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Abstract
Many soluble proteins crystallize in conditions where their second virial coefﬁcient takes on slightly negative values, known as the
crystallization slot, allowing the possibility to screen for crystallizability by measuring virial coefﬁcients. Here we measure virial
coefﬁcients for the membrane protein CLC-ec1, which has been crystallized. These virial coefﬁcients reveal that CLC-ec1 crystallization
conditions do not correspond to the crystallization slot found for soluble proteins and certain membrane proteins. Additionally, while
some membrane proteins crystallize under conditions that are associated with a phase transition of the solubilizing detergent and with
attractive detergent interactions, it is demonstrated that this is not the case for CLC-ec1 crystallization. As with many soluble and
membrane proteins, CLC-ec1 has been crystallized by adding the neutral polymer poly(ethylene glycol) (PEG). It is shown that the
addition of PEG destabilizes detergent micelles and induces CLC-ec1 aggregation in crystallization conditions.
r 2007 Elsevier B.V. All rights reserved.
PACS: 87.15.Nn
Keywords: A1. Biocrystallization

1. Introduction
The second virial coefﬁcient of protein solutions, as a
probe of protein interactions, has generated a great deal of
interest since George and Wilson [1] reported a correlation
between protein crystallizability and the second virial
coefﬁcient. Their work demonstrated that many water
soluble proteins crystallize in conditions where the second
virial coefﬁcient becomes slightly negative, indicating net
weakly attractive protein interactions. George and Wilson
identiﬁed values of 8pB2 p  0:8  104 mL mol g2 as
the crystallization slot for soluble proteins. For less
negative and positive B2 values, proteins remained in
solution, while for more negative B2 values, precipitation
occurred. Is there a similar crystallization slot for
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membrane protein/detergent complexes (PDCs)? The
answer is unclear in part because far fewer membrane
proteins have been crystallized than soluble proteins and
only a limited number of studies have been performed to
quantify membrane protein interactions in crystallization
conditions.
Proteins are often crystallized in the presence of
additional solutes whose role is to alter the protein phase
behavior. Although additives modify the virial description
it is still possible to speak of an effective protein second
virial coefﬁcient which describes protein, or PDC, interactions in solution. Light scattering is a common technique
for measuring the virial coefﬁcients of protein solutions
and in the case of multicomponent solutions of interest
here, one must correctly account for the scattering from
each of the components. Simply subtracting the scattering
of a solution containing only the additive from the
scattering of a mixture of protein and additive is not
correct, and in fact doing so yields the apparent virial
coefﬁcient, which in general is different from the effective
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virial coefﬁcient. The distinction between the apparent and
effective virial coefﬁcients is described in detail below.
Static light scattering has previously been used to measure
the apparent second virial coefﬁcients of PDCs composed
of OmpF porin associated with a binary detergent mixture
as a function of added poly(ethylene glycol) (PEG)
concentration [2]. This work showed that the apparent
OmpF PDC second virial coefﬁcient in crystallization
conditions falls in roughly the same crystallization slot
found for soluble proteins and that the apparent second
virial coefﬁcient of OmpF porin PDCs decreases as a
function of added PEG concentration. However, this work
did not address the distinction between apparent and
effective virial coefﬁcients.
In addition to static light scattering, dynamic light
scattering, neutron scattering, NMR and chromatographic
studies have been carried out to investigate the interactions
between PDCs in solution and whether or not attractive
PDC interactions and PDC aggregation are observed prior
to crystallization. Neutron scattering studies on the
reaction centers from Rhodobacter sphaeroides R-26
associated with the detergents lauryl-dimethylamine-Noxide (LDAO) or n-octyl-b-glucoside (OG) [3] found that
although the addition of PEG to a PDC solution induces
crystallization, it does not lead to aggregation prior to
crystallization. Tanaka et al. [4] performed dynamic light
scattering studies of cytochrome bc1 complex associated
with sucrose monolaurate and found evidence that the
addition of PEG induces attraction between bc1 PDCs in
crystallization conditions.
Detergents are needed to solubilize membrane proteins
in aqueous solvents due to the hydrophobic nature of the
proteins’ transmembrane domains. Therefore, it is reasonable to suppose that PDC interactions reﬂect the interactions between PDC detergent moieties. Noting this,
Rosenbusch [5] suggested that PDC crystallization should
be favored in conditions where detergent micellar interactions are attractive. Studies of OmpF porin [2,6] show that
its crystallization occurs in conditions where the detergent
micelle interactions are attractive and where the detergent,
in the absence of the protein, undergoes a phase transition.
Hitscherich [2], among others, hypothesize that the
observed correlation between detergent cloud point and
PDC crystallization is explained if both phenomena arise
from attractions of similar magnitude between detergent
molecules. Recently, Berger et al. [7] used self-interaction
chromatography and cloud point studies to demonstrate
that bacteriorhodopsin/OG PDC interactions become
more attractive as the detergent phase transition is
approached and more generally that detergent micellar
interactions and structure signiﬁcantly inﬂuence PDC
interactions.
In this work virial coefﬁcients are measured for PDCs
composed of the membrane protein, CLC-ec1, and the
non-ionic detergent, n-octyl-b-maltoside (OM) to determine if CLC-ec1 falls in the crystallization slot, if the
crystallizing precipitant PEG induces attractions and
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aggregation, and to determine the difference between the
apparent and effective virial coefﬁcients. We also investigate whether or not a detergent phase transition is
associated with the crystallization of CLC-ec1 PDCs.
2. Theory
We treat PDC/PEG solutions as two component
mixtures. Virial coefﬁcients in a two component mixture
are deﬁned by expanding the mixture’s excess Gibbs free
energy relative to that of the solvent (G) in powers of the
densities of the two independent solutes, labeled 1 and 2.
G
¼ r1 ln r1 þ r2 ln r2 þ B11 r21 þ 2B12 r1 r2
VkB T
þ B22 r22 þ C 111 r31 þ 3C 112 r21 r2 þ    .

