Biochemistry 2009, 48, 1135-1143 1135

Effect of Arginine on Protein Aggregation Studied by Fluorescence Correlation
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ABSTRACT: Arginine has been used extensively as an excipient in the formulation development of protein-
based biopharmaceuticals. We investigate the role of arginine in suppressing protein aggregation and its
mechanism by using bovine serum albumin as a model system. By using sedimentation velocity and
other analytical techniques, we show that the use of arginine inhibits temperature-induced aggregation of
the protein. We use fluorescence correlation spectroscopy and other spectroscopic techniques to show
that arginine inhibits accumulation of partially folded intermediates, potentially involved in the aggregation
process. The hydrodynamic radii of the protein in its native, unfolded, and intermediate states have been
determined using fluorescence correlation spectroscopy at single-molecule resolution. A possible mechanism
of the effects of arginine and its role as an aggregation suppressor has been discussed.

Protein aggregation poses major problems in the develop-
ment of recombinant protein-based biopharmaceuticals. Ag-
gregates are often immunogenic and hence undesirable in
manufacturing and formulation development (/, 2). Ad-
ditionally, aggregation leads to precipitation of active
compounds resulting in loss of ingredients as well as an
increase in material costs. Arginine has been used extensively
to improve refolding yield and to suppress aggregation in a
number of recombinant protein systems (3—5). Addition of
a high concentration of arginine has been shown to improve
therecovery of antibody molecules from protein A columns (3, 6).
While the use of arginine in the manufacturing and formula-
tion of therapeutics has been growing, the mechanism of its
action is still unknown. It has been shown previously that
arginine may be different from other amino acids like glycine
or proline by virtue of its protein perturbing nature (7).
Baynes et al. recently suggested that arginine inhibits
aggregation by slowing protein—protein interaction and its
role can be predicted by gap effect theory (8). Gap effect
theory suggests that solution additives like arginine, which
is much larger than water, increase the activation energy of
protein—protein association without changing the free energy
of isolated protein molecules (8).

Guanidine hydrochloride is a known protein-denaturing
agent. Arginine also contains a complex guanidinium group
in its chemical structure. It has been suggested that arginine,
by virtue of its structural similarity with guanidine hydro-
chloride, may have a protein destabilizing role (7, 9). It has
been shown recently that arginine has weak binding affinity
toward the aromatic region of a protein (3).

Fluorescence correlation spectroscopy (FCS)' is emerging
as an important technique in modern biochemistry and

biophysics for studying diffusional and conformational
properties of labeled biomolecules at single-molecule
resolution (/0—13). FCS measures fluorescence fluctuations
in a small observation volume while the system is kept under
thermodynamic equilibrium. These fluctuations can originate
either from the molecular diffusion inside the observation
volume or through any chemical kinetics or conformational
events. It has been shown recently that FCS can be used to
detect protein folding intermediates in the unfolding pathway
of intestinal fatty acid binding protein (/4, 15). The confor-
mational dynamics of the fatty acid binding protein in its
folded and unfolded states have also been monitored by FCS
(16). The application of FCS has been extended to study
protein aggregation and protein—protein interactions both in
solution and in a cellular environment (/7—21).

In this work, we used FCS in conjunction with other
biophysical techniques to study the effect of arginine on
protein aggregation using bovine serum albumin (BSA) as
a model protein. We chose BSA for our study because it
plays key roles in the transport of a large number of
commonly used drugs. Additionally, the conformational
properties and aggregation of BSA have been extensively
studied (22—25). We show using a number of analytical
techniques, including sedimentation velocity, dynamic light
scattering, and gel electrophoresis, that the heat-induced
aggregation of BSA is inhibited by addition of arginine. To
understand the roles of arginine in protein stability and
conformation, we have studied unfolding transitions of BSA
using a number of techniques, including far-UV circular
dichroism (CD), steady state fluorescence, and FCS. By using
FCS, we have calculated the hydrodynamic radii of BSA in
its native, unfolded, and intermediate states. We show that
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arginine inhibits the formation of partially folded intermedi-
ates in the unfolding transitions of BSA which may have
direct relevance with respect to its ability to block protein
aggregations.

