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Abstract

The cytoplasm contains high concentrations of cosolutes. These cosolutes include macromolecules and
small organic molecules called osmolytes. However, most biophysical studies of proteins are conducted in
dilute solutions. Two broad classes of models have been used to describe the interaction between osmolytes
and proteins. One class focuses on excluded volume effects, while the other focuses on binding between the
protein and the osmolyte. To better understand protein—smolyte interactions, we have conducted sedimen-
tation equilibrium analytical ultracentrifugation experiments using ferricytochrome ¢ as a model protein.
From these experiments, we determined the second virial coefficients for a series of osmolytes. We have
interpreted the second virial coefficient as a measure of both excluded volume and protein—osmolyte
binding. We conclude that simple models are not sufficient to understand the interactions between osmolytes
and proteins.
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The cellular medium in which proteins must function con-
tains high concentrations of cosolutes. The cosolutes in-
clude proteins, nucleic acids, and osmolytes, low molecular
weight organic molecules with no net charge. Some organ-
isms change their osmolyte composition in response to en-
vironmental stresses. For example, cartilaginous marine fish
use trimethylamine N-oxide (TMAO) to counteract high
concentrations of urea (Yancey et al. 1982). Here, we pre-
sent data on the interaction between iso- 1-ferricytochrome ¢
and osmolytes.

Contrary to cellular conditions, most biophysical studies
are conducted in dilute solutions (i.e., in the absence of
cosolutes). Therefore, data from these studies may bear little
resemblance to the way proteins behave in vivo (Zimmer-
man and Minton 1993).

Many osmolytes stabilize proteins in vivo and in vitro
(Hofmeister 1888; Singer and Lindquist 1998; Saunders et
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al. 2000). However, the stabilization mechanism is poorly
understood. In general, two classes of models are used to
explain the effects of osmolytes on protein stability (Saun-
ders et al. 2000 and references therein). The first class fo-
cuses on the binding between osmolytes and proteins. The
other class focuses on excluded volume effects arising from
the increased steric repulsions between osmolytes and the
protein. The binding models claim that osmolyte-induced
stability increases arise from preferential binding of the os-
molyte to the native state. The excluded volume models
focus on the fact that osmolytes limit the conformational
freedom of proteins by driving them to their most compact
state, the native state. The decrease in conformational free-
dom arises from steric repulsions between the protein and
the osmolyte.

The actual mechanism must be a combination of the two
classes, and models based on this combination lead to valu-
able insight. The fact that osmolytes take up space in solu-
tion cannot be denied. The resulting steric repulsion is
shown by osmolyte-induced stabilization of the A-state of
cytochrome c¢ in the absence of counterions (Davis-Searles
et al. 1998; Saunders et al. 2000). The intramolecular re-
pulsions from the positively charged residues in the A-state
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should overwhelm any stability gained from osmolyte bind-
ing. In this instance, steric repulsion between the osmolytes
and the acid-denatured state drives the protein into the A-
state. Osmolytes have also been shown to preferentially
interact with the native state, for example, trehalose with
aldolase (Xie and Timasheff 1997). The questions that need
to be posed are, To what extent do different osmolytes
interact with proteins both through steric repulsions and
through binding equilibria? and Do these interactions vary
between proteins? Both questions are addressed here.

We examined the interaction of osmolytes with the model
protein ferricytochrome ¢ by using sedimentation equilib-
rium analytical ultracentrifugation (SE). We determined the
second virial coefficient (B, \,), the change in cytochrome ¢
activity with respect to osmolyte concentration, for a series
of osmolytes. At low-protein concentrations, B, y; can be
determined by measuring the apparent buoyant molecular
weight of cytochrome ¢ (M4 p,y0y) @s a function of osmolyte
concentration (Cy,). Neglecting higher order terms, B, , is
determined by using the following equation (Jacobsen et al.
1996):