ð1Þ

1

In Eq. (1) ri ¼ N i =V ðVol Þ; kB is Boltzmann’s constant; T
is the absolute temperature; Bij [Vol] are the second virial
coefﬁcients and C ijk ½Vol2  are the third virial coefﬁcients.
With this notation the second virial coefﬁcient often denoted
by B2 is written as Bii . Virial coefﬁcients are related to
integrals of the interaction potential energy between molecules [8]. The subscript 1 shall refer to the PDCs and the
subscript 2 to the PEG. In what follows it is assumed that the
term containing r31 is negligible since the PDC concentration
is dilute. It was found experimentally that the term containing
r32 was negligible from light scattering of PEG alone in
solution. The conversion of virial coefﬁcients from volume
units to experimentally convenient light scattering units is
given by Bij ðmL mol g1 Þ ¼ Bij ðmLÞN A =ðM i M j Þ and
C ijk ðmL2 mol g3 Þ ¼ C ijk ðmL3 ÞN 2A =ðM i M j M k Þ
where
M i ðg mol1 Þ are the solute molecular weights and
N A ð# mol1 Þ is Avogadro’s number.
Virial coefﬁcients are measured by static light scattering
experiments. Previous analyses of light scattering from two
solute protein systems [2,9] have employed an effective one
solute framework. Such an analysis ignores interference in
the scattered light from different components and can lead
to incorrect virial coefﬁcient values. Therefore, the light
scattering data from detergent/PEG and PDC/PEG
mixtures is analyzed using the multicomponent analysis
developed by Kirkwood and Goldberg [10] and others [11],
which has been previously applied to soluble protein/
polymer mixtures [12,13]. The excess light scattering of a
two solute system (R1þ2 ) over that of a single solute system
(R2 ) can be written as [10]
Kc1
¼ a þ b  c1 .
R1þ2  R2

(2)

Here K ¼ 2ðpno n1 Þ2 =N A l4 where no is the solvent refractive
index, ni ¼ qn=qci is the refractive index increment of
solute i, N A is Avogadro’s number, l is the wavelength of
the incident radiation in vacuum, c is the solute weight
concentration and R is the Rayleigh ratio. Eq. (2) has the
same form as the one component scattering equation
Kc=R ¼ 1=M 1 þ 2B11c where M 1 is the solute molecular
weight. In Eq. (2) a is the inverse of the apparent molecular
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weight and b=2 is the apparent second virial coefﬁcient. In
a multicomponent solution a and b depend on the added
polymer properties (M 2 , n2 ), concentration c2 , and the
protein/polymer interaction (B12 and C 112 ) [10]:
a ¼ 1=M 1 þ 4c2 mB12 ,

(3)

where m ¼ M 2 n2 =M 1 n1 . B12 may be calculated from
measurements of a as a function of polymer concentration
c2 . b is given by
eff
b ¼ 2½B11
þ mc2 ð3C 112 þ 2B11 B12 M 1 Þ,
eff
B11