MATERIALS AND METHODS

Protein Sample and Reagents. BSA (A7638) was obtained
from Sigma Chemical Co. (St. Louis, MO). Urea and
acrylamide were obtained from Sigma-Aldrich at the highest
available grade. Alexa488Maleimide was obtained from
Molecular Probes (Eugene, OR). DL-Arginine (for CD
experiments) was obtained from MP Biomedical. All other
reagents used were high-grade analytical reagents. For
tryptophan fluorescence and CD experiments, 20 mM sodium
phosphate buffer (pH 7.5) was used, and for sedimentation
velocity experiments, phosphate-buffered saline (PBS) buffer
(pH 7.4) was used.

Sedimentation velocity experiments were performed using
a Beckman Optima XL-I analytical ultracentrifuge at 20 °C
using an An-50 Ti rotor. To avoid any suspended particle,
protein samples as well as the reference buffer solutions were
centrifuged at 5000 rpm for 4 min at room temperature in a
tabletop centrifuge (Tarson) immediately before the experi-
ments. Aggregated protein samples of 400 uLL were loaded
against 420 uL. of equivalent buffer as a reference into 12
mm charcoal-filled Epon centerpieces and centrifuged at
42000 rpm for 8 h. Sedimentation velocity data were
analyzed with SEDFIT using the continuous c(s) distribution
model (26). Collections of the first 55 scans were used for
the analysis with s values between 2 and 40. The positions
of the cell bottom and meniscus were determined manually
and then refined in the final fit.

CD spectra were recorded using a Jasco J715 spectropo-
larimeter (Japan Spectroscopic Ltd.). Far-UV CD measure-
ments (between 200 and 250 nm) were performed with 1
uM protein using a cuvette with a path length of 1 mm. Ten
spectra were collected in continuous mode and averaged. For
near-UV CD experiments (between 250 and 350 nm), ~10
uM protein was used in a cuvette with a path length of 1
cm. Three spectra were recorded in continuous mode and
averaged.

Dynamic light scattering experiments were performed at
25 °C using a Nano-ZS (Malvern Instruments) instrument
(5 mW, He—Ne laser, A = 632 nm). The operating procedure
was programmed (using the DTS software supplied with the
instrument) to record the average of 10 runs, each run being
collected for 30 s with an equilibration time of 3 min.

Steady state fluorescence experiments were performed with
1 uM protein samples using a Hitachi F4500 spectrofluo-
rometer. The samples were excited at 295 nm to avoid
contributions from tyrosine residues. While emission wave-
lengths were scanned between 310 and 450 nm, the emission
intensity at 340 nm was typically plotted for the unfolding
experiments. Necessary inner filter effect corrections were
performed using reported methods (27).

FCS Experiments with Labeled BSA. Labeling of BSA with
Alexa488Maleimide was carried out using a published
procedure (/4). A solution of Alexa488Maleimide in DMSO
was slowly added to a 1 mg/mL solution of BSA with
constant stirring. The molar ratio of the dye and the protein
was kept at 10:1. The resulting solution was incubated for
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5 h at 4 °C with shaking after every 30 min, after which the
reaction was quenched by addition of excess 3-mercaptoet-
hanol. The excess free dye was removed by extensive dialysis
followed by column chromatography using a Sephadex G20
column equilibrated with 20 mM sodium phosphate buffer
(pH 7.5). The extent of labeling was calculated to be
approximately 68%.

FCS experiments were carried out using a commercial
instrument, confocor 3 LSM (Carl Zeiss, Evotec, Jena,
Germany), using a 40x water immersion objective. Ap-
proximately 500 uL of the sample (dye or labeled protein)
was placed into Nunc chambers (Nalge Nunc) and excited
with an argon laser at 488 nm. The fluorescence signal was
separated from the excited line using a main dichroic filter
and collected using avalanche photodiodes (APD). The
photocurrent detected by the APD was used by the correlator
to calculate the correlation function.

FCS experiments were conducted in 20 mM sodium
phosphate buffer (pH 7.5). Typically, 50—100 nM labeled
protein was used. Excess unlabeled BSA was added to Nunc
chambers before FCS experiments to minimize surface
adsorption of the labeled protein samples. To correct for the
refractive index and viscosity of the urea and arginine
solutions, necessary correction measures were taken using a
microscope correction collar and height as described previ-
ously (15). Moreover, FCS experiments were carried out with
a free fluorophore (Alexa488Maleimide) under each solution
condition to normalize the protein data (/7).

