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Small-angle neutron scattering �SANS� measurements have been performed to compare the effect of the
salts KF, KCl, and KBr on crystallization in aqueous solution of lysozyme protein. It is found that the
propensity of the salt to crystallize protein follows the Hoffmeister series �KF�KCl�KBr� with marked
differences in the effect of these salts. In pure protein solution, lysozyme macromolecules are prolate ellipsoi-
dal with semimajor and semiminor axes as 22 and 13.5 Å, respectively. SANS also gives that the effective
�structural+counterion� charge �Z� on the protein as obtained by taking into account screened Coulomb inter-
action between the protein macromolecules is found to be much smaller than the structural charge. There is
decrease in Z suggesting the higher counterion condensation on protein with the increase in the concentration.
The counterion condensation seems to be responsible for the differences in the effect of different salts. It is also
found that with the addition of salts, lysozyme macromolecules convert to dimers, and for the same salt
concentration the comparative effect of different salts follows the Hoffmeister series. Time evolved measure-
ments prior to and after the crystallization show that the protein solution mostly consists of monomers and
dimers. Interestingly, higher-mers are not observed in these measurements as perhaps they are formed in very
small numbers towards the process that leads to the crystallization. The time dependent data have been used to
obtain the fraction of crystallization as a function of time.
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I. INTRODUCTION

Protein macromolecules have a specific three-dimensional
shape and charge on them, which regulates and controls the
stability and biological functions of the protein. These mac-
romolecules in solutions are known to be interacting due to
the different interaction forces. Such interaction forces and
structures of the macromolecules are at the heart of the living
world, they are involved in controlling the macromolecular
solubility and organization, in addition to governing fluid-
fluid phase separation, crystal growth, or any separated pro-
tein phase. All these are controlled by the mechanism of
molecular approach, reorientation, and incorporation. In such
interactions the effective charge on the protein plays an im-
portant role. Only the stoichiometric values of the protein
charge can be determined by titration experiments �1�, since
titration does not take into account the presence of ions that
can condense on the charged macromolecules and change
their net charge, as has been proved by the diffusion experi-
ments �2�. The ability to control different protein phases can
be done by deliberately tuning and obtaining the desirable
changes in the interaction between protein-protein and pro-
tein additives by controlling the charge on the protein mac-
romolecules.

A number of studies have been carried out on the behavior
of protein in aqueous solution on addition of different addi-
tives �salt, alcohol, etc.� �3–14�. In particular, screening by
background salt is known to play an important role in biol-
ogy �15,16�. In the presence of salts, Hoffmeister effects
�17–22� are common in biology, which emphasizes the
choice of background salt in precipitating or controlling dif-
ferent phases in a protein solution. The charge neutralization
on the macromolecules with the addition of salt depending
on the charge on the macromolecule and ionic strength of the
solution could bring the macromolecules closer and stacking

them together could lead to the crystallization. It is believed
that effectiveness of the salt for this purpose is governed by
the counterion condensation that depends on the concentra-
tion and the nature of the salt �23,24�. The counterion located
at short enough distances from the colloidal surface feels a
strong electrostatic attraction compared with the thermal en-
ergy KBT. These counterions are considered bound to or con-
densed on the colloid. The fact that counterion condensation
on charged colloids depends on the hydrated size of the
counterion will lead to the different effects of the salts hav-
ing different sizes of counterions �25�. The condensation of
charge determines the effective charge on the protein macro-
molecules and thus their structure and interaction.

Most of the studies on crystallization in protein solutions
have been performed in the presence of electrolyte NaCl or
KCl �3–9�. The variation of different counterions �e.g., KCl,
KF, KBr� follows the sequence as given by the Hoffmeister
series �KF�KCl�KBr�. The relative effect of these coun-
terions, however, will depend on the number of parameters
such as surface charge density on the protein, number density
of protein and counterions, size of the protein and counteri-
ons, etc. This makes it theoretically difficult to predict the
actual effect of salt on the protein solution �26–28�. One of
the simplest ways is to perform direct experiments and com-
pare them. In this paper, we compare the effect of salts KF,
KCl, and KBr on crystallization in aqueous solution of
lysozyme protein. It is found that these salts show marked
differences in their effects in protein solution. Small-angle
neutron scattering �SANS� experiments have been carried
out to compare the differences in the salt effect on protein
crystallization in terms of structure and interaction present in
the protein solutions.