(4)

2B212 M 2 Þ.

with
¼ B11 þ c2 ½ð3C 112 
C 112 is obtained
from measurements of b as a function of c2 since all the
other quantities in Eq. (4) are determined independently. It
is possible to view a two component PDC/PEG solution as
an effective one component PDC solution where the PDC
interactions are modiﬁed by the addition of PEG. In
principle, the protein’s molecular weight and effective PDC
eff
second virial coefﬁcient, B11
, can be obtained experimentally by the addition of invisible polymers (n2 ¼ m ¼ 0) to
the PDC solution [14,15]. However, we do not index match
the polymer ðn2 a0Þ. Instead we measure the virial
eff
eff
coefﬁcients and calculate B11
. B11
represents the effective
interactions felt between PDCs in solution in the presence
of PEG, whereas b represents the apparent second virial
coefﬁcient obtained from light scattering experiments. As
we have shown, a and b depend on optical parameters and
thus do not correctly reﬂect the molecular weight or
effective protein–protein interaction.
If PEG interacts only sterically with PDCs, then PEG
induces attraction between PDCs due to the depletion
eff
effect and qB11
=qc2 o0 [16]. In contrast to the depletion
eff
effect, if qB11 =qc2 40 then the addition of polymer induces
PDC repulsion [13].
In addition to the PDC and PEG there are also free OM
micelles; therefore treating the PDC/PEG solution as a two
component mixture is a simpliﬁcation. The PDC complex
has a molecular weight approximately seven times that of a
free OM micelle. It will turn out that the concentration of
PDC and free OM micelles are similar in our experiments
and since the intensity of scattered light scales with the
square of the mass of the scattering object the total
intensity scattered from free OM micelles will be 50 times
smaller than the scattered intensity from the PDCs, which
justiﬁes neglecting the scattering contribution from the OM
micelles.

three dimensions and its structure solved to 3.0 Å from Xray scattering experiments by Dutzler et al. [21]. The CLCec1 crystal packing shows that crystal contacts between
neighboring CLC-ec1 molecules in the crystal are made
between the polar residues. In this work CLC-ec1 was
expressed and puriﬁed as described by Dutzler et al. [21].
DM (sol-grade) and OM (anagrade) were obtained from
Anatrace. PEG of nominal molecular weight 400 g mol1 ,
designated as PEG400, was obtained from Sigma. The OM
and PEG were dissolved in the published CLC-ec1
crystallization buffer [21] which consists of a (1:1) mixture
of (75 mM NaCl and 10 mM Tris-HCl at pH 7.5 : 50 mM
Na2 SO4 , 50 mM Li2 SO4 and Tris 50 mM at pH 8.5). The
CLC-ec1 concentrations were measured by UV absorption
at a wavelength of 280 nm using an extinction coefﬁcient
280nm ¼ 0:85 mL mg1 cm1 calculated from the CLC-ec1
sequence [17]. The precise value of the extinction coefﬁcient
does not effect the value of b, since b is a ratio of
concentrations.
In order to verify that our light scattering experiments
were performed in CLC-ec1 crystallization conditions [21],
crystals of CLC-ec1 were grown in sitting drops at T ¼
20  C by equilibrating a (1:1) mixture of protein and
reservoir solution against the reservoir. We label the time
when the protein and reservoir solutions were mixed and
the start of crystallization trials as t ¼ 0. The protein
solution consisted of 20 mg mL1 CLC-ec1 in 45 mM OM,
75 mM NaCl and 10 mM Tris-HCl at pH 7.5. The reservoir
solution consisted of 330 mg mL1 PEG400 in 50 mM
Na2 SO4 , 50 mM Li2 SO4 and Tris 50 mM at pH 8.5.
Crystals were observed after one week as shown in
Fig. 1. These crystals were assumed to be made of CLCec1 because sitting drops without added CLC-ec1 showed

3. Materials and Methods
The putative Cl channel protein, CLC-ec1, was ﬁrst
expressed and puriﬁed by Maduke et al. [17]. CLC-ec1 was
crystallized in two dimensions by Mindell et al. [18] who
obtained a 6.5 Å resolution projection structure of CLCec1. Single channel electrophysiological recordings of
CLC-ec1 have been obtained by Accardi et al. [19] who
subsequently showed that CLC-ec1 functions as a Hþ –Cl
exchange transporter [20]. CLC-ec1 was crystallized in

