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ABSTRACT The partial specific volume and adiabatic compressibility of proteins reflect the hydration properties of the
solvent-exposed protein surface, as well as changes in conformational states. Reverse micelles, or water-in-oil microemul-
sions, are protein-sized, optically-clear microassemblies in which hydration can be experimentally controlled. We explore, by
densimetry and ultrasound velocimetry, three basic proteins: cytochrome c, lysozyme, and myelin basic protein in reverse
micelles made of sodium bis (2-ethylhexyl) sulfosuccinate, water, and isooctane and in aqueous solvents. For comparison,
we use B-lactoglobulin (pl = 5.1) as a reference protein. We examine the partial specific volume and adiabatic compressibility
of the proteins at increasing levels of micellar hydration. For the lowest water content compatible with complete solubilization,
all proteins display their highest compressibility values, independent of their amino acid sequence and charge. These values
lie within the range of empirical intrinsic protein compressibility estimates. In addition, we obtain volumetric data for the
transition of myelin basic protein from its initially unfolded state in water free of denaturants, to a folded, compact
conformation within the water-controlled microenvironment of reverse micelles. These results disclose yet another aspect of
the protein structural properties observed in membrane-mimetic molecular assemblies.

INTRODUCTION

Although the interiors of folded proteins, or protein do- Gavish et al.,, 1983; Kharakoz and Sarvazyan, 1993;
mains, are compact and well-packed (Klapper, 1971; RichChalikian et al., 1996).
ards, 1977; Richards and Lim, 1994), the packing of amino- Recent developments in acoustic techniques (difference
acid residues is not perfect (i.e., proteins are compressibledltrasound velocimetry) have rendered possible high preci-
In addition to imperfect packing, a significant fraction of sion compressibility measurements of small volumes of
protein compressibility originates from the finite rigidity of solutes, in particular biopolymers (Sarvazyan, 1991). Thus,
the intermolecular interaction potentials. Gekko and No-the experimental study of protein volume and adiabatic
gushi (1979) pointed out that, in addition to imperfect compressibility variation as a function of increasing levels
packing, the presence of internal cavities (Rashin et al.of hydration should become possible and offer unique in-
1986) contributes positively to protein adiabatic (isoen-sights into these observations.
tropic) compressibility as well as volume changes. When Experiments designed to address the latter issue cannot
such voids are large enough to accommodate water moleye performed in a traditional solvent such as water in the
cules, internal water can then act as a structure stabilizasylk state, a medium in which investigations have previ-
(Takano et al., 1997) by maintaining good hydrogen bondgysly been carried out. We have therefore used a non-
between the domains and filling sites of imperfect packing conventional solvent designated as microemulsions, or re-
As a universal solvent, water interacting at the proteinyerse micelles, in this work. Reverse micelles can be
surface contributes negatively to protein volume and comgescribed as water microdroplets dispersed in water-immis-
pressibility. Difficulties in interpreting the precise changesipje apolar solvents (i.e., oils) and stabilized by a mono-
in protein volume and compressibility induced by hydration|ayer of surfactant acting as an interface between oil and
at protein-water interfaces have led to empirical estimates Qfater. The surfactant non-polar tails protrude into the oil,
the intrinsic protein volume, that is, t_he volumg that cannotyphile the polar headgroups are in direct contact with the
be penetrated by the solvent (Paci and Velikson, 1997)central water core. An important feature of the anionic
There is no consensus on the exact value of the compresgyactant sodium bis (2-ethylhexyl) sulfosuccinate (AOT)
|b|||ty_of the solve_n'_[-_maccessmle pr(_)teln core, or intrinsic jg the tight binding by one polar headgroup of about 7 to 10
protein compressibility, due to the diverse approaches usegaier molecules. There is a wealth of information available
by different investigators (Ghekko and Noguchi, 1979; ., erning reverse micelles, such as their structure, their
phase behavior, and the physical properties of the surfactant

, — o micellar bound and free waters (Luisi and Magid, 1986;
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thus be precisely varied and experimentally controlled. Reearefully dried in vacuo. MBP was prepared and purified from bovine
verse micelles are protein-sized and, consequently, can abt@in. as has been previously described (Nicot et al., 1985).
commodate proteins within their water cores. Since micellar

solutions are optically clear, all current spectroscopic meag .
. . Sdample preparation
surement techniques (e.g., absorption, fluorescence, an

circular dichroism) are available. Therefore, the proteinAllthe samples were prepared by first weighing, with a precision 603

concentration solubility and conformation can be deteriMg. the dried, lyophillized proteins on a Model 1712 Sartorius balance, in
mined with high precision 20 ml volumetric flasks (class A 0.04 ml). The solvents used to make up