MA(1 = dapg) = MA(1 =Vaps) — My (1
— VmpPs) BA,M[CM(V)] (D

Here the subscripts A and M denote cytochrome ¢ and the
osmolyte, respectively. My is the molecular weight, b, is
the apparent partial specific volume, p, is the density of the
solution, pg is the density of pure solvent, v is the partial
specific volume (0.73, 0.61, 0.84, and 0.96 cm® g~' for
cytochrome ¢, polyols, betaine, and TMAO, respectively
[Durchschlag 1986]), and Cy(r) is Cy; as a function of
radial distance in the ultracentrifuge cell. For small coso-
lutes such as the ones studied here, Cy,(r) is constant be-
cause the rotor speed required to form a protein concentra-
tion gradient is too low to form an osmolyte concentration
gradient. In equation 1, the left-hand side is My y,,,, in the
cosolute solution, the first term on the right-hand side is
M 4 pyoy in dilute solution, and the second term on the right
contains the buoyant molecular weight of the osmolyte
(M1 puoy)- Linear regression of My ., With respect to Cy
yields a slope that depends on By y; and My, p,,,,- We have
assumed that v does not change when osmolytes are added
to the solution. This assumption has certainly been shown to
be correct for aldolase (Ebel et al. 2000).

Virial coefficients are fundamental thermodynamic pa-
rameters. In the present situation, B, y, is the coefficient of
the term in C,C,,; and, hence, includes a contribution from
complex formation between A and M, as well as the con-
tribution from physical (i.e., excluded volume) protein—co-
solute interactions. According to the model used here,
Bam = B*an — Kam» Where B*, \; and K, \; are the no-
tional coefficients for the nonassociative and associative
clusters, respectively (Wills et al. 2000). Interpreting the

experimentally measured thermodynamic parameter By s,
thus, becomes model dependent because any conclusion
about the magnitude of the solute—cosolute binding constant
depends on the value assigned to the coefficient for nonas-
sociative clustering. Only in instances in which B, \; is
negative (see data below for stachyose) can cosolute bind-
ing be established unequivocally, for B*, y; is necessarily
positive. Nevertheless, the assignment of a reasonable esti-
mate to the covolume radius 7, \; (=74 + 1y [Schachman
and Lauffer 1949]) allows the calculation of B*, \; and,
hence, a consequential inference about the magnitude of
Kam-

Interpreting fundamental thermodynamic parameters at
the molecular level requires a model. Although models dis-
tort a parameter’s meaning, models are useful if they pro-
vide physical insight. The model used here interprets B
as a measure of the extent of steric repulsion and protein—
osmolyte binding. If the interaction between the osmolyte
and the protein is limited to steric repulsions, B, will
equal B*, ,; (Jacobsen et al. 1996). Assuming that both
species are spheres, the covolume radius (r4 ;) calculated
from B4 s should equal the sum of the protein and osmolyte
radii (r, + ry). If the osmolyte binds to the protein, then
ram Will be smaller than the sum. If repulsive charge—
charge interactions (i.e., Donnan effects) between the pro-
tein and the osmolytes are important, then r,,; will be
larger than the sum.

Results

Osmolytes interact with cytochrome ¢

The buoyant molecular weight decreases linearly with os-
molyte concentration for each osmolyte except stachyose
(Fig. 1). Fitting to a linear model allows the calculation of
B m and, subsequently, 7,y (Table 1). My 1,0, in dilute
solution is 3700 + 300 g/mole, which corresponds to a mo-
lecular mass of 13.7 kD = 1.1 kD. This molecular mass is
within error of that calculated from the sequence, 12.7 kD.

To test our model, it is helpful to define a range of r,
values that can be compared to the observed value. If the
observed value is within this range, then the interaction
between the protein and the osmolyte is limited to steric
repulsions. If the observed value is larger than this range,
then there are Donnan effects. If the observed value is
smaller than this range, then the osmolyte binds to the pro-
tein. The sum of the hydrated radii define the upper limit for
ram-> and the sum of the unhydrated radii define the lower
limit (Winzor and Wills 1995).

The unhydrated osmolyte radii were calculated by using
a bond-counting procedure (Edward 1970). These radii
range between 2.7 A for TMAO and 5.0 A for stachyose
(Table 1). The hydrated radii of glucose and sucrose, the
only two osmolytes that have reported hydrated radii, are
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Fig. 1. Plots of the buoyant molecular weight of cytochrome ¢ M ,(1-vp)
versus molar osmolyte concentration Cy, for betaine (triangle) glucose
(square), melezitose (circle) and stachyose (diamond). The uncertainty
(%300 g/mole™") for no osmolyte is from five repetitions and is assumed to
be representative of all uncertainties. The lines are linear least-squares fits.
The slopes —dM 4 yu0,/dCyy are shown in Table 1.