Fig. 1. A bright ﬁeld optical micrograph of CLC-ec1 crystals is shown.
Crystals were found using reservoir PEG concentrations of 320 and
330 mg mL1 . The scale bar indicates 100 mm.
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4. Results
We ﬁrst present results from light scattering experiments
on PEG solutions, OM solutions and OM/PEG mixtures in
the CLC-ec1 crystallization buffer. SLS experiments on
PEG400 show M 2 ¼ 400  100 g mol1 , B22 ðT ¼ 20  CÞ ¼
0:013 mL mol g2 and qB22 =qT ¼ 1:6  104 mL mol
g2  C1 . From dynamic light scattering experiments we
measured rH ¼ 0:7 nm for PEG400 in the dilute limit. At
PEG400 concentrations greater than 160 mg mL1 a
second, slower decaying mode appears in the DLS
correlation function data.
The critical micellar concentration (cmc) of OM was
determined by measuring the scattered intensity as a
function of OM concentration [2] and making a linear ﬁt
to the concentration dependence of the scattering. The cmc
was identiﬁed as the OM concentration where the scattered
intensity extrapolated to zero, as shown in panel (a) of
Fig. 2. The hydrodynamic radius (rH ) measured by DLS in
the same OM samples was monitored simultaneously. The
hydrodynamic radius drops sharply with decreasing OM
concentration at the cmc, as shown in panel (b) of Fig. 2.
The cmc of OM in water is 9 mg mL1 [25]. For OM in the
ClC-ec1 crystallization buffer at T ¼ 20  C the cmc as a
function of added PEG400 concentration is shown in panel
(a) of Fig. 3. The concentration of OM micelles was
calculated as the bulk OM concentration minus the cmc.
From the cmc data, the free energy difference between a
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where F i ðGÞ is the intensity weighted decay rate distribution function. The cumulant method is also used to analyze
f 1 ðtÞ [23]: lnðf 1 ðtÞÞ ¼ ln a  Ḡt þ ðm2 =2Þt2  ðm3 =6Þt3 þ   .
Then the apparent diffusion constant is D̄ ¼ Ḡ=q2 . Hydrodynamic radii rH were obtained from DLS measurements
via the Stokes–Einstein relation [24]: rH ¼ kB T=ð6pZD̄Þ
where Z is the solvent viscosity. The intensity weighted
distribution function may also be expressed in terms of the
apparent hydrodynamic radii, rather than decay rates, to
ﬁnd F i ðrÞ. The distribution functions shown in Fig. 6 were
calculated using the ALV-NonLin software which implements the CONTIN algorithm to calculate F i ðrÞ via an
inverse Laplace transform of f 1 ðtÞ. We treat the aggregating proteins as a distribution of spheres of mass MðrÞ ¼
r4pr3 =3 and density r and assume that the intensity of

scattered light is of the form F i ðrÞ / M 2 ðrÞF N ðrÞPðqrÞ with
F N ðrÞ the number of particles of radius r and the form
factor of a sphere PðqrÞ ¼ 3ðsinðqrÞ  qr cosðqrÞ=ðqrÞ3 Þ2 .
The mass weighted distribution function, F m ðrÞ ¼
MðrÞF N ðrÞ, is calculated from the intensity weighted distribution function as F m ðrÞ / F i ðrÞ=ðMðrÞPðqrÞÞ.

/ (A.U.)