. the volume at 20°C were solutions of the surfactants (0.1M AOT in
We have undertaken this work to explore the effect Ofisooctane or 0.15 M CE, in decane) with the appropriate amount of water
hydration on the specific volume and compressibility of required to achieve the desired water:surfactant molar ratio. For all proteins

proteins sequestered in the micellar aqueous core. For thised, a precise solubility curve (concentration velgswas established

purpose, we have selected three basic proteins of knowfy optical density at 280 nm, since extinction coefficients are identical in
- . . . . water and in reverse micelles (Luisi and Magid, 1986). Volumetric exper-
structure in aqueous solution and in micellar SOIutlons'iments were always carried out well below the solubility limit. After

Cytc_)Chror_n_eQ lysozyme and m)@“” basic protein. Due to several minutes of gentle shaking and a few seconds of sonication, opti-
their positive charge they experience a strong electrostatigally clear solutions were ready for use.
field in AOT reverse micelles. For comparison, we have Note that proteins are not soluble in isooctane, a water immiscible

also carried out measurements WBHactogIobuIin (p| — solvent. We have been unable to detect traces of protein in the organic

. . . T f I t fl trophot try. E i t iti
5.1). As in water, adiabatic compressibility is more sensitive>CVe"t bY fluorescence spectrophotometry. Experiments under conditions
in which protein would be only partially solubilized and remain suspended

in reverse micelles to protein hydration than volume. In alli; he oi (i.e., turbid samples detected by optical density at 350 nm) were
the proteins examined, we observe a decrease in compressted out, as they would not have been optically transparent. The confor-
ibility as a function of hydration, with the exception of mational properties of the above proteins in reverse micelles have been
mye"n basic protein (MBP). At the lowest water concen- reviewed, and they do not denature during the solubilization process (Nicot

- . . . e _and Waks, 1995). By systematically applying this procedure, we have
tration, compatlble with total protein solubilization, we re found limits of solubilization for each protein studied as a functioMgf

port I_arge CqmpreSSib”ity values in the range of those of gy rejation to their respective size and surface charges. This fact is clearly
protein interior. illustrated in Figs. 1 and 2. For example, whiedactoglobulin cannot be
Moreover, the same experimental strategy has allowed ugmpletely solubilized at a working concentrationd mg/ml) belowW,

to obtain interesting volumetric data on MBP, a peripheral= 10, cytochromee remains partially insoluble at/, values above 22. In
. ontrast to the other proteins, MBP displays a solubility maximum gt W
membrane protein from the nervous system. In water free Oi 5.6 due to its high affinity for membrane-bound water (Nicot and Waks,

denaturing agents, the prOt_ein (_:“Splays a _high degree Qﬂc985). During all the experiments the greatest care has been taken to avoid
conformational flexibility with little periodic structure evaporation of the organic solvent. The samples were always kept in

(Liebes et al., 1975)_ In the aqueous core of reverse miground glassware and transferred without delay to the densitometer and the

celles. however. MBP folds into a well-ordered Compactair-tight ultrasound measurement cells (see below) by the means of glass
periodic structure (Nicot et al., 1985). We have taken ad>"nees:

vantage of this unique structural property to characterize

both the aqueous unfolded and the micellar folded conforygjumetric measurements

mational states of MBP. The controlled micellar microen-

vironment, significantly different from bulk water, appears The densities of micellar solutions and protein-containing micellar solu-

to mirror different aspects of complex cellular conditions tions were determined at 25.@00.01°C using a vibrating tube Anton Paar
P P 'DMA 58 digital density meter standardized by water and dry air. The

and serves as a model of the myelin interlamellar spacgrecision obtained on density is better than 1@ymi~* for a single

(Nicot and Waks, 1985; Waks, 1986), in which MBP is measurement. Each set of measurements was carried out at least five times,

located in myelin. the results averaged, and the value then used to calculate the protein
apparent specific volume, (see below). The stability of the apparatus is
crucial: no evaporation of solvent occurs during the measurement proce-
dure. Obviously, evaporation would result in increasing protein concentra-

MATERIALS AND METHODS tion and dfensity values, and consequently a systematic drift of the density
meter, which we do not observe.