Analysis of the Correlation Functions Using a Conven-
tional Method. For a single-component system, the diffusion
time (7p) of a fluorophore and the number of particles (V)
can be calculated by fitting the correlation function [G(7)]
toeq 1:
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where N is the number of particles in the observation volume
and S is the structure parameter, which is the depth to
diameter ratio of the Gaussian observation volume.

The diffusion coefficient (D) of the molecule can be
calculated from 7, using eq 2:
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where w is the beam radius of the observation volume, which
can be obtained by measuring the 7p of a fluorophore with
a known D.

The hydrodynamic radius (ry) of a labeled molecule can
be calculated from D using the Stokes—Einstein equation
(eq 3):
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where k is the Boltzmann constant, 7 is the temperature, and
1 corresponds to the viscosity of the solution.

Data Analysis Using the Maximum Entropy Method
(MEM). The correlation function data were further analyzed
by the maximum entropy method recently applied to FCS
using the MEMFCS algorithm (28). In this method, the
multicomponent correlation function can be represented by
eq 4 as
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where 7 is the number of noninteracting fluorescent species
each of which can have a diffusion time between 0.001
and 500 ms. MEMFCS maximizes an entropic quantity
S = Y.pi In p; to yield an optimized fit.

Equilibrium Unfolding Transition. Protein samples in 20
mM sodium phosphate buffer (pH 7.5) were incubated with
different concentrations of urea overnight at room temper-
ature. The samples were analyzed using different spectro-
scopic techniques like steady state fluorescence, CD, or FCS.
Far-UV CD data were fit to a simple two-state unfolding
transition using eq 5:

0 = {0y + my[urea] + (0, + mp[urea]) exp[—(AG° +
m[urea)/0.58263)]}/{1 + exp[—(AG° +
m[urea]/0.58263)]} (5)

where 6 is the observed ellipticity, 8y and Op are the
ellipiticity values for the native and completely unfolded
proteins, respectively, extrapolated to zero urea concentration,
AG?® is the free energy of unfolding, and m corresponds to
the cooperativity of unfolding transition.

Data Analysis. All the data were analyzed and fit by using
OriginPro version 7.5 (OriginLab Corp.).

RESULTS

Heat-Induced Aggregation of BSA and Effects of Arginine.
Aggregation of BSA was induced by incubating the protein
at 80 °C for 15 min, and the resulting solutions were studied
by sedimentation velocity, dynamic light scattering, and
native gel electrophoresis. Figure l1a shows the continuous
c(s) distribution of heat-treated BSA as obtained by SEDFIT
analysis of sedimentation velocity data. The representative
residual distribution of the fit is also shown, and the
randomness of the residual distribution shows the goodness
of the fit. The continuous c(s) distribution indicates the
presence of a number of different components, including
BSA monomer (sedimentation coefficient of 5), dimer
(sedimentation coefficient of 7.5), and larger aggregates with
unresolved sedimentation coefficients. Figure 1b shows the
variation of the percentage of BSA monomer with arginine
concentration (H). The data show a significant increase in
the monomer percentage. The heat-induced aggregation of
BSA in the presence of arginine was further investigated by
measuring the average radius using dynamic light scattering.
Figure 1b shows the values of the average radii of heat-
treated BSA in the presence of 0, 100, and 500 mM arginine
obtained by dynamic light scattering (O). A systematic
decrease in the values of the average radius in the presence
of arginine provides further evidence that arginine inhibits
BSA aggregation. Figure 1c summarizes the results of native
gel electrophoresis analysis of heat-treated BSA samples,
which clearly shows the increase in the magnitude of the
monomer band with the increase in arginine concentrations
and subsequent decrease in the extent of BSA aggregation
in the presence of arginine.

Secondary and Tertiary Structure of BSA in the Presence
of Arginine Monitored by Circular Dichroism (CD). Far-
UV CD (between 200 and 250 nm) is routinely used to
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FIGURE 1: (a) Continuous c(s) distribution of heat-treated BSA in
the presence of 20 mM sodium phosphate buffer (pH 7.5). The
positions of the monomer and dimer are shown. The residual
distribution of the fit obtained by SEDFIT analysis is shown in the
inset. (b) Effect of arginine concentration on the monomer
percentage [(M) sedimentation velocity data] and the average
diameter [(O) dynamic light scattering data]. (c) Native gel
electrophoresis analysis of the heat-treated BSA samples in the
presence of different concentrations of arginine. Lane 1 contained
heat-treated BSA without arginine. Lanes 2—6 contained heat-
treated BSA samples with increasing concentrations of arginine:
100, 200, 300, 400, and 500 mM, respectively. Heat-treated samples
were prepared by heating BSA samples in the presence of different
concentrations of arginine to 80 °C for 15 min at pH 7.5.