II. EXPERIMENT

Hen egg white lysozyme �catalog no. L-6876� along with
the salts KF, KCl, and KBr were purchased from Sigma and
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were used as supplied without further purification. All the
samples were prepared in D2O. The use of D2O instead of
H2O provides better contrast for hydrogenous samples in
neutron scattering experiments. The lysozyme protein solu-
tions were prepared about 12 h before the experiment so that
the protein was completely dissolved without requiring any
stirring or shaking which could cause denaturation of the
protein. However, salts were added freshly at the start of
each experiment. The phase diagram of protein crystalliza-
tion was measured for fixed protein concentration �1 wt %�
as a function of varying concentration of salts KF, KCl, and
KBr. In these samples, depending on the salt and its concen-
tration, the time period over which the crystallization had
been monitored was 1–100 h. SANS studies on pure protein
solutions were studied at different concentrations 1, 2, 5, and
10 wt %. The relative effect of different salts was performed
at protein concentrations 1 and 5 wt % at various salt con-
centrations in the range 0–0.4 M. In one of these samples
�i.e., 1-wt % protein+0.4-M KBr� that showed crystalliza-
tion starting in about 1 h, SANS experiments were carried
out to study evolution of structure during the process of crys-
tallization every 10 min for about 20 h. The SANS experi-
ments were carried out at Dhruva Reactor, Bhabha Atomic
Research Centre, Mumbai �29� and at Swiss Spallation Neu-
tron Source, SINQ, Paul Scherrer Institute, Switzerland �30�.
In particular, the lower concentrations of protein and the time
resolve measurements were performed at the SINQ SANS
instrument because of the high signal to background ratio of
this instrument. The data were collected in the Q range of
0.010–0.35 Å−1. The temperature for all the above measure-
ments was kept fixed at 30 °C. The measured SANS data
were corrected and normalized to a cross-sectional unit using
standard procedures.

III. SANS ANALYSIS

In small-angle neutron scattering one measures the coher-
ent differential scattering cross section �d� /d�� per unit vol-
ume. For a system of monodisperse interacting protein mac-
romolecules, d� /d� can be expressed as �31�

d�

d�
= n��m − �s�2V2��F2�Q�� + �F�Q��2�S�Q� − 1�� + B ,

�1�

where n denotes the number density of the protein macro-
molecules, �m and �s are, respectively, the scattering length
densities of the protein macromolecules and the solvent, and
V is the volume of the protein macromolecule. F�Q� is the
single particle form factor and S�Q� is the interparticle struc-
ture factor. B is a constant term that represents the incoherent
scattering background, which is mainly due to hydrogen in
the sample. The single particle form factor has been calcu-
lated by treating the protein macromolecules as prolate ellip-
soidal. For such an ellipsoidal particle

�F2�Q�� = 	
0

1

�F�Q,��2d�� , �2�

�F�Q��2 = 
	
0

1

F�Q,��d��2

, �3�

F�Q,�� =
3�sin x − x cos x�

x3 , �4�

x = Q�a2�2 + b2�1 − �2��1/2, �5�

where a and b are, respectively, the semimajor and semimi-
nor axes of the ellipsoidal protein macromolecules and � is
the cosine of the angle between the directions of a and the
wave vector transfer Q.

In general, charged colloidal solutions show a correlation
peak in the SANS distribution. The peak arises because of
the interparticle structure factor S�Q� and indicates the pres-
ence of electrostatic interaction between the colloids. S�Q�
specifies the correlation between the centers of different par-
ticles and it is the Fourier transform of the radial distribution
function g(r) for the mass centers of the particles. We have
calculated S�Q� as derived by Hayter and Penfold from the
Ornstein-Zernike equation and using the mean spherical ap-
proximation �32�. The protein macromolecules are assumed
to be a rigid equivalent sphere of diameter �=2�ab2�1/3 in-
teracting through a screened Coulomb potential.

