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ABSTRACT Intermolecular interactions between protein molecules diffusing in various environments underlie many biological
processes as well as control protein crystallization, which is a crucial step in x-ray protein structure determinations. Protein inter-
actions were investigated through protein rotational diffusion analysis. First, it was confirmed that tetragonal lysozyme crystals
containing fluorescein-tagged lysozyme were successfully formed with the same morphology as that of native protein. Using
this nondisruptive fluorescent tracer system, we characterized the effects of sodium chloride and ammonium sulfate con-
centrations on lysozyme-lysozyme interactions by steady-state and time-resolved fluorescence anisotropy measurements and
the introduction of a novel interaction parameter, k.. The results suggested that the specific attractive interaction, which was
reflected in the retardation of the protein rotational diffusion, was induced depending on the salt type and its concentration. The
change in the attractive interactions also correlated with the crystallization/precipitation behavior of lysozyme. Moreover, we
discuss the validity of our rotational diffusion analysis through comparison with the osmotic second virial coefficient, Boo,
previously reported for lysozyme and those estimated from Ko.

INTRODUCTION

A precise description of protein interactions in aqueous so-
lution is necessary to understand many biological and bio-
physical processes in which the collective behavior of
proteins are under the control of protein-protein interactions.
One such process is protein crystallization, which remains a
crucial step in x-ray protein structure determination (1,2).
Furthermore, the advancement in treatment of protein con-
densation diseases, e.g., cataracts and sickle cell anemia
(3,4), and the fabrication of nanoscale devices that make use
of the self-assembling nature of proteins (5) rely greatly on a
clear understanding and proper control of protein attractive
interactions.

The osmotic second virial coefficient, B, is a parameter to
characterize protein interactions originated from integration
of weak noncovalent interactions such as excluded volume
effects, van der Waals attractions, electrostatic repulsions, and
hydrophobic and hydration forces (6,7). George and col-
leagues (8) have demonstrated empirically that a narrow range
of slightly negative values of B,, observed in dilute protein
solutions strongly correlates with the crystallization condi-
tions of globular proteins. Fuelled by this pioneering work,
intensive efforts have been directed toward the determination
of By, to grasp the feature of protein pairwise interactions
by the sedimentation equilibrium method (9), self-interaction
chromatography (10,11), and, mainly, optical scattering
techniques (12-20). Dynamic light scattering (DLS) mea-
surements, generally used as a diagnostic tool for protein
crystallization (21), demonstrate that the protein concentra-
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tion dependence of the translational diffusion coefficient is
used to estimate By, (12,15,16). Underlying this approach is
the assumption that a spatial gradient in the chemical poten-
tial, which is closely linked to osmotic pressure, is the driving
force for the translational diffusion of protein in solution
(16,22-24). In this way, the measurement of protein transla-
tional diffusion has disclosed protein interactions via By;.
Yet, protein rotational diffusion rarely has been used as an
indicator for investigating protein interactions. Whereas
translational diffusion can be described from movement in a
spatial distance, rotational diffusion can be defined in terms
of a spatial orientation angle (23), thus reflecting more mi-
croscopic changes in the physicochemical nature of protein
including protein size, shape, and hydration state (25,26).
Furthermore, the protein rotational motion is essential for
the ordering process of protein molecules, i.e., protein crys-
tallization. In this context, the investigation of protein rota-
tional diffusion in interacting systems is expected to deepen
our understanding of protein interactions. This study, there-
fore, is aimed at examining molecular interactions of lyso-
zyme by rotational diffusion analysis, as is the case with
translational diffusion (12,15,16). Toward this end, we con-
ducted fluorescence anisotropy measurements, which are a
prominent optical technique to obtain information on the
Brownian reorientation process of fluorophores extrinsically
attached to or intrinsically contained in protein molecules, to
pursue the rotational diffusion of proteins (27). Moreover,
time-resolved anisotropy measurements can differentiate the
entire rotational motion of protein molecules and the fast
segmental motions around a fluorophore. To date, the ap-
plication of this method has been limited to a few studies on
protein interactions associated with crystallization (28-31).
This is due to the undesirable effects on fluorescence caused
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by concentrated protein molecules, which include multiple
light scattering, resonance energy transfer, and the reab-
sorption of emitted photons. As a way to overcome the in-
trinsic disadvantage of the fluorescence method described
above, we examined a small quantity of fluorescent-labeled
lysozyme as a tracer in native lysozyme solution. Rigorous
investigation by Forsythe and colleagues (32) has shown that
a small amount of fluorescent-labeled tracer molecules
(=1.0%) has no marked effects on the crystallization of
model proteins such as lysozyme. Their results support the
validity of the addition of fluorescent tracer molecules to
examine protein interaction related to crystallization.