no crystals, nor did sitting drops with CLC-ec1, but
without added PEG in the reservoir.
Refractive index increments were measured using a
Brookhaven Instruments differential refractometer at
l ¼ 620 nm. For PEG400 in the CLC-ec1 crystallization
buffer qn=qcPEG400 ¼ 1:33  104 mL mg1 independent of T
for 10  CpTp40  C; for OM in the CLC-ec1 crystallization
buffer at T ¼ 20  C, qn=qcOM ¼ 1:07  104 mL mg1 . For
CLC-ec1/OM PDCs qn=qc was not measured in order not to
waste precious PDC sample. Instead, we set qn=qcPDC ¼
2  104 mL mg1 . This value of qn=qc is a rough estimate
based on the value of qn=qc for soluble proteins such as
lysozyme (qn=qclys ¼ 1:85  104 ) and BSA (qn=qcBSA ¼
1:85  104 ). Using qn=qcPDC ¼ 2  104 mL mg1 yields a
PDC molecular weight of M 1 ¼ 1=a ¼ 1:11  0:04  105 g
mol1 and an apparent second virial coefﬁcient of b=2 ¼
3  104 mL mol=g2 in the CLC-ec1 crystallization buffer at
T ¼ 20  C. This value of the PDC molecular weight is
consistent with a CLC-ec1 dimer [17] with approximately 20
associated OM molecules.
The static and dynamic light scattering experiments (SLS
and DLS) were performed using an ALV goniometer and
correlator system. All of our light scattering experiments
were performed in the vu polarization mode. Absolute
Rayleigh ratios of aqueous solutions for SLS were
determined by using pure toluene as a standard whose
Rayleigh ratio is 1:35  105 cm1 at 633 nm and
T ¼ 20  C. [22]. DLS measures the intensity autocorrelation function f 1 ðtÞ ¼ hIðto ÞIðto þ tÞi where IðtÞ is the
scattered intensity as a function of time at a given
scattering angle. For a single diffusing solute species the
intensity autocorrelation function decays exponentially
f 1 ðtÞ ¼ aeGt . The diffusion constant (D) is calculated
from D ¼ G=q2 where q is the amplitude of the scattering
vector. All SLS and DLS experiments were performed at a
scattering angle of y ¼ 90 for which q ¼ 1:87  107 m1 .
When multiple diffusing species contribute to the time
variation of the scattered intensity, the autocorrelation
function becomes an integral of exponentials:
Z
f 1 ðtÞ ¼ eGt F i ðGÞ dG,
(5)
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Fig. 2. Panel (a) The time average of the scattered light intensity I versus
concentration of n-octyl-b-maltoside (OM) dissolved in the CLC-ec1
crystallization buffer with no added PEG at T ¼ 20  C. The cmc was
identiﬁed from a linear ﬁt to the scattered intensity I, in arbitrary units, as
a function of OM concentration as the extrapolated point where I ¼ 0.
Panel (b) displays the hydrodynamic radius (rH ) measured by dynamic
light scattering in the same samples. The dashed line in panel (b) shows the
location of the CMC found from panel (a).
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Fig. 3. The critical micellar concentration (cmc) of n-octyl-b-maltoside
(OM) is shown in panel (a) as a function of added PEG400 concentration
in the CLC-ec1 crystallization buffer at T ¼ 25  C. Panel (b) displays the
dimensionless free energy difference (DG=RT) between an OM molecule in
the bulk and in a micelle calculated via Eq. (6) as a function of PEG400
concentration.

detergent molecule free in the bulk and in a micelle (DG) is
calculated by
DG
¼  ln X cmc ,
RT

(6)

where R is the gas constant, T is the absolute temperature
and X cmc is the cmc expressed as a mole fraction. As shown
in Fig. 3 panel (a) the cmc of OM increases as a function of
increasing PEG400 concentration, whereas panel (b) shows
that the free energy difference between a detergent
molecule in the bulk and in a micelle decreases as
PEG400 is added. These data indicate that the addition
of PEG makes micelle formation less favorable and in
effect destabilizes micelles with respect to free detergent
monomers.
OM shows no phase transition as a function of
temperature up to concentrations of greater than 500 mg
mL1 when dissolved in pure water [25]. All detergent
concentrations in this study were less than 50 mg mL1 , but
detergent phase behavior depends sensitively on the buffer
conditions. Therefore, in order to determine whether or not
an OM phase transition occurs in the CLC-ec1 crystallization buffer, samples of OM at concentrations up to
50 mg mL1 in the CLC-ec1 crystallization buffer with
added PEG400 165 mg mL1 were observed by bright ﬁeld
microscopy in the temperature range 2pTp95  C. No
clouding transitions were observed indicating that no
detergent phase transition is associated with the crystallization conditions of CLC-ec1.
Static light scattering experiments were performed on
OM micelles with and without PEG400 in order to

20

40
60
c1 [mg/mL]

80

Fig. 4. Light scattering from OM micelles and OM/PEG400 mixtures is
shown where the micelles are labeled with the subscript 1 and the PEG is
labeled with the subscript 2. The scattering ratio from Eq. (2),
Kc1 =ðR1þ2  R2 Þ, is plotted as a function of OM micellar concentration,
c1 for no added PEG400 (), for PEG400 85 mg mL1 (’) and for
PEG400 165 mg mL1 (,). The lines are linear ﬁts to Eq. (2) from which a
and b listed in Table 2 are extracted.