2.5 and 3.2 A, respectively (Winzor and Wills 1995). The
unhydrated radius of cytochrome ¢, 16 A, was calculated by
using the equation r, = \3/ 3vM /AN, where N is
Avogadro’s number (Winzor and Wills 1995). The hydrated
radius of cytochrome c, calculated from solvent accessible
surface area, is 22 A (Saunders et al. 2000). Therefore, if
steric repulsion is a complete explanation for the interaction
of cytochrome ¢ with the osmolytes, then r, \; values cal-
culated from B, ), should be 20-27 A (Table 1).

With the exception of TMAO, the observed values of
ram derived from B, \; are less than the smallest calculated
ram values. This supports the idea that the polyols and

Table 1. Protein-osmolyte excluded volumes

betaine bind to cytochrome c. These data also suggest that
only TMAO is completely excluded from the surface of
cytochrome c.

Discussion

Stachyose causes aggregation

Aggregation is shown by the direct dependence of the
M 5 pyoy O stachyose concentration (Fig. 1), but the cause of
this aggregation remains unclear. Stachyose differs from the
other polyols studied in that it is larger and contains two
galactose moieties. Sucrose and melezitose have only glu-
cose and fructose moieties. However, thermal denaturations
of cytochrome c¢ in the presence of galactose and glucose
yield similar results (Saunders et al. 2000), which is incon-
sistent with the galactose moieties causing the aggregation.

Osmolytes interact differently with cytochrome ¢
and bovine serum albumin

Comparing our data for cytochrome ¢ to vapor pressure
osmometry data for bovine serum albumin (Courtenay et al.
2000) show that osmolytes interact differently with these
two model proteins. Both studies show that polyols bind to
proteins. Betaine is most excluded from bovine serum al-
bumin and TMAO is only slightly more excluded than the
polyols, whereas TMAO is completely excluded from cy-
tochrome ¢, while betaine behaves like a polyol. The con-
stant radius observed for the polyols, despite the size range,
may reflect compensation between binding and osmolyte
size.

Both betaine and TMAOQO are zwitterions, whereas the
polyols are uncharged. Interactions between the charged
groups of zwitterions and proteins may depend on the sur-

My, Pn.cale” —dM 5 ouy/dCrs" Ban®* Fam™
Osmolyte (g mole™") A) (g L mole™?) (L mole™") A)
TMAO 111 2.7 140 = 100 32+24 3810
betaine 135 3.1 270 + 80 13+4 17+2
glucose 180 32 800 = 100 122 17+1
sucrose 342 4.0 1400 + 500 10+4 16 +2
melezitose 504 4.6 1900 + 700 10+3 16+2
stachyose 667 5.0 —2400 = 800 -9+3 na’

# Osmolytes radii (ry .,.) Were calculated by using the method of Edward (1970).
® The uncertainties for —dM , p0,,/dCy, are the standard deviations for a linear regression of the buoyant mo-
lecular weight of cytochrome ¢ on osmolyte concentration.

© Bam was calculated from —dM » 1,y

/dCy, by using equation 1.

d ram Was calculated from B, y, by using the equation r, \ = \3/ 3B, /4 and applying the assumptions

discussed in the text.

¢ The uncertainties for B, ,; and 7, s are from propagating the uncertainties (Taylor 1982) in —dM 4 1,0,,/dCys
through equation 1 and then through the equation in footnote d.

"Not applicable.
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face potential of the protein. In addition, we may be observ-
ing Donnan effects between cytochrome ¢ and TMAO that
further repel this osmolyte from the protein surface.

Conclusions

Proteins have evolved to function within a solution crowded
with other proteins, nucleic acids, and osmolytes. However,
most experiments are conducted in dilute solutions and little
is known about the interactions between proteins and os-
molytes. There are two simple theories for these interactions
(Saunders et al. 2000). One theory states that osmolytes
interact with proteins solely through steric repulsions, and
the second contends that there are binding equilibria be-
tween proteins and osmolytes. The experiments described
here offer a systematic approach for dissecting these inter-
actions.

Our data show that with the exception of TMAOQ, all the
osmolytes studied bind cytochrome c. This conclusion is in
general agreement with the results from the bovine serum
albumin study (Courtenay et al. 2000). However, betaine is
most excluded from bovine serum albumin, whereas TMAQO
is most excluded from cytochrome c. These two sets of
experiments show that steric repulsions alone are not
enough to describe the interaction between osmolytes and
proteins. These data also show that osmolytes interact dif-
ferently with each protein. In conclusion, it appears that
simple models are not sufficient to understand osmolyte—
protein interactions.