In this study, we used this fluorescent-labeled system to
characterize the effects of sodium chloride and ammonium
sulfate concentrations on lysozyme-lysozyme interactions by
applying steady-state fluorescence anisotropy measurements
and introducing an interaction parameter, which is analogous
to the one used for translational diffusion (12,15,16). More-
over, the direct measurement of the rotational diffusion
coefficient, D,y, of lysozyme and the differentiation of
contribution from rapid depolarizing motion around the ly-
sozyme N-terminal region were conducted with the time-
resolved fluorescence anisotropy technique. In addition, we
assessed the validity of the interaction parameter obtained
from rotational diffusion analysis through comparison with
the osmotic second virial coefficient, B,,.

MATERIALS AND METHODS
Protein and chemicals

Hen egg white lysozyme (molecular weight of 14,307), six times crystal-
lized, was obtained from Seikagaku (Tokyo, Japan), lacking impurities such
as ovalbumin (33). Fluorescein isothiocyanate isomer I (FITC; molecular
weight of 389) was purchased from Sigma-Aldrich (St. Louis, MO). Sodium
chloride (NaCl; Sigma-Aldrich) and ammonium sulfate (NH4),SO,4; Wako,
Osaka, Japan), used as precipitating agents, were of analytical grade, and all
other chemicals were of reagent grade. All experiments were conducted in
NaAc buffer (100 mM sodium acetate, pH 4.5) prepared with distilled water
from a Milli-Q water purification system (Millipore, Billerica, MO), except
for FITC-labeling experiments. Lysozyme, NaCl, and (NH4),SO, were
dissolved into this buffer to the required concentration after filtering through
a0.22-um sterile filter (Millipore). Lysozyme and FITC concentrations were
determined by absorbance measurements using the extinction coefficient of
2.64 mlmg ' cm™" at 280 nm for lysozyme (34), and the molar extinction
coefficient of 68,000 M~' cm™" (pH 8.0) at 494 nm for FITC.

Labeling of N-terminal amine of lysozyme
with FITC

The covalent linking of FITC to the N-terminal amino group of lysozyme and
determination of the degree of labeling were performed using the experi-
mental guidelines of Brinkley (35). FITC adjusted to 100 mM in anhydrous
dimethyl sulfoxide was added drop by drop to 10 ml of 2 mg/ml lysozyme
solution in 100 mM sodium phosphate buffer (pH 7.5) containing 3% di-
methyl sulfoxide as a cosolvent to keep the molar ratio of FITC/lysozyme =
5. After this conjugation reaction was conducted in an ice water bath, the
reaction mixture was stirred in the dark overnight (>10 h) at 4°C to improve
the selectivity of FITC binding to the N-terminal amino group. Unconjugated
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FITC was removed by gel filtration chromatography on a HiPrep 26/10
desalting column (GE Healthcare, Buckinghamshire, England) equilibrated
with 10 mM sodium phosphate buffer (pH 6.5), followed by extensive di-
alysis. The sample solution was applied to cation-exchange chromatography
(HiPrep 16/10 CM-Sepharose; GE Healthcare) by elution with a 0 to 0.5 M
NaCl linear gradient. As a result, FITC-labeled and unlabeled lysozyme
molecules were separated, and the dye/protein ratio in the FITC-labeled ly-
sozyme (F-lysozyme) was determined to be ~0.8 by absorbance measure-
ments at 280 and 494 nm. F-lysozyme was then concentrated to the desired
final concentration by centrifugation with a Centricon YM-3 (Amicon,
Beverly, MA) after dialysis against NaAc buffer and filtration through a 0.22-
pm sterile filter, and kept frozen at —80°C until use.

Crystallization of lysozyme and F-lysozyme

Crystallization of lysozyme with and without the coexistence of a small
amount of F-lysozyme was carried out using the batch method at 20°C in 96-
well microplates to assess the effect of F-lysozyme added on the crystalli-
zation/precipitation behavior of lysozyme. Three types of solutions were
prepared at a fixed concentration of 60 mg/ml by mixing predetermined
amounts of lysozyme and F-lysozyme. One solution consisted of only ly-
sozyme; the other two solutions contained 0.1% and 1% F-lysozyme, re-
spectively. These protein solutions and the precipitant medium containing
various concentrations of NaCl or (NH,4),SO, in NaAc buffer were mixed at
aratio of 1:1, giving a final protein concentration of 30 mg/ml. Paraffin oil
obtained from Hampton Research (Laguna Niguel, CA) was used to prevent
batch solution from evaporating.

Fluorescence anisotropy measurements

Steady-state fluorescence anisotropy measurements were carried out at 20°C =
1°C on a fluorescence spectrophotometer (HITACHI 850; Hitachi, Tokyo,
Japan) equipped with two polarizers for excitation and fluorescence detection.