monitor any changes in the secondary structure of a protein.
Near-UV CD, on the other hand, is used to probe tertiary
structure. Far- and near-UV CD spectra of BSA in the
presence of 0 and 500 mM arginine are shown in panels a
and b of Figure 2, respectively. Far-UV CD data show that
addition of arginine did not change the secondary structure
of the protein (Figure 2a). However, far-UV CD data below
215 nm are unreliable as a result of the high sample
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FIGURE 2: Effect of arginine on BSA monitored by (a) far-UV and

(b) near-UV CD. Experiments were performed in 20 mM sodium
phosphate buffer (pH 7.5) at room temperature.

absorbance, particularly in the presence of high concentra-
tions of arginine. Near-UV CD, on the other hand, shows a
small difference around 280 nm, suggesting possible interac-
tion of arginine with the aromatic amino acids of the protein.
While the change in near-UV CD is small and somewhat
inconclusive, independent reports confirm the interactions
of arginine with aromatic residues of a protein (3).

Effects of Arginine on the Urea-Induced Equilibrium
Unfolding Transitions of BSA Monitored by Steady State
Fluorescence and Far-UV CD. To understand the effect of
arginine on conformational stability, steady state fluorescence
and far-UV CD were used to monitor the unfolding transi-
tions of BSA in the absence and presence of different
concentrations of arginine at room temperature. Changes in
the steady state fluorescence provide information about the
changes in the local environment of tryptophan residues. The
decrease in CD at 222 nm with urea concentration corre-
sponds to the unfolding of the secondary structure of an
o-helical protein.

Figure 3a shows the unfolding transitions of BSA in the
presence of 0, 100, 200, 300, and 500 mM arginine
monitored by steady state fluorescence monitored at 340 nm.
Figure 3b shows the corresponding unfolding transitions
probed by far-UV CD. Steady state fluorescence measure-
ments (Figure 3a), which monitor the local environment of
the tryptophan residues, suggest deviation from two-state
behaviors in the presence of 0, 100, and 200 mM arginine.
Over this range of arginine concentrations, urea-induced
unfolding of BSA probed by tryptophan fluorescence has at
least two steps. The first step occurs at a low urea concentra-
tion accompanied by a significant increase in the steady state
fluorescence intensity. This is then followed by a second step
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with a large decrease in fluorescence intensity. Unfolding
of the secondary structure of BSA monitored by far-UV CD
(Figure 3b), on the other hand, is a typical two-state transition
for each arginine concentration. Far-UV CD at 222 nm did
not exhibit any intermediate or pretransition baseline change
either in the absence or in the presence of arginine.

A comparison between the unfolding transitions probed
by steady state fluorescence and by far-UV CD for BSA in
the absence of arginine is shown in Figure 3¢, which shows
a large difference presumably because of the presence of
the intermediate. For example, at 4.5 M urea, a large change
(more than 50%) in the tryptophan fluorescence has been
observed while the change in far-UV CD is insignificant
(Figure 3c). This suggests that the unfolding of the local
environment of tryptophan (steady state fluorescence) and
the unfolding of the secondary structure (far-UV CD) do not
occur simultaneously in the absence of arginine because of
the formation of an intermediate. The secondary structure
of the intermediate is intact, while its tryptophan environment
must be significantly perturbed. Figure 3d shows the corre-
sponding unfolding data in the presence of 500 mM arginine
which can be superimposed with each other. In the presence
of 500 mM arginine, unfolding of the local tryptophan
environment and the global unfolding occur simultaneously,
and no intermediate has been detected by steady state
fluorescence or far-UV CD.

The unfolding transitions of the secondary structure of
BSA (probed by far-UV CD) in the presence of different
concentrations of arginine have been fit to a two-state model
(eq 5), and the parameters obtained are listed in Table 1.
Since the fluorescence data deviate from two-state behavior,
they were not fitted. Both AG®° and m increase with arginine
concentration, indicating the stabilization of the secondary
structure by arginine.