Equation �1� for noninteracting particles �i.e., S�Q��1� is
given by

d�

d�
= n��m − �s�2V2�F2�Q�� + B . �6�

The addition of salts in protein solutions leads to the for-
mation of dimers and higher-mers towards the protein crys-
tallization. The form factor for a system consisting of n-mers
is given by �33�

�F2�Q��n = 
i,j=1

n

Fi�Q�Fj�Q�
sin Qdij

Qdij
, �7�

where dij is the distance between the centers of the ith and
jth monomers.

In the case of dilute protein solution and in the presence
of salts, a protein solution consisting of monomers and
dimers, Eq. �6� in combination with Eq. �7�, can be written as

d�

d�
= n��m − �s�2V2��1 − f��F2�Q�� + 0.5f�F2�Q��2� . �8�

Here f is the fraction of monomers that form the dimers. The
form factor for the dimers �F2�Q��2 is given as

�F2�Q��2 = 2�F2�Q��
1 +
sin Qd12

Qd12
� . �9�

The dimensions of the protein macromolecule and the ef-
fective charge on the protein in pure protein solutions have
been determined from the analysis. The semimajor axis �a�,
semiminor axis �b=c�, and the effective charge �Z� are the
parameters in analyzing the SANS data. The SANS analysis
in the presence of salts were carried out for low protein con-
centrations to make use of Eq. �6�. Data were fitted assuming
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the salt induces the formation of dimers and higher-mers.
However, it is seen that the protein solution in the presence
of salts only consists of monomers and dimers. Throughout
the data analysis, the corrections were made for instrumental
smearing. For each instrumental setting the scattering pro-
files as given by Eqs. �1� or �6� were smeared by the appro-
priate resolution function to compare with the measure data
�29�. The parameters in the analysis were optimized by
means of a nonlinear least-square fitting program and the
errors on the parameters were calculated by the standard
method �34�.

IV. RESULTS AND DISCUSSION

Figure 1 shows the phase diagram of the crystallization of
1 wt % lysozyme protein solution as a function of varying
concentration of salts KF, KCl, and KBr. The data points in
the phase diagram represent the times at which the first ap-
pearance of crystallization in protein solutions were visually
observed. It is seen, as expected, that the comparative effects
of these salts to induce crystallization follows the Hoffmeis-
ter series �KF�KCl�KBr� �17–22�. However, it is most
important to note that the effects of these salts are markedly

different. For example, while the addition of 0.4-M KBr pro-
duces crystallization as early as about 1 h, it takes about 25 h
with KCl and does not occur even up to two weeks for KF
for the similar concentration of salts. In the presence of a
given salt, there is an asymptotic time dependence of occur-
rence of crystallization in the low concentration regime of
the salt and the propensity of the crystal formation increases
with the increase in the salt concentration. Figure 1 thus
shows the importance of nature and the concentration of the
salts in inducing the crystallization of protein solution.

SANS data on a pure aqueous solution of lysozyme pro-
tein at concentrations of 1, 2, 5, and 10 wt % are shown in
Fig. 2. All the data show a correlation peak, which is an
indication of the interacting charge protein macromolecules
in the solution. The solid lines in Fig. 2 are the fitted curves
using Eq. �1�. Figure 3 shows the calculated �F2�Q�� and
S�Q� in the protein solutions. This suggests that the peak
position in scattering data �Fig. 2� does not change with the
variation in concentration because of the weak concentration
dependence of S�Q�. The parameters of the SANS analysis

FIG. 1. Phase diagram of crystallization of 1-wt % lysozyme in
the presence of salts KF, KCl, and KBr.

FIG. 2. SANS data on aqueous lysozyme solution at different
protein concentrations.

FIG. 3. The calculated �F2�Q�� and S�Q� for different concen-
trations of lysozyme.