Materials and methods

Protein purification

The C102T variant of Saccharomyces cerevisiae iso-1-ferricyto-
chrome ¢ was used throughout. This variant facilitates biophysical
characterization but does not alter the structure or function of the
protein (Cutler et al. 1987; Gao et al. 1991; Berghuis and Brayer
1992). Recombinant cytochrome ¢ was purified from Escherichia
coli, as described previously (Pollock et al. 1998; Morar et al.
1999). After purification, cytochrome c¢ was oxidized with
NH,(Coldipicolinate],; Mauk et al. 1979). The protein was then
dialyzed into 50 mM dimethyl glutarate (DMG), pH 6.0, and con-
centrated to ~0.7 mM. The concentrated protein was stored at 4°C.
Distilled and deionized water was used throughout.

Sample preparation

D(+)-glucose, sucrose (>99.5%), b(+)-melezitose (minimum 99%),
stachyose (minimum 98%), TMAO (dihydrate), and betaine (an-
hydrous) were purchased from Sigma and used without further
purification. Cytochrome ¢ was exchanged into the highest con-
centration of each osmolyte by diluting the protein into a solution
containing 50 mM dimethyl glutamate buffer (pH 6.0) plus the
osmolyte, concentrating the protein with a Centricon concentrator
(10,000 molecular weight cutoff; Millipore), and then diluting
again with a high-concentration osmolyte solution. The sample

was then diluted to the appropriate osmolyte concentration with 50
mM buffer (pH 6.0). The final protein concentration was ~5 uM.

Analytical ultracentrifugation

Sedimentation equilibrium experiments were performed with a
Beckman XLA ultracentrifuge at the Macromolecular Interactions
Facility at the University of North Carolina at Chapel Hill. The
six-chamber cells were used as follows: Three chambers contained
cytochrome ¢ and three chambers contained buffer. The system
was considered to be at equilibrium when the last two scans over-
laid. The experiments were conducted at 20°C at a rotor speed of
20,000 rpm. Absorbance-versus-radial position traces were re-
corded at 410 nm.

Data analysis

Using Winnonlin version 1.035 for Win95 and WinNT, the data
were fit to the following equation

Ca(r)=Cxyp exp[(r(r2 - r(z))/z] (2)

where r is the radial position, r, is the radius at the meniscus, C,(r)
is the concentration of protein as a function of r, C, is the
concentration at r,, and

2
_ MA,buoy('o
- RT

where  is the angular velocity of the rotor, R is the gas constant
in ergs mole™" K', and T is the absolute temperature (Johnson
et al. 1981; Laue 1995; ftp://spin6.mcb.uconn.edu/pc/win95/
winnonln/). The residuals showed no systematic pattern. My 1,y
was determined from o. Plots of M, versus Cy, were fit to
equation 1 to determine B, y,; (Fig. 1). The results are independent
of rotor speed (data not shown).

Acknowledgments

This work was funded by NIH grant GM42501. We gratefully
acknowledge Ashutosh Tripathy, director of the Macromolecular
Interactions Facility at UNC-CH, for help with the AUC and So-
rina Morar for purifying cytochrome ¢ and preparing some of the
osmolyte solutions. We thank Dorothy Erie, Tom Laue, Don Win-
zor, and members of the Pielak group for helpful discussions.

The publication costs of this article were defrayed in part by
payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 USC section 1734
solely to indicate this fact.

References

Berghuis, A.M. and Brayer, G.D. 1992. Oxidation state-dependent conforma-
tional changes in cytochrome c. J. Mol. Biol. 223: 959-976.

Courtenay, E.S., Capp, M.W., Anderson, C.F., and Record, M.T. 2000. Vapor
pressure osmometry studies of osmolyte—protein interactions: Implications
for the action of osmoprotectants in vivo and for the interpretation of “os-
motic stress” experiments in vitro. Biochemistry 39: 4455-4471.

Cutler, R.L, Pielak, G.J., Mauk, A.G., and Smith, M. 1987. Replacement of
cysteine-107 of Saccharomyces cerevisiae iso-1- cytochrome ¢ with threo-
nine: Improved stability of the mutant protein. Protein Eng. 1: 95-99.

Davis-Searles, P.R., Morar, A.S., Saunders, A.J., Erie, D.A., and Pielak,

www.proteinscience.org 15



Weatherly and Pielak

G.J. 1998. Sugar-induced molten-globule model. Biochemistry 37: 17048—
17053.