Fluorescence Correlation Spectroscopy (FCS) of Labeled
BSA. While the frequency of application of FCS to biophys-
ics, biochemistry, and cellular biology has been increasing
significantly, a number of artifacts have been noted recently.
It has been noted recently that the observation volume may
deviate from three-dimensional Gaussian approximation at
large pinhole diameters, leading to erroneous components
(29). The effect of optical saturation and its effects on the
autocorrelation function and the measured diffusion coef-
ficients have been described recently (30, 31). Figure 4 shows
the autocorrelation functions obtained from Alexa488Maleimide
at attenuated powers of 1, 5, and 10%. The correlation
functions were fit to a model containing a single diffusing
species (eq 1), and the residual distributions are shown in
Figure 4. The variation of the count per particle (CPP) with
laser power is shown in the inset of Figure 4, which indicates
a linear increase in CPP at lower powers. At higher powers,
CPP values saturate presumably because of optical saturation
and enhanced triplet effects. The residual distribution of the
fit at a low laser power (Ip1% in Figure 4) has been found
to be random. At higher powers (for example, 10% in Figure
4), correlation function does not fit well to eq 1, resulting in
nonrandom residual distribution (Figure 4).

Figure 5a shows a typical autocorrelation function obtained
by FCS with Alexa488Maleimide-labeled BSA in phosphate
buffer. The laser power was kept at 1% attenuation, which
falls at the linear region of Figure 4. The data were fit
successfully to a model containing a single diffusing
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FIGURE 3: Urea-induced unfolding transitions of BSA in the
presence of different concentrations of arginine monitored by (a)
steady state fluorescence emission at 340 nm and (b) far-UV CD
at 222 nm. Arginine concentrations are shown in the figures.
Comparisons between the unfolding transitions probed by steady
state fluorescence emission at 340 nm (O) and far-UV CD at 222
nm (M) are shown (c) in the absence of arginine and (d) in the
presence of 500 mM arginine. All the experiments were conducted
in the presence of 20 mM sodium phosphate buffer (pH 7.5) at
room temperature. The solid line through the CD data in panel b is
the fit to a typical two-state unfolding transition (eq 5). The fit line
shown in the florescence data in panel a is for the purpose of
presentation only, and these data were not used to calculate any
thermodynamic parameters.
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Table 1: Values of AG®, m, and the Midpoints Obtained from the
Unfolding Transitions Monitored by Far-UV CD in the Presence of
Different Concentrations of Arginine”

[arginine] (mM) AG° (kcal/mol) m” (kcal mol™' M™!) midpoint (M)

0 52 -1 52
100 4.1 —0.8 5.1
200 10 —1.6 6.3
300 8 —-13 6.2
500 15 —2.6 5.8

“ Experiments were conducted in 20 mM phosphate buffer (pH 7.5)
at room temperature. ” Slope of the unfolding curve assuming a
two-state model.

Ip 1%
A(\ ﬂu f\/l A A p
v WV'VVvL/V NV
c
2 Ip 5%
=
B
[a]
© 0.005
E Ip 10%
‘% 0.000
[0]
@ -0.005
1.20
1.15
z
o
1.10 &
O
O 1054
W Ipipercent
O Ip5percent
1.00+ A Ip10percent
1E-3 0.01 01 1 10 100 1000

Time, msec

FIGURE 4: Normalized autocorrelation functions obtained from the
FCS experiments with Alexa488Maleimide in the presence of
different laser powers. The residual distributions obtained from the
data fit to eq 1 are also shown. The inset shows the values of count
per particles in kilohertz with power. A straight line simulated using
the initial data points is drawn to estimate the deviation from the
ideal straight-line behavior at higher powers. Nonrandomness in
the residual distributions in the presence of a high laser power is
also indicative of the nonideal nature of the observation volume.
All the experiments were conducted at room temperature using
50—100 nM Alexa488Maleimide in the presence of 20 mM sodium
phosphate buffer (pH 7.5).