FIG. 4. SANS data �a�–�d� correspond to 5-wt % lysozyme in
the presence of salts at concentrations 0.02, 0.04, 0.06, and 0.1 M,
respectively.
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are given in Table I. It is found that lysozyme protein mac-
romolecules are prolate ellipsoidal with dimensions of semi-
major and semiminor axes as 22.0 and 13.5 Å, respectively.
These results are in agreement with the values reported ear-
lier �5,13,35�. Table I shows that the effective charge de-
creases with the increase in protein concentration and it is
found to be much smaller than that of the structural charge
�+7e� on the protein. It may be noted that in SANS one
measures the effective charge, which is the structural charge
surrounded by the condensed counterions �36–39�. That the
effective charge decreases with the concentration is an indi-
cation of increase in the counterion condensation around the
charged macromolecule. Similar results of concentration de-
pendence of counterion condensation have also been ob-
served in charge colloidal solutions such as micelles �40,41�.
The fact that the SANS measures the scattering intensity to
the absolute scale of cross section can be used to determine
the contrast term ��m−�s�2 in Eq. �1�. This has been used to
see the hydration of lysozyme macromolecules as connected
to the scattering length of the macromolecule ��m�. It is
found that 55±5-vol % water of hydration to the lysozyme
scales to the measured scattering cross section.

Figures 4�a�–4�d� show the SANS data of 5-wt %
lysozyme in the presence of different salts �KF, KCl, and
KBr� at concentrations 0.02, 0.04, 0.06, and 0.1 M, respec-
tively. It is observed that on addition of salts, the correlation
peak broadens along with a shift in the peak position to the
lower Q region. The broadening and shift in the peak posi-
tion increases with an increase in the salt concentration. The

effect of different salts on the changes in the SANS data for
a given concentration follows the Hoffmeister series �KF
�KCl�KBr�. The shifting and broadening of the peak in
SANS data on addition of salts is an indication of charge
neutralization on the protein and that leads to the agglomera-
tion of protein macromolecules �36–41�. This is supported
by the fact that the SANS data do not fit Eq. �1� which
assumes the protein solution consists of individual macro-
molecules interacting through the screened Coulomb interac-
tion. The qualitative features of SANS data �Figs. 4�a�–4�d��
are in accordance with those governed by counterion con-
densation �38,39�. The counterion condensation decides the
charge neutralization, which increases with the salt concen-
tration, and for a given counterion it is more when the hy-
drated size of counterions is less. It is also believed that
short-range attraction becomes important with the screening
of electrostatic repulsion in the presence of salts �42–46�.
The agglomeration in protein solutions on addition of salts
makes it difficult to determine quantitatively the role of ef-
fective potential, due to complications in the calculation of
S�Q� for different sizes of aggregates. However, it is possible
with the dilute protein solutions �S�Q��1� to determine the
agglomeration in the presence of salts as described below.

Figure 5 shows the SANS data for 1-wt % lysozyme in
the presence of KCl at concentrations 0.1, 0.2, and 0.4 M.
The low concentration of lysozyme and high concentrations
of salt have been used to make sure that data can be analyzed
taking S�Q��1. The data are fitted for �F2�Q�� using Eq. �6�
considering that the protein solution consists of aggregates of

TABLE I. The parameters of lysozyme macromolecule at different protein concentrations in aqueous
solution.

Concentration �wt %�

Size dimensions

Effective charge Z �e�Semimajor axis a �Å� Semiminor axis b=c �Å�

1 22±2.5 13.5±1.0 2.8±1.0

2 22±1.5 13.5±0.5 1.9±0.8

5 22±1.0 13.5±0.5 1.6±0.6

10 22±1.0 13.5±0.5 1.3±0.4

FIG. 5. SANS data on 1-wt % lysozyme in the presence of KCl
at 0.1, 0.2, and 0.4 M.

FIG. 6. SANS data on 1-wt % lysozyme on fixed concentration
�0.1 M� of salts KBr, KCl, and KF.
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different sizes �i.e., monomers, dimers, and higher-mers�.
The analysis suggests that the protein solution mostly con-
sists of monomers and dimers. The parameters of the analy-
sis are given in Table II. It is seen that the dimer fraction
increases with the increase in the salt concentration. The
comparison of salts KF, KCl, and KBr on dimer formation is
shown in Fig. 6. The data are shown for fixed lysozyme �1
wt %� and salt �0.1 M� concentrations. The analysis �Table
II� shows that the propensity to form dimers follows the
Hoffmeister series that KBr is much more effective as com-
pared to KCl and KF.