Durchschlag, H. 1986. Specific volumes of biological macromolecules and
other molecules of biological interest. In Thermodynamic data for biochem-
istry and biotechnology (ed. H.-J. Hinz), pp 45-182. Springer-Verlag, Ber-
lin.

Ebel, C., Eisenberg, H., and Ghirlando, R. 2000. Probing protein—sugar inter-
actions. Biophys. J. 78: 385-393.

Edward, J.T. 1970. Molecular volumes and the Stokes-Einstein equation. J.
Chem. Ed. 47: 261-270.

Gao, Y., Boyd, J., Pielak, G.J., and Williams, R.J. 1991. Proton nuclear mag-
netic resonance as a probe of differences in structure between the C102T
and F82S, C102T variants of iso-1-cytochrome ¢ from the yeast Saccharo-
myces cerevisiae. Biochemistry 30: 7033-7040.

Hofmeister, F. 1888. On the understanding of the effect of salts. Second report.
On regularities in the precipitating effect of salts and their relationship to
their physiological behavior. Archiv fiir Experimtelle Pathologie und Phar-
makologie (Leipzig) 24: 247-260.

Jacobsen, M.P., Wills, P.R., and Winzor, D.J. 1996. Thermodynamic analysis of
the effects of small inert cosolutes in the ultracentrifugation of noninteract-
ing proteins. Biochemistry 35: 13173-13179.

Johnson, M.L., Correia, J.J., Yphantis, D.A., and Halvorson, H.R. 1981. Analy-
sis of data from the analytical ultracentrifuge by nonlinear least-squares
techniques. Biophys. J. 36: 575-588.

Laue, TM. 1995. Sedimentation equilibrium as thermodynamic tool. Methods
Enzymol. 259: 427-452.

Mauk, A.G., Coyle, C.L., Bordignon, E., and Gray, H.B. 1979. Bis(dipicolinate)
complexes of cobalt(Ill) and iron(II) as new probes of mettalloprotein elec-
tron-transfer reactivity. Analysis of reactions involving cytochrome ¢ and
cytochrome css,. J. Am. Chem. Soc. 101: 5054-5056.

16 Protein Science, vol. 10

Morar, A.S., Kakouras, D., Young, G.B., Boyd, J., and Pielak, G.J. 1999.
Expression of '*N-labeled eukaryotic cytochrome ¢ in Escherichia coli.
JBIC 4: 220-222.

Pollock, W.B., Rosell, F.I., Twitchett, M.B., Dumont, M.E., and Mauk, A.G.
1998. Bacterial expression of a mitochondrial cytochrome c¢. Trimethylation
of lys72 in yeast iso-1-cytochrome ¢ and the alkaline conformational tran-
sition. Biochemistry 37: 6124-6131.

Saunders, A.J., Davis-Searles, P.R., Allen, D.L., Pielak, G.J., and Erie, D.A.
2000. Osmolyte-induced changes in protein conformational equilibria. Bio-
polymers 53: 293-307.

Schachman, H.K. and Lauffer, M.A. 1949. The hydration, size and shape of
tobacco mosaic virus. J. Am. Chem. Soc. T1: 536-541.

Singer, M.A. and Lindquist, S. 1998. Multiple effects of trehalose on protein
folding in vitro and in vivo. Molecular Cell 1: 639-648.

Taylor, J.R. 1982. An introduction to error analysis. The uncertainties in physi-
cal measurements. University Science Books, Mill Valley, CA.

Wills, P.R., Jacobsen, M.P., and Winzor, D.J. 2000. Analysis of sedimentation
equilibrium distributions reflecting nonideal macromolecular associations.
Biophys. J. 79:2178-2187.

Winzor, D.J. and Wills, P.R. 1995. Thermodynamic nonideality and protein
solvation. In Protein-solvent interactions (ed. R. Gregory), pp 483-520.
Marcel Dekker, New York.

Xie, G.F. and Timasheft, S.N. 1997. The thermodynamic mechanism of protein
stabilization by trehalose. Biophys. Chem. 64:25-43.

Yancey, P.H., Clark, M.E., Hand, S.C., Bowlus, R.D., and Somero, G.N. 1982.
Living with water stress: Evolution of osmolyte systems. Science 217:
1214-1222.

Zimmerman, S.B. and Minton, A.P. 1993. Macromolecular crowding: Bio-
chemical, biophysical, and physiological consequences. Annu. Rev. Bio-
phys. Biomol. Struct. 22: 27-65.