component with a 7p of 153 us, and the goodness of the fit
was checked by random residual distribution. Addition of a
second component did not improve the fit. The diffusion
coefficient (D) of the protein was calculated from the value
of 7p using eq 2, and the calculated value (0.6 x 107!! m¥
s) matches well the published result of 0.51 x 107" m?%s
(32). The value of D was used to calculate the hydrodynamic
radius (rg) of BSA using the Stokes—Einstein formulation,
and the calculated value (36 A) agrees with the published
results (33). Moreover, from the crystal structure (34), the
volume of HSA is 192000 A? and the hydrodynamic radius
obtained from the crystal structure (36 A) matches well with
the radius calculated from the FCS data. The correlation data
were further analyzed using the maximum entropy method
(MEM) recently developed by Sengupta et al. (28). The
maximum entropy distribution of Alexa488Maleimide-
labeled BSA is shown in Figure 5b. A single component
with the peak at 161 us was observed which matches well
with the 7 value obtained by the conventional method (153
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FIGURE 5: FCS data of Alexad488Maleimide-labeled BSA. (a)
Normalized autocorrelation function and its fit using eq 1. (b) MEM
profile of the same data. MEM analysis were performed using
MEMEFCS algorithm developed by Sengupta et al. (28). Experi-
mental conditions are the same as those described in the legend of
Figure 4.

Table 2: Values of tp, D, and ry of Labeled BSA under Different
Solution Conditions

m(us)  r(A)

BSA (pH 7.5) 153 36

BSA in the presence of 500 mM arginine (pH 7.5) 126 30

BSA (pH 2) 223 53

BSA in the presence of 4.5 M urea (pH 7.5) 200 47

BSA in the presence of 8 M urea (pH 7.5) 290 68

unfolded BSA in 8 M urea and 500 mM arginine 263 63
(pH 7.5)

“FCS experiments were performed at room temperature. All data are
corrected for viscosity and solution refractive index change.

us). Table 2 shows the diffusion time values and the
calculated radius of BSA under different solution conditions.

The correlation function observed for the labeled protein
in the presence of 500 mM arginine was fit to a model
containing a single diffusing species with a 7p of 126 us.
The calculated ry of the protein in the presence of 500 mM
arginine (30 A) indicates a substantial decrease in the radius
of the protein. While the reason for this apparent decrease
in ry in the presence of arginine is unknown, one possible
hypothesis could be the change in hydration by arginine. We
are planning to test this by NMR using a smaller protein. A
recent sedimentation experiment with oa-crystallin through
a 10 to 40% glycerol gradient has shown an apparent
decrease in the molecular mass to ~360 kDa in the presence
of 300 mM arginine (compared to ~700 kDa in the absence
of arginine) (35).

At pH 2, the values of tp and ry increase to 225 us and

Ghosh et al.
o 300- i | ¥
] J *
g } )
= 200 ) § :
5 e ¥ 03
@ . ¥ ®
53:5’ .
D o o o] Q@ S
100 1 — . .
0 5 10
[Urea], M

FIGURE 6: Urea-induced unfolding transitions of Alexa488Maleimide-
labeled BSA in the absence (M) and presence (O) of 500 mM
arginine. Autocorrelation functions were analyzed using the MEM.
Diffusion time values, after normalization with experimental data
for the free dye obtained at each urea concentration (/5), were
plotted with urea concentration. Experimental conditions are the
same as those described in the legend of Figure 4.

53 A, respectively. A recent FCS study on intestinal fatty
acid binding protein shows a 33% increase in ry at pH 2 as
a result of partial unfolding (/4). Formation of partially
folded states and/or molten globule intermediates at low pH
has been well-documented for a number of different proteins.

Effects of Arginine on the Equilibrium Unfolding Transi-
tion of BSA Monitored by Fluorescence Correlation Spec-
troscopy. Urea-induced unfolding of BSA studied by steady
state fluorescence and far-UV CD indicates formation of a
pretransition intermediate state. This intermediate is char-
acterized by a significant change in the aromatic region of
the protein without any change in the secondary structure
(Figure 3c). The presence of arginine inhibits formation of
that pretransition intermediate, and the unfolding transitions
probed by fluorescence and far-UV CD are superimposable
(Figure 3d). To obtain further insight into the pretransition
intermediate of BSA, we have followed the unfolding
transitions of the protein in the absence and presence of
arginine by using FCS. The correlation functions at different
urea concentrations were fit to a single diffusion component.
Data analysis by the conventional and maximum entropy
method (MEM) yields identical results.