determine the detergent interactions in CLC-ec1 crystallization conditions. Data from SLS experiments on OM
micelles at T ¼ 25  C in the CLC-ec1 crystallization buffer
are shown in Fig. 4. Without PEG these data yield a
micellar molecular weight of 14 286  1500 g mol1 , or a
micellar aggregation number of approximately N OM ¼ 31.
At this same temperature b ¼ 6  1  104 mL mol g2
and qb=qT ¼ 1:7  0:5  105 mL mol g2  C1 . In these
conditions the OM micellar interactions are therefore
attractive. For OM/PEG400 mixtures the subscript 1 refers
to OM micelles and the subscript 2 to PEG400. a and b
from the data in Fig. 4 are shown in Table 2 and were ﬁt to
Eqs. (3,4) from which B12 ¼ 1:5  0:7  104 mL mol g2
and C 112 ¼ 5  1:4  104 mL2 mol g3 were obtained,
assuming that the micellar molecular weight does not
change as a function of added PEG. This assumption cannot be veriﬁed with these data. The a and b data
are not ﬁt well by the multicomponent light scattering model of Eqs. (3, 4) indicating that the addition of
PEG may change the micellar aggregation number and
micellar structure. However, this model does place
constraints on the effect of PEG on OM micellar
interactions. Since b increases with increasing PEG
concentration, PEG does not induce more attraction
between OM micelles. Quantitatively, the ﬁtted values of
eff
B12 and C 112 lead to qB11
=qc2 X0. If we assume that the
micellar molecular weight remains constant as PEG400 is
added, then we conclude that adding PEG400 to OM
micelles decreases the attractions between OM micelles,
which is opposite to the prediction of polymer induced
depletion attraction.

ARTICLE IN PRESS
J. Blouwolff, S. Fraden / Journal of Crystal Growth 303 (2007) 546–553

In order to determine whether or not the crystallization
of CLC-ec1 occurs in the crystallization slot, the light
scattering parameters a and b were measured for CLC-ec1
PDCs as shown in Fig. 5. The values of a and b for CLCec1/OM PDCs are given in Table 1 with and without added
PEG400 showing that b40 and that b is essentially
unchanged as PEG is added. In these measurements
PEG400 was added to the PDC solution at t ¼ 0. All
static light scattering data was taken between 0oto0:5 h.
Since b40 without PEG, the PDC interactions as
measured by the apparent virial coefﬁcient are repulsive,
which is expected in non-crystallizing conditions. b of just
OM micelles in solution increases signiﬁcantly as PEG is
added in this PEG400 concentration range, while b of the
PDCs remains constant as PEG is added. Therefore, the
apparent PDC virial coefﬁcient, b, does not track the
evolution of b for the OM micelles. For CLC-ec1/OM
PDCs b40 in the crystallization conditions indicating that
the crystallization of these PDCs occurs outside the
crystallization slot found for soluble proteins and other
membrane proteins [see also Table 2].
Since b for CLC-ec1 PDCs remains constant, or slightly
decreases as PEG is added, it would appear that PEG
20

Kc1/(R1+2-R1) [10-6 mol/g]

18
16
14
12
10
8
6
4
0

10
20
c1 [ mg/mL] [ mg/mL]