Materials

AOT purchased from Sigma (SIGMA ULTRA) was 99% pure and used J|trasound velocity measurements

after sufficient desiccation in vacuum over phosphorus pentoxide (SICA-

PENT from Merck). The nonionic surfactant, tetraethylene glycol monodo-Several methods of ultrasound velocity determination have been described
decyl ether (G,E,), was obtained from Nikko Chemicals (Japan), and to date, for example, the time-of-flight measurement, the sing-around,
judged to be> 99% pure from gas chromatography. Water-free isooctane resonance, and pulse overlap methods (Braezaele et al., 1981). We have
Pro Analysi grade, was purchased from Merck, while decar#9% pure selected a method based on time-of-flight determination, which offers, in
came from Sigma. Water used in this study was of MILLIQ purity (pH addition to its simplicity, a high precision provided by recent instrumental
around 6). The proteins were from Sigma: hen egg lysozyme (L 6876)and computational advances (Le Howe et al., Compressibility of nano
heart muscle cytochrome (C 7752) and bovine miliB-lactoglobulin (L inclusions in complex fluids by ultrasound velocity measurements. Sub-
3908). After dialysis against cold water and lyophillization, they were mitted for publication).
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Principle We can thus relate the micellar protein solution compressibiBijytg
both the micellar §,) and protein ) compressibilities:

In ultrasound velocity measurements using the time-of-flight technique, a

short electrical pulse is applied to a piezoelectric transducer, converting the B =Bl — ) + Bydy (4)

electrical wave into an acoustical one which then propagates through the

sample. A second transducer converts the received wave into an electric8l B, and¢, are obtained fronp, p;, ¢, u andu, for each value of the

signal, which is compared to the excitation signal. The time intervalwater:surfactant molar ratioA).

elapsed between the emitted and received signals combined with knowl- The protein compressibility is obtained by:

edge of the precise distance between the two transducers allows determi-

nation of the ultrasound velocity. B— B (5)

Bp=Bit+— —

Cpy

Measurement system Eqg. (5) can be written as a function of the protein apparent specific
adiabatic compressibilityg()
One of the principal limitations of the custom-built system resides in

possible temperature drifts. This difficulty is circumvented by the use of a B 1 [N

set of two cells of identical acoustic path enclosed in a single metal Bp =20, — — — Z[U] = (6)
thermostated block (Sarvazyan, 1982). Experiments are carried out at Py P v

25.00+ 0.01°C, in a temperature controlled room. The setup allows the u—u,

sequential determination of the ultrasonic velocity difference between thavhere[u] = TRYN

reference and the measuring cell at identical temperature, achieving a

considerable improvement in sensitivity. First, the two acoustic cells are

filled with the protein-free micellar reference solutiord ml) using a  RESULTS

glass syringe, and velocity measurements are carried out. In a second step,

the measuring cell is drained, rinsed, dried, and refilled with the liquid The reverse micellar system investigated in this work has

under investigation (i.e., the protein-containing micellar solution). Thehaan previously characterized in a protein-free state by

cells are made airtight with Teflon o-rings to avoid any liquid leakage or gt renca yltrasound velocimetry (Amararene et al., 2000).

solvent evaporation. The final precision in ultrasound velocity determina- . . L .

tion is better than 10°. The experimental setup has been described inThe introduction of proteins into the micellar aqueous core

detail elsewhere (Le Hueu et al., Submitted for publication). adds an additional Complexity to the experiments. Stringent
precautions are required to avoid errors in protein concen-

tration that would lead to irreproducible results. As de-

Protein volume and compressibility in reverse scribed in the Materials and Methods section, great care has
micelles been taken to control and avoid all possible sources of error,

The protein apparent specific volume is given by: such as evaporation, protein insolubility, and precipitation.
The difference technique uses as a reference an identical

1 p—p 1 micellar solution devoid of protein. The micelle occupancy

T o (1) by the protein implies a fraction of protein-free micelles.