Figure 6 shows the variation of p with urea concentration
in the absence and presence of 500 mM arginine. The urea-
induced unfolding transition, in the absence of arginine,
shows the presence of two distinct transitions. The first
transition or the formation of the intermediate occurs below
5 M urea and is characterized by an ~25% increase in 7p.
The second transition occurs between 5 and 8 M urea and is
characterized a large increase in tp. The second transition
coincides well with the unfolding of the secondary structure
of BSA probed by far-UV CD (Figure 3d). The hydrody-
namic radius of the protein in the intermediate state (in the
presence of 4.5 M urea) was calculated to be 47 A. In the
presence of 8 M urea, when the protein is expected to be
completely unfolded, ry increases to 71 A. In the presence
of 500 mM arginine, tp increases cooperatively with urea
concentration and no intermediate is detected.

Panels a and b of Figure 7 show the effect of 500 mM
arginine on the maximum entropy distribution profiles of
Alexa-labeled BSA in the presence of different urea con-
centrations. In the absence of arginine (Figure 6a), the MEM
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FIGURE 7: Variation of MEM profiles with urea concentration in
the absence (a) and presence (b) of 500 mM arginine. Experimental
conditions are the same as those described in the legend of Figure
4.

distribution shifts gradually to higher 7 values at low urea
concentrations. A second phase of shift in the MEM
distribution occurs after 5 M urea, leading to the unfolding
of the protein. In the presence of arginine, on the other hand,
the MEM distribution does not change initially up to 4 M;
a single phase of a large shift in the MEM distribution occurs
beyond a urea concentration of 4 M.

DISCUSSION

We have used a number of analytical techniques like
analytical ultracentrifugation, dynamic light scattering, and
native gel electrophoresis to show that the addition of
arginine inhibits the heat-induced aggregation of BSA. The
importance of using orthogonal techniques like analytical
ultracentrifugation and dynamic light scattering to detect,
quantify, and characterize protein aggregation has been
discussed recently (36, 37). Analytical ultracentrifugation is
particularly useful as an analytical tool for accurately
estimating the concentration of aggregates as it does not need
use of any interfering column or matrix interaction (like size
exclusion chromatography); it is sensitive and extremely
accurate (38—41). Dynamic light scattering, on the other
hand, is less sensitive but provides useful information at
different protein concentrations (42, 43). This study as well
as previous experiments has shown the importance of
arginine as an additive in increasing the refolding yield and
suppressing the aggregation of a number of protein
systems (3, 4, 44, 45).
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Scheme 1: Effect of Arginine on the Equilibrium Unfolding
of BSA

In absence of arginine:

Native (N)e— Intermediate (I) > Unfolded (U)
P4
3
Misfolded Intermediates ¢ ~~ > Aggregates

In presence of arginine:

Native (N) + Arginine :> Unfolded (U)

We show further that the addition of 500 mM arginine
does not change the secondary structure of the protein
significantly. We have seen a small change in the near-UV
CD and in steady state fluorescence (data not shown),
suggesting that while arginine may have influence on the
aromatic region of BSA, its binding to protein should be
weak. Similar observation has been reported by Ou et al. in
their study on rabbit muscle creatine kinase (43).

We have studied unfolding transitions of BSA in the
presence of arginine by using a number of different
biophysical techniques, including steady state fluorescence,
far-UV CD, and FCS. According to the data presented in
this study, the effect of arginine on the unfolding transition
of BSA can be modeled as shown in Scheme 1.

Intermediate I is partially unfolded with mostly intact
secondary structure. The ry of the intermediate is ~25%
larger compared to that in the native state (Table 2). An
intermediate with a similar 7y has been found to form at pH
2 (Table 2). The unfolded state (U) is extended with a
significantly larger ry. In the presence of 500 mM arginine,
intermediate I is not populated in the unfolding pathway of
BSA which may be important for arginine’s role in inhibiting
protein aggregation.

The data presented here show interesting similarity and
dissimilarity with those of other osmolytes. The free energy
of unfolding, AG®, has been found to increase with arginine
concentration (Table 1), indicating the stabilization of the
protein by arginine. Similar results have been observed with
heat-induced denaturation of BSA probed by differential
scanning calorimmetry (K. Chattopadhyay, unpublished
data). An increase in AG® can be interpreted in the following
way. First, arginine either stabilizes the folded state or
destabilizes the unfolded state of the protein. Alternatively,
even if arginine destabilizes the folded state, it should also
destabilize the unfolded state and the extent of destabilization
of the unfolded states should be greater. The destabilization
of the unfolded states relative to the native states of a protein
by stabilizing osmolytes has been observed by Arakawa and
Timasheff (46) and others (47). Ordering of water molecule
by osmolyte as described by Zou et al. (48) would lead to
an unfavorable transfer of free energy of the peptide
backbone from water to osmolyte, resulting in the destabi-
lization of relatively more extended unfolded states.