30

Fig. 5. Light scattering from PDCs and PDC/PEG400 mixtures is shown.
Here the subscript 1 refers to the PDCs and the subscript 2 refers to
PEG400. The scattering ratio from Eq. (2), Kc1 =ðR1þ2  R2 Þ, is plotted as
a function of CLC-ec1 concentration, c1 for no added PEG400 () and for
PEG400 165 mg mL1 (’). The lines are linear ﬁts to Eq. (2) from which a
and b listed in Table 1 are extracted.
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induces weak PDC attractions. However, b is the apparent
virial coefﬁcient and does not represent the PDC interactions. Therefore, it is necessary to calculate the variation of
the effective PDC virial coefﬁcient with PEG concentration
eff
qB11
=qc2 in order to conclude whether PEG induces PDC
eff
attraction or repulsion. In order to calculate qB11
=qc2 one
must ﬁnd the mixed virial coefﬁcients B12 and C 112 . From
the values of a and b in Table 1 the mixed virial coefﬁcient
values are found from Eqs. (3) and (4): B12 ¼ 4:2  1:2 
103 mL mol g2 and C 112 ¼ 4:8  1:7  103 mL2 mol g3 .
For any net repulsive polymer/PDC interaction B12 40.
The measured value of B12 o0 indicates that the PDCs
have a net attraction to PEG molecules. The values of B12
and C 112 allow us to calculate the variation of the effective
virial coefﬁcient for CLC-ec1/OM complexes as a function
eff
of PEG concentration: qB11
=qc2 ¼ 2:9  1:3  104 mL2
eff
3
mol g . Since qB11 =qc2 40 the PDC interactions are
becoming more repulsive as PEG is added, contrary to
the conclusion reached from considering only the apparent
virial coefﬁcient, b where one would obtain qb=qc2 ¼
6:4  1:6  104 mL2 mol g3 o0. The fact that qBeff
11 =
qc2 40, whereas qb=qc2 o0 leads to qualitatively different
conclusions concerning the effect of PEG on protein
interactions demonstrates the importance of using a
multicomponent approach to analyze light scattering of
protein mixtures [13].
In order to assess whether or not PDC aggregation
occurs in crystallizing conditions, DLS experiments were
performed simultaneously with the virial coefﬁcient measurements. The DLS results show that PEG induces PDC
aggregation on the time scale of hours, whereas crystallization occurs on the time scale of a number of days. The
intensity weighted distribution function of hydrodynamic
radii (F i ðrÞ) of PDC/PEG mixture is shown in Fig. 6. The
distribution function at the start of crystallization trials
approximately 12 h after the ﬁnal puriﬁcation step, just
before the PEG is added, mainly consists of a large peak
indicating single PDCs existing in solution and a small
amount of aggregates. In the presence of PEG at t ¼ 0, as
shown in panel (b) of Fig. 6, the distribution function
differs from that without added PEG due to a slow mode
associated with the relatively high PEG400 concentration
of 165 mg mL1 . In panel (b) of Fig. 6, an aggregate peak
appears and grows with time as the ﬁrst peak shrinks
indicating that PDCs aggregate in the presence of PEG400,
whereas panel (a) of Fig. 6 shows that without PEG the
small fraction of PDC aggregates remains essentially

Table 1
Apparent and effective virial coefﬁcients of PDC/PEG mixtures
cPEG400 ðmg mL1 Þ

a ð106 mol g1 Þ

b ð104 mL mol g2 Þ

eff
B11
ð104 mL mol g2 Þ

0
165

91
31

3  0:5
2  0:5

3  0:5
3:5  0:6

a, the inverse of the apparent molecular weight, and b, twice the apparent second virial coefﬁcient, determined by light scattering for CLC-ec1/OM,
protein/detergent complexes at T ¼ 25  C are shown without any added PEG400 and in the presence of PEG400 165 mg mL1 used in the CLC-ec1
eff
crystallization conditions. The PDC effective second virial coefﬁcient B11
calculated from a and b is also listed.
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Table 2
Apparent virial coefﬁcients of n-octyl-b-maltoside (OM)
cPEG400 (mg mL1 )

a ð105 mol g1 Þ

b ð104 mL mol g2 Þ

0
85
165

7  0:6
6  0:4
8  0:5

5:5  0:4
0:2  0:3
0:7  0:5

a, the inverse of the apparent molecular weight, and b, twice the apparent
second virial coefﬁcient, determined from Fig. 4 for OM micelles at T ¼
25  C are shown without and with added PEG400 in the CLC-ec1
crystallization conditions. From these data B12 ¼ 1:5  0:7 
104 mL mol g2 and C 112 ¼ 5  1:4  104 mL2 mol g3 were determined
via Eqs. (3), (4).

1.0

a

b

0.8

Fi (r)

0.6
0.4
0.2
0.0
1

10

100

1
r [nm]

10

100

1000

Fig. 6. The PDC intensity weighted distribution function of hydrodynamic radii (F i ðrÞ) obtained by dynamic light scattering, Eq. (5), for CLCec1/OM in the crystallization buffer at T ¼ 20  C is shown in panel (a),
without added PEG, and in panel (b) with PEG400 165 mg mL1 , at
different times. The addition of PEG marks the beginning of the
crystallization trial (t ¼ 0) and occurred 12 h after the ﬁnal puriﬁcation
step. Panel (a) shows insigniﬁcant aggregation occurs from t ¼ 0 (’) to
t ¼ 15 min (þ) to t ¼ 14 h (m). Panel (b) shows that adding PEG to a
dispersion of CLC-ec1/OM PDCs induced PDC aggregation. In panel (b)
the decay time distribution is shown at t ¼ 0 (’), t ¼ 0:5 h (&), t ¼ 2 h
(B) and t ¼ 4 h (). As time progresses, the peak corresponding to large
aggregates grows and the peak corresponding to individual PDCs shrinks
indicating PDC aggregation.