For example, at\l, = 5 the ratio of free to filled micelles is
This equation applies to both simple aqueous solutions and reverse mi,—v5 for a concentration of 3 mg per ml. This rules out the

celles where ;) is the density of the reference micellar solutiop), the r n f more than on rotein mol | r micell r
density of the protein micellar solution, aied the protein concentration. presence o ore than one prote olecule pe celle o

The experimental measurements of the protein micellar solution densitfN€ €xistence of protein aggregates. Nevertheless, the exis-
(p) and the sound velocityuf allows the determination of the solution tence of protein-free micelles does not interfere with our

adiabatic compressibility, using Laplace’s equation: measurements since the values obtained for such micelles
1 will cancel out by difference. Thus, considering the various

B=—5 (2)  caveats discussed in the Materials and Methods section, our
pu data characterize solely the protein, including its interac-

The adiabatic compressibility of the reference micellar solution becomest'ons' Table 1 summarizes our results: the experimental

errors are of the same order of magnitude as those reported

1 in the literature.
B.= 2 (3)
paly
whereu, is the velocity of the reference micellar solution Cytochrome ¢

In this work we make use of the effective medium theory (Ye et al., __ . . .
1991) to account for the behavior of reverse micelles, because the relevaﬂ-tms' Sma” (13 kDa) basic (pk 10.5) protein .has been
acoustic wavelength is always orders of magnitude larger than the micelistudied in detail, and the crystal structure of ferricytochrome
size. We take one phase to be the continuum fluid, and the second phagejs known at high resolution (Bushnell et al., 1990). Mem-
consists of micellar inclusions randomly embedded in the continuousy -3 ne-hound cytochrontehas also been thoroughly studied

phase. Each of the constituent phases is described by parameters corres. . . .
sponding to the pure phase. We then describe each of the constitue inheiro and Watts, 1994; Cortese et al., 1998)' Dependlng

components as a function of the relative volumes of the constituent phasé the microenvironment, cytochronseappears to adopt a
in terms of several parameters. number of conformational states, for example, the mem-
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brane anionic environment perturbs the native structure ofiterature (Chalikian et al., 1995). In highly hydrated reverse
cytochromec, leading to molten globule-like states (Bych- micelles {\, = 17.8 and 19.2) the micellar microenviron-
kova et al., 1996; Pinheiro et al., 1997). In such states thenent does not seem to affect the specific volume much,
absence of the characteristic absorbance band at 695 nms#ice its absolute value is still 0.726 0.003 ml-g~*.
paralleled with the disruption of Met-80 ligation to the iron When the water amount decrease\{p= 11, we still find
atom (de Jongh et al., 1995). In AOT reverse micellesa value of 0.725 mig~*. However, as hydration decreases
identical spectral characteristics have been reported by Brdurther fromW, = 11 to 8, the volume increases abruptly to
chette et al. (1988) at high water content. The authors have.753 ml- g~ *. It is remarkable that such a volume jump is
interpreted this result by the opening of the cytochraene observed for a rather small changeW) (Fig. 1).

heme crevice under the intense electrostatic field generated

by the membrane anionic polar headgroups (Pinheiro et al.,

1997). We have carried out experiments in water and re- -
verse micelles in the 8.2 to 19\&, range. Compressibility

For the native protein in water, we find a compressibility
B =3=05x10"Palt (¢ = 22 x 10
Pa'-ml-g %), in the same range as Chalikian et al.
In water, the native protein displays a partial specific vol-(1996). In reverse micelles, at the lowest water contéft (
ume of 0.730+ 0.002 ml-g~?% in agreement with the = 8), we obtain a high value for adiabatic compressibility,

Volume

40-0 [+ ¢ T |‘| LN B N B Mt B B B I B N B B A B B B N | = ] 40'0
300 | 4 300
o N ]
‘w [ -
FIGURE 2 Plot of the adiabatic compressibil- f'-' E h
ity B of cytochromec (@), lysozyme [J) and Tc 20.0 L ] 20.0
B—lactoglobulin @) as a function ofA,. On the ™~ r 1
far right, values obtained in pure water are A :_ 1
shown. The experimental conditions are the ¢ - ) A ]
same as in Fig. 1. [ ]
10.0 | A - 10.0
C A
i 03
: o
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TABLE 1 Apparent volumes ¢, and adiabatic compressibilities g of cytochrome c, lysozyme, MBP, and B-lactoglobulin as a
function of W,