Time-resolved fluorescence anisotropy decay data were collected using a
time-correlated single photon counting technique with subpicosecond laser—
microchannel plate-based instrumentation. The excitation pulse was gener-
ated from a mode-locked Ti:Sapphire pulse laser (Tsunami; Spectra-Physics,
Mountain View, CA) pumped by a green-dye laser (Millennia Xs; Spectra-
Physics) operating at a repetition rate of 80 MHz, with a pulse duration full
width at half maximum of 100 fs. A frequency-doubled 480-nm pulse (model
3980; Spectra-Physics) was used for FITC excitation. On measurement, the
pulse repetition rate was reduced to 800 kHz to avoid pulse pileup during
photon counting. Fluorescence emission with vertically polarized excitation
was detected by a microchannel plate photomultiplier tube (model 3809U-
50; Hamamatsu Photonics, Hamamatsu, Japan). The resultant electronic
pulse was transmitted via the constant fraction discriminator (model 935;
Ortec, Oak Ridge, TN) and the appropriate delay line to the time-to-ampli-
tude converter (TAC) (model 457; Ortec) as the start signal. Additionally, the
trigger pulse was detected and amplified by avalanche photodiodes (model
C5658; Hamamatsu Photonics). The output was used as the stop signal for
the TAC after being passed through the constant fraction discriminator and
the delay line. TAC output, after analog-to-digital conversion, generated the
digital signals for the multichannel analyzer (Maestro-32; Ortec). The
channel width was set to 11.8 ps/ch, and the data were accumulated in 2048
channels. The ratio of laser pulse/fluorescence photon was > 100:1 for rel-
evant counting. A Glan-Taylor polarizer was placed just behind the sample
and set at 0° or 90° for measurement of the desired polarization of Iy(#) and
Iyu(?) (Egs. 2 and 3). In all cases, the instrument response function was
decided by measuring the scattered light from a diluted polystyrene latex
suspension (0.1-um diameter) and applied for subsequent data analysis. The
G-factor was decided to be 1.40 by measuring the intensity ratio of the
vertically (/i3v(7)) and horizontally (/yy(#)) polarized emission components
of free FITC molecule with horizontally polarized excitation.

Fluorescence anisotropy measurements of F-lysozyme in the solution
containing 0.1-20.0 mg/ml of lysozyme and various concentrations of pre-
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cipitant (NaCl or (NH,4),SO,4) were performed while keeping the F-lysozyme
concentration constant and dilute (0.03 mg/ml = 2 uM). All measurements
were undertaken within 5 min after preparing the sample solution and per-
formed at 20°C using a thermostated cell. During both the steady-state and
time-resolved measurements, the emission polarizer was rotated from a
vertical to a horizontal orientation to obtain the steady-state values and time-
dependent decays of fluorescence anisotropy. F-lysozyme samples were
excited at 480 nm and fluorescence emission was detected at 520 nm for both
steady-state and time-resolved fluorescence measurements.

Data analysis of fluorescence
anisotropy measurements

Steady-state fluorescence anisotropy, s, is defined as follows:

T Iy + G X 2Ly

where Iy and Iyy are the vertical and horizontal fluorescence intensities
against the vertical excitation, respectively. G is the polarization bias of the
detection instrumentation.

Fluorescence anisotropy decay data were analyzed by means of the
nonlinear least-squares iterative convolution method based on the Marquart
algorithm (36,37). Diagnosis of the fitting adequacy was done using the
statistical parameters such as the sigma value, the serial variance ratio, and
plots of weighted residuals. The decays of vertical (Iyvy) and horizontal (/yy)
components, after vertically polarized excitation, were given as follows (27):

Iy (1) = %1([)[1 + 2r(t)] 2

() = 31011~ r(0)] 3)

6]

rSS

I(r) and r() are the total fluorescence intensity decay and fluorescence an-
isotropy decay, respectively, which could be described as a sum of expo-
nentials. For relatively simple cases, anisotropy decay can be described by a
double exponential function, as follows:

r(t) = Brexp(—t/d.) + Bsexp(—t/ds), )

where ¢ represents the entire rotational correlation time of the protein, and
s represents the rotational correlation time of fast segmental motion around
the fluorophore. B and Bs are the preexponential terms related to the
amplitude of each rotational motion. The subscripts L and S denote the long
and short time components, respectively. Anisotropy decays of F-lysozyme
for all measurement conditions were fit using this equation with maximum
accuracy. Assuming a spherical shape of the protein molecule, the correlation
time for the protein’s entire rotation (¢p) is converted to the rotational
diffusion coefficient, D%,, and is directly related to the hydrodynamic
volume of protein (V) temperature (T), and viscosity of the solution (7)) by the
Stokes-Einstein-Debye relationship, as follows:

1 nV
P = epr AT

rot

®

In addition, the freedom of the segmental mobility, f, is given from the
relative amplitudes (38), as follows:

f Bs

S 6
By + B, ©

Interaction parameter for protein
rotational motion

In a noninteracting system, i.e., at an infinitely dilute protein concentration,
steady-state fluorescence anisotropy, ¢ (Eq. 1), is related to the rotational
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diffusion coefficient of protein, DY, and fluorescence lifetime, , according
to the Perrin equation (39), as follows:

7o
== (1+6D) 1), ()
Tss
where 1y is the initial anisotropy decided only by the angular difference
between the absorption and fluorescence transition moments. Crosio and
Jullien (28) have expanded this equation to an interacting system and in-
vestigated the initial step in the crystallization of ribonuclease A. They
anticipated that an apparent rotational correlation time, ¢,pp, in the interact-
ing system would deviate from ideality in proportion to the protein concen-
tration, and they introduced an empirical virial coefficient, «, for the
rotational mobility. The osmotic second virial coefficient, By,, is directly
proportional to the interaction parameters estimated through DLS measure-
ment of the translational diffusion coefficient of macromolecules (12,15,16).
There is a reciprocal relationship between the rotational correlation time, ¢,
and the rotational diffusion coefficient, D%, (Eq. 5). Therefore, we installed
an interaction parameter, k., associated with the rotational diffusion coef-
ficient of protein following the case of the translational diffusion coefficient.
At the region of the semidilute protein concentration, an empirical relation
between an apparent rotational diffusion coefficient, D,, and the interaction
parameter, &, delineating the deviation from the ideality of protein solution
behavior, is given as follows:

Do = D (1 + ky [C]). ®)

rot

In this case, an apparent fluorescent anisotropy value, 7,

app» Measured by the
steady-state method, is expressed as follows:

To

— = (1 + 6Dy7). 9

Tapp

Dividing Eq. 9 by Eq. 7 and combining it with Eq. 8, we obtained
equations by which the r,,,-value measured was linked to the interaction
parameter, k., as follows:

o (1+10), 1= k,m(l —r> (10)
Fapp )

Using the above relationships, k.-values under the various precipitant
conditions can be estimated from the dependence of r,p, and Dy on the
protein concentration (0—20 mg/ml), which are measured by steady-state and
time-resolved measurements, respectively. If the k-value is negative, the
net interaction has an attractive direction and D, becomes smaller than D?o[,
and vice versa.

RESULTS
Lysozyme/F-lysozyme crystallization

Using NaCl as a crystallizing agent, no crystals emerged
within ~10 h in batch solutions at concentrations lower than
0.5 M. At concentrations between 0.68 and 1.0 M, single
crystals of lysozyme with a clear tetragonal morphology were
observed for all types of protein solution. Fig.1 shows rep-
resentative photographs of tetragonal crystals of lysozyme
formed in 0.85 M NaCl solution containing 0% (A), 0.1% (B),
and 1% (C) F-lysozyme. Under the optical (upper panel) and
fluorescence (lower panel) microscope, no differences in the
morphology or size of crystals were found in three types
of solution. At NaCl concentrations > 1.4 M, amorphous
precipitates were obtained. On using (NH4),SO,4 as the
precipitant, there were no precipitates or crystals = 1 M.
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Amorphous precipitation occurred spontaneously after mix-
ing batch solutions at higher concentrations (1.5 and 1.8 M).
For both cases using NaCl or (NH,4),SO,, the addition of a
small amount of F-lysozyme did not disrupt lysozyme crys-
tallization and precipitation. These crystallization behaviors,
including the time required to crystallize, are in accordance
with the lysozyme crystallization and precipitation kinetics
mapped to its phase diagram (40). Furthermore, Forsythe and
colleagues (32) confirmed visually and by x-ray analysis that
the nucleation rate and qualities of lysozyme crystals were
not affected by adding labeled protein up to a mixture level
of 1%. Two kinds of lysozyme fluorescent derivatives were
used in their investigation. One was singly labeled on
N-terminal amine, and the other was randomly labeled on
&-amino groups of six lysine residues with a carboxyrhodamine
succinimidyl ester (molecular weight of 555.89) (32). Because
carboxyrhodamine succinimidyl ester has a larger molecular
size and is more hydrophobic than FITC, it is reasonable to
conclude that the presence of a trace of F-lysozyme does not
affect the crystallization of lysozyme. Thus, protein interac-
tions leading to crystallization are not significantly influenced
by the labeling of N-terminal amine of lysozyme with FITC.