constant as a function of time. The distributions shown in
Fig. 6 are weighted by the intensity of the scattered light
and are therefore sensitive to large aggregates. Calculation
of the mass weighted distribution function of the data
shown in Fig. 6 reveals that the fraction of the total PDC
mass in the aggregate peak increases to 50  3% at t ¼ 4 h,
although the number of PDC aggregates remains less than
1  0:5% of the number of non-aggregated PDCs at
t ¼ 4 h. Therefore, PEG induces the formation of a few,
large PDC aggregates. If the PEG is removed from the
PDCs after a period of aggregation, DLS shows that the
aggregates remain intact (data not shown) indicating that
PEG induced PDC aggregation is irreversible.
It must be considered whether or not PDC aggregation
in the presence of PEG can change the conclusion that

PEG does not induce PDC attraction on the virial
eff
=qc2 40. The analysis of the virial
coefﬁcient level, i.e. qB11
coefﬁcients presented above was based on the assumption
that the PDC molecular weight remained constant, which
is clearly not the case in light of the PDC aggregation. The
PDC aggregation shown in Fig. 6 means that the two
component analysis of light scattering data presented
above is not strictly applicable. However, the static light
scattering data was measured between 0oto0:5 h. At t ¼
0:5 h the DLS data as shown in panel (b) of Fig. 6 are
consistent with an approximately 30% increase in the PDC
molecular weight. If we assume such an increase in the
PDC molecular weight along with the data in Table 1, we
eff
can use Eqs. (3), (4) to recalculate qB11
=qc2 . A 30%
change in the PDC molecular weight leads to
eff
qB11
=qc2 ¼ 2:8  0:8  103 mL2 mol g3 . Alternatively, if
we ask what increase in PDC molecular weight would be
eff
necessary to yield qB11
=qc2 ¼ 0, or equivalently, to change
the effective interaction from repulsive to attractive, we
ﬁnd that the PDC molecular weight would have to increase
by a factor of 2.6, which is inconsistent with the DLS data.
Therefore, the amount of aggregation consistent with the
DLS data does not change the qualitative conclusion from
the static light scattering data that PEG does not induce
PDC attraction.
The light scattering experiments on PDCs, therefore,
result in two apparently contradictory conclusions: one,
that PEG does not induce PDC attraction as measured by
virial coefﬁcients and two, that PEG causes PDC aggregation as measured by DLS. We offer a speculative
explanation: results from virial coefﬁcient calculations on
soluble proteins [26] demonstrate that negative second
virial coefﬁcient values are caused mainly by speciﬁc
interactions between complementary surfaces at close
distances. If a short ranged, but strong CLC-ec1 interaction led to irreversible aggregation, then this interaction
would not contribute to the measured virial coefﬁcient
values, which reﬂect equilibrium properties. In light of this
and our light scattering results, a hypothesis about the
effect of PEG on CLC-ec1/OM PDCs can be made. PEG
causes PDCs to aggregate irreversibly, possibly by destabilizing the detergent moieties on the PDCs thereby
allowing speciﬁc short distance PDC interactions to occur.
The fact that PEG destabilizes the OM micelles supports
this hypothesis that the dominant effect of PEG on PDCs
is through the detergent moieties. In this picture, some
PDCs remain unaggregated in solution with net repulsive
interactions, which is why the virial coefﬁcients do not
track the attraction associated with aggregation.
5. Conclusion
Protein/detergent complexes (PDCs) composed of CLCec1 and a non-ionic detergent, OM, were studied with static
and dynamic light scattering experiments in conditions
which yielded CLC-ec1 crystals. Both the apparent and
effective second virial coefﬁcients of these PDCs in their
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crystallization conditions do not fall in the crystallization
slot found for soluble proteins. No phase transition of the
detergent micelles was associated with PDC crystallization.
Calculation of the effective interactions between PDCs
shows that the addition of PEG400 induces repulsion,
rather than attraction between non-aggregated PDCs.
However, PEG was found to destabilize detergent micelle
formation and to induce CLC-ec1 PDC aggregation in
crystal growth conditions.
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