The increase in the parameter m, on the other hand,
suggests an increase in AASA (AASA being the change in
the solvent accessibility upon unfolding) as defined by Myers
et al. (49) by arginine. This is not expected as Qu et al. have
shown before that stabilizing osmolytes act on the protein
backbone to contract the unfolded states of a protein (50).
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Our preliminary FCS data on the addition of 500 mM
arginine to the unfolded BSA at 8 M urea result in an ~8%
decrease in 7p (Table 2), which shows that arginine does
indeed contract the unfolded states. Contraction of the
unfolded state by the osmolytes should decrease AASA, and
hence, the value of m should also be decreased. The increase
in m by arginine can be explained by our FCS data, which
suggest a larger contraction of the native state of BSA [~20%
decrease in the diffusion time of BSA by arginine (Table
2)]. However, it should be noted that the presence of an
intermediate in the unfolding pathway would also decrease
the parameter m (57). Both the effects may contribute
together to the overall increase in cooperativity in the
presence of arginine.

The native state contraction of the protein by arginine,
while surprising, has been observed before (35). Guanidine
hydrochloride, which is similar to arginine in structure, was
also found to form a contracted intermediate state at its low
concentration (52). Unlike other stabilizing osmolytes, which
interact exclusively on the protein backbone at the unfolded
states, arginine has been shown to interact with the aromatic
side chains and bind efficiently to either the native state or
the partially folded intermediates of a protein (53, 54), which
is similar to the action of a destabilizing agent like urea or
guanidine hydrochloride.

Formation of intermediate states in the protein folding
pathway has been studied extensively. While the presence
of an on-pathway intermediate can be productive toward
efficient folding of a protein, non-native contact formation
could result in aggregation. The early occurrence of nativelike
tertiary interactions within a molten globule intermediate of
the helical domain of human lactalbumin has been shown
by Peng et al. (55). The initial onset of the native tertiary
fold in the molten globule is expected to lead to significant
reduction in the conformational space to be searched by the
protein which would then be followed by the consolidation
of the side chain packing (55, 56). Non-native contact
formation, on the other hand, would result in the accumula-
tion of stable compact intermediates as shown recently by
Rea et al. (57). These intermediates have undesirable
consequences and must be unfolded before proper folding
can occur (57). Several recent studies have shown the
presence of an extensive structural network in the unfolded
states of a protein (15, 16, 58), and the nature of contact
formation early in the unfolded states may be crucial in
determining the nature of the intermediate states.

It would be interesting to relate arginine’s ability to
suppress aggregation and its role in blocking the intermediate
states of BSA. Another important question which remains
to be addressed is whether these effects of arginine are
protein specific or can be generalized to other protein
systems. It may be possible that arginine interacts early in
the unfolded states and influences the nature of contact
formation. Alternatively, arginine may also bind to the
hydrophobic clusters present in the unfolded states. A
particularly interesting choice of a protein system would be
to understand some of these issues, which folds downhill at
the speed limit (59). It has been shown recently by Chatto-
padhyay et al. that FCS in concert with fluorescence self-
quenching can be used efficiently to monitor rapid contact
formation in the chemically unfolded state of a protein (/6),
and this technique can be useful in verifying this hypothesis.

Ghosh et al.

In this study, we show that arginine can behave both as a
stabilizing and as a destabilizing osmolyte. It contracts the
unfolded state of a protein, which is typical of a protecting
osmolyte like sucrose or betaine (52). On the other hand,
arginine like guanidine hydrochloride or urea can bind
effectively to the partially folded intermediates. The fine-
tuning of both the stabilizing and destabilizing properties of
arginine makes it a potent agent for inhibiting protein
aggregation. Effort is being spent in our laboratory to design
a series of experimental conditions by varying pH and buffer
conditions and by employing a number of different proteins
and their site-directed mutants to modulate the stabilizing
and destabilizing roles of this interesting amino acid.
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