Effects of sodium chloride

Steady-state fluorescence anisotropy

Typical results of steady-state fluorescence anisotropy mea-
surements are seen in Fig. 2 A as the plot of 7/, versus the
lysozyme concentration at various NaCl concentrations
(0,0.85, and 1.7 M). When r/r,,,-values were plotted based
on Eq. 10, they decreased linearly with an increasing protein
concentration, indicating that average rotational motion of
F-lysozyme is retarded. The straight solid lines in Fig. 2 A
produced by least-square fits to the data gave a definitive
extrapolated value, which was the anisotropy value in the
noninteracting system, ry. The resulting rg-values were ap-
proximately constant (0.22—0.23). According to Eq. 10, the
ro-value of fluorescein (~0.4) was used to obtain the pa-
rameter k. (41). Fig. 2 B depicts the dependence of k&, on
the NaCl concentration. In all cases, k,,, was negative and
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FIGURE 1 Bright field (upper) and fluorescence (lower)
images of crystals of lysozyme (A), and lysozyme with
different concentrations of fluorescent-labeled lysozyme:
(B) 0.1% and (C) 1%. All crystals were grown by the batch-
method with 0.85 M NaCl at 20°C. Fluorescence observa-
tion was done with constant laser excitation of 488 nm
(10X magnification; incubation time = 5 days).

decreased monotonically from —0.44 X 10~% ml/mg at 0 M
NaCl to —1.96 X 10~ ml/mg at 1.7 M NaCl.

These results can be explained by the increase in attractive
interactions between lysozyme molecules. George and col-
leagues (8) assumed that the B,,-values representing non-
ideal behavior in a semidiluted protein solution also reflected
intermolecular interactions similar to supersaturated solu-
tions. Based on this assumption, Muschol and Rosenberger
(12) demonstrated that the linear relationships in the plots of
static light scattering against the protein concentration in the
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FIGURE 2 Variation of lysozyme interactions with NaCl concentration
from steady-state results. (A) Effects of increasing NaCl concentration on
apparent fluorescence anisotropy of fluorescein-tagged lysozyme. The NaCl

concentration is indicated near the line. (B) The interaction parameter . as
a function of NaCl concentration.
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lysozyme-NaCl supersaturated region were caused by the
changes in intermolecular force rather than by aggregate
formation. Also, DLS measurement by Skouri and colleagues
(42) showed no larger scatters other than lysozyme monomer
in a solution containing 20 mg/ml lysozyme and 3%—5%
NaCl. Hence, the persistence of linearity in 7/7pp plots over
the wide range of protein concentration (Fig. 2 A) suggests
that the change in fluorescence anisotropy is caused by pro-
tein interactions. Furthermore, the observed downward trend
of negative k,,-values with an increasing NaCl concentration
indicates that the increment of attractive interactions would
be expedited by increasing NaCl content, correlating with the
crystallization behavior of lysozyme.

Time-resolved fluorescence anisotropy

We further examined the effect of NaCl on protein interac-
tions through the direct measurement of the rotational dif-
fusion coefficient, D, by atime-resolved technique. Fig. 3 A
shows the vertically (Iyv) and horizontally (/yy) polarized
emission decays of F-lysozyme with 0.5 mg/ml lysozyme in
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FIGURE 3 Example of time-resolved fluorescence anisotropy measure-
ment results (A). (Upper) Parallel (Iyy) and perpendicular (/yy) emission
decay of fluorescein-labeled lysozyme in 0.5 mg/ml lysozyme solutions at
pH 4.5. (Lower) plots of weighted residuals. (B) Time-resolved fluorescence
anisotropy decay of fluorescein-labeled lysozyme in 0.5 mg/ml unlabeled
lysozyme.
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NaAc buffer at 20°C. By applying the global analysis pro-
cedure, the anisotropy decay r(f) could be well fitted to the
double exponential kinetics for each condition (Egs. 2—4).
The weighted residuals of the fittings for Iyv(f) and Iyy(f) are
shown in the lower panels of Fig. 3 A. The acquired sigma
value and the serial variance ratio of Iyv(¢) and of Iyy(f) were
1.03, 1.93, and 1.89, respectively, and a random distribution
of residuals could be visually ascertained. Fig. 3 B shows the
fluorescence anisotropy decay, r(¢), of F-lysozyme in 0.5 mg/
ml lysozyme. Two rotational correlation times were ob-
tained: ¢y, = 5.66 ns (B = 0.29) and ¢5 = 0.17 ns (Bs =
0.06). In addition, anisotropy decay, r(¢), was fitted as a sum
of two exponential components for all other conditions.
According to the Stokes-Einstein-Debye relationships (Eq. 5),
the hydrodynamic radius was calculated to be 17.6 A from
the ¢ value on the condition of solution viscosity n = 1.0 cP
and 293 K. This value almost corresponds to the equivalent
spherical radius of a lysozyme monomer (17.2 A), estimated
from the crystallographic structure of lysozyme, being
slightly smaller than that estimated from DLS (19 A) (12).

