, c)/c, so that eq B2 gives

wherec1
eq ≡ c1[T, ceq(T)].

We now present a simple model that includes the reversible
oligomerization, to provide an explicit expression fory as a
function of T andc, and show howTm can be affected by
oligomerization. Here we consider the simple case for which
the association constants are all equal: i.e.,Ki(T) ) K(T).
In this case, by successive applications of eq A1 it follows
that Kci ) (Kc1)i and

where eq B4 is obtained by solving forc1 as a function ofc
from eq B3 (41, 42).

If we use eq B4 in eq B2, we have an explicit representa-
tion of ∆µ1 as a function ofT andc sinceK is known as a
function ofT from the data forâB1∆N41 in Figure 10. Using
eq B4 in eq B2, we now find that there is a maximum in the
temperature dependence ofT∆µ1

2 within our experimental
domain. The predicted temperature,Tm, for which the
maximum occurs is 9°C atC ) 30 mg/mL and rises to 13
°C at 280 mg/mL. The corresponding experimental value of
Tm is 13 °C at C ) 30 mg/mL and rises to 21°C at 280
mg/mL. Thus, our model is able to show the experimentally
observed increase ofTm with protein concentration. The
numerical difference between the experimental and predicted
values ofTm can be regarded as acceptable considering the
great simplifications inherent in the assumptions underlying
eqs 3a-c and B4.
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