Figure 7 shows the SANS data prior to crystallization on
one of the samples �1-wt % lysozyme+0.4-M KBr� in the
phase diagram of Fig. 1. The formation of small crystals in
this sample starts in about 1 h. The SANS data in Fig. 7 were
recorded at every 10 min. It is interesting to note that the
data do not show any significant changes up to 1 h when the
crystallization has started in the protein solution. This obser-
vation suggests that protein solution at crystallization still
mostly consists of monomers and dimers and the fraction of
monomers and dimers that leads to crystallization is very
small. Figure 8 shows the SANS data to study the rate of
crystallization in 1-wt % lysozyme+0.4-M KBr over a long
time until the crystallization in the solution almost saturates.
The data in Fig. 8 were measured in an interval of 1

2 h start-
ing from freshly prepared sample up to 20 h. Figure 8 shows
that the scattering intensity decreases with time only after
some time of the start of crystallization. However, the fea-

tures of the scattering profile remain the same. The scaling of
the data after correcting for the incoherent background from
the sample measured at 0, 2, 4, 8, 12, 16, and 20 h is shown
in the inset of Fig. 8. The fact that the functionality of the
scattering profile does not change as a function of time sug-
gests that even after a long time after the start of crystalliza-
tion, the protein solution mostly consists of monomers and
dimers. Higher-mers that lead to crystallization are not ob-
served in the solution. This is possible if the higher-mers
including nucleated structure are formed in very small num-
bers �not sensitive to the SANS measurement� in the process
towards the crystallization. Figure 9 gives the crystallization
fraction as a function of time as obtained from the scaling of
SANS data in Fig. 8. It is seen even after some time �1–2 h�
after when crystallization has started ��1 h� that the crystal
concentration is very small. Further, as time progresses, crys-
tallization increases linearly ��2–10 h� and the formation of
crystals almost saturates at longer times. The available frac-
tion of monomers and dimers may not be enough at longer
times to sustain the crystallization.

TABLE II. The fraction of monomers converting to dimers on 1
wt % lysozyme in the presence of salts.

Protein sample Dimer fraction

1 wt % lysozyme+0.1-M KCl 0.32±0.04

1 wt % lysozyme+0.2-M KCl 0.44±0.04

1 wt % lysozyme+0.4-M KCl 0.56±0.06

1 wt % lysozyme+0.1-M KBr 0.66±0.08

1 wt % lysozyme+0.1-M KF 0.22±0.04

FIG. 7. Time evolved SANS data prior to crystallization on
1-wt % lysozyme in the presence of 0.4-M KBr. The data were
taken for every 10 min up to 1 h until the crystallization occurs.

FIG. 8. Time evolved SANS data prior to and after crystalliza-
tion on 1-wt % lysozyme in the presence of 0.4-M KBr. The data
were taken in 1

2-h intervals up to 20 h. The different data profiles
correspond to a decrease in scattering intensity with the increase in
time.

FIG. 9. The rate of crystallization as a function of time on
1-wt % lysozyme in the presence of 0.4-M KBr.
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V. CONCLUSION

SANS has been used to compare the effect of the salts KF,
KCl, and KBr on crystallization in aqueous solution of
lysozyme protein. The propensity of the salts to crystallize
protein follows the Hoffmeister series �KF�KCl�KBr�
with marked differences in the effect of these salts. For ex-
ample, while the addition of 0.4-M KBr produces crystalli-
zation as early as in about 1 h, it takes about 25 h with KCl
and does not occur even up to two weeks for KF for a similar
concentration of salts. The charge neutralization as a result of
counterion condensation seems to be responsible for the dif-
ferences in the effect of the above salts. Time evolved mea-
surements prior to crystallization show that the protein solu-
tion mostly consists of monomers and dimers and the

fraction of monomers and dimers that leads to crystallization
is very small. It is also found that even after the start of
crystallization to the saturation, the solution mostly consists
of monomers and dimers. Higher-mers are not observed as
perhaps they are formed in very small numbers towards the
process that leads to crystallization.
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