According to Eq. 5, the ¢ value is converted to the ap-
parent rotational diffusion coefficient D, Linear fitting of
D, plots against the added protein concentration under the
presence of NaCl gave intercept values of the rotational
diffusion coefficient at an infinite dilution, D%,,. Through
every measurement condition, the obtained DY, values
converged within the fairly narrow range from 2.7 X 107 s~
to 3.0 X 107 s™', from which the hydrodynamic radius of
lysozyme is determined to be 17.5—18.1 A. These values of
D?m also are shown to be in good agreement with the theo-
retical value (2.8 X 107 s ') calculated from the realistic
structural model assuming actual shape and smoothed sur-
face of the protein (43).

Fig. 4 A shows the plots of D, normalized by D?m versus
the lysozyme concentration at various NaCl contents. Here,
although the plots of Dy, /DY, in Fig. 4 A seemed to be
somewhat dispersed, this was within the experimental error
on measurements of the rotational correlation time. As also
seen in the steady-state results, the entire rotational motion of
F-lysozyme was restrained (the rotational diffusion coeffi-
cient decreased) as the protein concentration was increased.
This tendency was more pronounced with increasing NaCl.
Based on Eq. 8, the interaction parameter k,,, was directly
extracted from the slope of the linear regression of the protein
concentration dependence of D,/ Dfot shown in Fig. 4 A. The
longest ¢ value of 9.80 ns observed in the 10 mg/ml lyso-
zyme solution at 1.7 M NaCl was markedly smaller than that
of the lysozyme dimer (16.5 ns) formed at pH 9, derived from
magnetic relaxation dispersion data (44). This fact corrobo-
rates that no aggregate formation occurs. Additionally, the
obtained values of ¢ (<9.80 ns) remain confined to the
approximate range of the recoverable rotational correlation
time (45), 0.17 < ¢ < 107, where 7 is the probe’s fluores-
cence lifetime. For free FITC, the fluorescence lifetime was
determined to be 2.94 ns.
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FIGURE 4 Variation of lysozyme interactions with NaCl concentration
obtained from time-resolved fluorescence anisotropy measurements. (A)

Normalized rotational diffusion coefficient Dy /DY, versus lysozyme con-

centration with added NaCl in NaAc buffer at 20°C. Dotted lines represent
the linear fits against each plot. The NaCl concentration is indicated near
the line. (B) NaCl concentration—dependence of the interaction parameter
kot from the time-resolved experiment (solid circle). The k. values from
steady-state measurement (see Fig. 2 B) are rescaled and plotted for com-
parison (open circle).

Fig. 4 B compares the variation of k., with increasing
NaCl concentrations with the k,, variation obtained by
steady-state measurement. The monotonic decrease of k.
indicates the increment of attractive interactions induced by
NaCl, where the negative ko goes from —0.76X 10> ml/mg
at 0 M NaCl to —3.8 X 1072 ml/mg at 1.7 M NaCl. The
correlation between lysozyme crystallization and the slightly
negative k,-values demonstrated here is closely analogous
to the crystallization slot of B, proposed by George and
colleagues (8). Also, the marked difference in the strength of
interaction between the steady-state and time-resolved results
is seen at a higher concentration of NaCl. Because steady-
state fluorescence anisotropy measures averaged Brownian
reorientational motions over the overall protein rotational
motion and segmental fluctuation, the disagreement seen in
Fig. 4 B suggests that the contribution from fast segmental
motion on the steady-state anisotropy values presumably
becomes larger as the NaCl concentration increases. How-
ever, the uncertainty regarding the measurement of a shorter
rotational correlation time, ¢g (<500 ps), and the freedom of
the lysozyme N-terminal motion, f (Eq. 6), precludes any
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definite conclusions on that point. Further detailed investi-
gations must be conducted for the correct interpretation of the
segmental motion affected by microscopic changes in the
surrounding environment. In addition, unfavorable effects of
the large segmental flexibility of protein on its crystalliz-
ability also have been explored through molecular engi-
neering (46,47). In this case of lysozyme/F-lysozyme
crystallization, however, such unfavorable effects were not
confirmed. This is probably due to the mobility of the lyso-
zyme N-terminal region being limited, to some extent, by the
disulfide bond between Cys 6 and Cys 127. At this time, the
assumption of Eq. 8 demonstrates that the differentiation of
the depolarizing factor resulting from the rapid, localized
motion of the lysozyme N-terminus leads to the precise de-
scription of the intermolecular interaction if the entire rota-
tional motion of F-lysozyme is used as its indicator.

Effect of ammonium sulfate

To examine the difference between protein interactions
leading to crystallization and those leading to amorphous
precipitation, the effects of ammonium sulfate, which is one
of the most commonly used salts for protein precipitation,
were investigated in a manner similar to that described above.
To our knowledge, no lysozyme crystals are obtained from
(NH4),SOy, at an acidic pH without modified conditions (48—
50). The observed apparent fluorescence anisotropy values,
I, ranged from 0.243 to 0.327, being considerably higher
than those obtained in the presence of NaCl (0.223—0.251).
For every condition, the anisotropy decay, r(f), was well de-
scribed as a sum of two exponential components (¢, and ¢g).

The plots of ry/rapp and Dio /D?ol against the protein
concentration showed linear relationships. The interaction
parameter k., is shown in Fig. 5. Unlike in the case of NaCl,
steady-state and time-resolved measurements yielded almost
the same results. This is because the segmental dynamics
affecting the steady-state anisotropy measurement is inde-
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FIGURE 5 Interaction parameter k., as a function of the ammonium

sulfate concentration (M) measured by steady-state (open square) and time-
resolved fluorescence anisotropy measurement (solid square). The dotted
line is only a guide for the eye.
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pendent of (NH4),SO, and lysozyme concentrations. At
(NH,4),SO,4 concentrations < 0.6 M, the k,,-values remain
almost constant (—0.76 X 1072 to —0.97 X 10> ml/mg),
indicating that the attractive interaction would not be in-
duced. At increased concentrations of (NH,4),SOy, the values
of k.o decrease steeply, illustrating that a marked increase of
the attractive interaction occurs. Likewise, in the case of
NaCl, the amorphous formation followed the change in k.

DISCUSSION

As mentioned above, fluorescence anisotropy studies con-
sistently demonstrated that the rotational motion of
F-lysozyme was retarded with increasing lysozyme concen-
tration (Figs. 2 A and 4 A). This tendency also was pro-
nounced with increasing salt concentration, which was
reflected in the decrease in the interaction parameter k.
(Figs.2 B, 4 B, and 5). At high salt concentrations, salting-out
effects would be induced. In the salting-out process, the
screening of Coulombic electrostatic repulsion and dehy-
dration at the protein surface by added salts are complexly
intertwined to produce short-range, strong attractive inter-
actions. The observed decrease of the rotational diffusion
coefficient of F-lysozyme probably is caused by the attractive
interaction between lysozyme molecules. However, close
examination is required to determine if some physicochem-
ical factors could affect the rotational motion of protein.

For NaCl, the effect of chloride-ion binding on the protein
interactions and the solution restructuring at the ion-binding
site has been shown to be small (51,52). Therefore, a possible
factor for the cause of decreasing trends of r/7,,, and
DK,[/DgOt (Figs. 2 A and 4 A) is the viscosity increment
brought about by increasing lysozyme concentrations (~20
mg/ml). The normalization of the viscosity increase by
adding NaCl already has been conducted by dividing D, by
D?O[. The dependence of Dy /D?O[ on NaCl should be con-
sidered, given that added lysozyme molecules mutually in-
teract under the respective NaCl concentration conditions.
The addition of these molecules also increases a peculiar
frictional resistance to the rotational mobility of F-lysozyme,
resulting in the attractive interaction. This resistance is pos-
sibly related to the changes in hydration state of the protein
surface. The accurate description of those effects relating to
the protein hydration, however, require other specific tech-
niques, such as the femtosecond fluorescence up-conversion
method combined with strict theoretical analysis (53,54), and
is a key problem to be solved in the future.

Regarding the case of (NH,4),SOy4, formation of the lyso-
zyme-sulfate ion complex may increase the hydrodynamic
radius of F-lysozyme and, thus, cause the decrease in D . It
has been proposed from light scattering studies that the in-
creased binding of sulfate ions to the lysozyme surface at a
low pH significantly induces the repulsive interaction of ly-
sozyme (55). It is highly probable that our observation ex-
perimentally supports this assumption from the standpoint of
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protein rotational dynamics in a concentrated salt solution.
The similar decrease of ry/r,pp and Dyoy /D?m in 0.05-0.6 M
of (NH,4),SO4 may reflect combined effects of the enlarge-
ment of the hydrodynamic radius of F-lysozyme by ion
binding with the increase of frictional resistance, resulting in
the constant k,-values (Fig. 5). It would be reasonable to
suppose that such constant k,, values can be regarded as
competition among the increased repulsion force induced by
water restructuring around bound sulfate ions and the at-
tractive interaction by the salting-out effects.

To assess the validity of the interaction parameter ko
presented here, and to deepen our understanding of protein
interactions that are characterized by the changes in protein
rotational diffusion, we compared the B;, value that was
estimated from £, (described below) with the osmotic sec-
ond virial coefficient B,, that has been measured previously
for lysozyme (14,56). To our knowledge, no theoretical ex-
planations have been established to relate the osmotic second
virial coefficient to the protein rotational motion and the in-
teraction parameter k.. This is because the rotational diffu-
sion is described in terms of the spatial angular difference and
is not influenced by a change in the physical environment
(23). It is unclear how the chemical potential affects the ro-
tational diffusion of macromolecules in solution, whereas
translational diffusion is connected to the osmotic second
virial coefficient via the Gibbs-Duhem relation (22). Nev-
ertheless, the retardation of the rotational diffusion of
F-lysozyme observed here was indeed dependent on the
concentration of lysozyme, NaCl, and (NH,4),SO,, suggest-
ing the involvement of the chemical potential. Based on this
assumption, although it is possible that a more stringent
theoretical treatment is required, B%,-values are estimated
from k,,-values in a similar manner as in translational dif-
fusion (16) by B5, = (kyoy + V)/2Myy, where v is the partial
specific volume of lysozyme (0.703 ml/g), and Myy is the
molecular weight of lysozyme (14,307).

In Fig. 6, B%5-values estimated from k.., were plotted as a
function of ionic strength, together with the second virial
coefficient B,, obtained for the lysozyme-NaCl system
(14,56). Interestingly, the B%,-values were found to be in the
range from —4.0 X 107* to —6.5 X 10~* ml mol/g* at
0.68—1.2 M of NaCl, in good agreement with the reported
Bss-values (14,56), within the crystallization slot (8). Con-
sidering the expression used to derive B%, and B%,’s analogy
to the translational expression, (B, = (kg + v)/2M+y, where
kq is the analogous parameter to ko) (16), it seems that the
rotational diffusion is slowed with increasing protein con-
centration in a manner similar to translational diffusion at
increased NaCl concentrations. In contrast, the discrepancy
between B’ and the reported Bo,-values were confirmed at a
low ionic strength. In this regime, B,, shows a positive value,
being indicative of repulsive interactions. The dependence of
D,ot/DY, on the protein concentration, however, shows a
negative slope (0 M NaCl in Fig. 4 A), resulting in the neg-
ative B’,-value. The osmotic second virial coefficient, B,,,
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generally represents averaged interaction forces between
protein molecules, whereas B, can be obtained from the
changes in protein rotational diffusion being affected by
tangential forces exerting a torque on the protein. It is un-
clear, however, how the averaged force impacts the tangen-
tial force. It also has been shown that the rotational diffusion
is changed with increasing protein concentration due to sol-
vent-mediated hydrodynamic interactions (57) and/or the
long-range electrostatic interactions (58). Thus, a precise
interpretation of the result comparing B,, and BY%, (Fig. 6)
requires further investigations and theoretical considerations
on the protein rotational diffusion, which has a shorter dis-
tance and time scale compared to translation.

In addition, the variation of B%, with ionic strength showed
a distinctive behavior depending on the two salt types, NaCl
and (NH4),SO, (Fig. 6, inset). There was a marked difference
between the ionic strength dependence of B%, for NaCl and
that for (NH4),SO4. This indicates that the ability of NaCl to
induce attractive interactions is stronger than that of
(NH4),SO,4 with respect to the increase of ionic strength.
Similar results were reported by Curtis and colleagues (55).
They pointed out that the attractive force for crystallization
required geometrical complementarity or orientation between
the protein molecules, whereas the attractive interaction in-
duced by (NH,4),SO, was attributed largely to centrosym-
metric osmotic forces, thus triggering the amorphous
formation of protein (55). Because the interaction parameter
k.ot applied here was derived from the protein rotational
diffusion, namely reorientational motion, the variation in the
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attractive interaction with increasing NaCl concentrations
may reflect the orientational process in which protein mole-
cules can relax into a suitable orientation for crystallization.

In conclusion, we have shown that the salt-induced at-
tractive interactions can be reliably monitored through the
retardation of rotational diffusion, producing the negative
k.oi-values, as well as that of the translational diffusion. The
observed difference of the increasing mode of attractive in-
teraction between the two salts can be meaningfully dis-
cussed in terms of the change in hydrodynamic properties of
F-lysozyme and is closely related to the lysozyme crystalli-
zation or amorphous precipitation. Therefore, it is expected
that protein rotational diffusion analysis, combined with
translational analysis, will expand our understanding of
protein interactions from an integrative standpoint.
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