Cytochromec Lysozyme MBP B-Lactoglobulin
Wo* Py B ey B ey B ey B
5.6 0.731 35
8.2 0.753 38 0.743 37 0.735 36
11 0.725 25 0.732 32 0.776 39
17.8 0.728 22 0.732 29 0.732 33 0.765 33
19.2 0.726 21
22.4 0.727 25 0.731 33 0.752 27
30 0.727 19 0.754 20
40 0.727 18
45 0.754 13
50 0.754 10
H,O 0.730 3 0.726 7 0.725 -1 0.750 9

Apparent volumes are expressed in-ml %, the maximum error ist 0.003 ml- g~ *. Adiabatic compressibilities are expressed inPa %, the maximum
erroris+ 2 X 10 Pa 't

*In reverse micelles of 0.1 M AOT in isooctane.

"In reverse micelles of 0.15 M tetraethylene glycol monododecyl ethgiE(Tin decaneW, = 22.4; compressibility values for cytochroraeand MBP
are: =4 x 10 Patand 2x 107 Pa %, respectively.

B = 37 x 10* Pa’' (g = 28 = 2x10 '™  Compressibility
Pa *-ml-g%). By increasing hydration t\, = 11, 17.8,

H —11
and, finally, 19.2 (the protein upper solubility limit), the In water, we have obtained a value Brof 6.8 X 10

o _ - Pa?, in agreement with published data (Kharakoz and
compressibility decreases to 212 x 10 ' Pa * (Fig. 2). Sarvazyan? 1993: Priev etpal., 1996). In A(()T reverse mi-

In contrast, in nonionic micelles of .GE, (Merdas et al., . . .
1996), where electrostatic interactions are offset, the com(—:eIIeS we observe a progressive decrease of the adiabatic

pressibility 8 drops to 4.0< 101 Pa * atW, = 22, close compressibility as a function of increasing hydration Vi

_ _ —11 —1 /:
to the value obtained in bulk water. At the same time, we 8.2,p = 37 x 107" Pa " (i. e. of the same order as

observe the full restoration of the visible absorbance band actytochromec) and decreases progressively ulitj = 40,

; —11 1 ; ;
695 nm, implying the religation of Met-80 by heme (spec—f[';']her_e |tbre|akchef 18F1'0 5 Pa_ '.Ilt atlwayts rehmams higher
trum not shown). an in bulk water (Fig. 2), similar to cytochronee

Lysozyme B-Lactoglobulin

The structure of lysozyme (pt 10), an enzyme of 14.5 The major whey protein of the milk of ruminants and other
kDa, is also well documented (Imoto et al., 1972). ltsmammals has an isoelectric point of 5.1. Its structure has
behavior in reverse micelles has been described by Gran&een solved at 1.8 A resolution (Brownlow et al., 1997). It
et al. (1981). Like other basic proteins, its conformationis @ predominantly-sheet protein, consisting ofa-barrel
may be affected by the electrostatic field generated by th&ade of eight antiparalleB-strands. At neutral pH, the
anionic surfactant polar headgroups and the protein positiverotein exists as a dimer of about 35 kDa. It dissociates into
charges. We carried out measurements on lysozyme ifyv0 monomers at pH 2.0, retaining the same x-ray structure

water and in reverse micelles in thé, = 8 to 40 range. ~ @s at neutral pH (Kuwata et al., 1999). We have taken
advantage of the this unusual conformational property to

investigate the volume and compressibility changes of the
Volume protein first in water, then upon subunit dissociation at pH
In bulk water we find a value of 0.726 0.002 ml- g~* for 2.0, and finally ir_1 AOT reverse micelles betwedg values
the apparent specific volume, in good agreement with th@f 11 and 50 (Figs. 1 and 2).
literature (Sasahara et al., 1999). In AOT reverse micelles,
at the highest hydration level measur®d,(= 40), its value
of 0.727 = 0.003 ml-g~* is similar to that measured in
water and remains constant dowrtg = 17.8 (Fig. 1). The In water, the partial specific volume found in literature for
specific volume then increases progressively as the amouii-lactoglobulin is quite variable in the 0.734-0.751
of water present decreases, reaching a value of 0.748l-g *range, probably due to different experimental con-
mlg~*, at the lowest\, measured (8.2). ditions. In this work, we have obtained a value of 0.750

Volume
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ml-g~ %, in good agreement with Gekko and Hasegawaprovides MBP with a chaperonin-like microenvironment,
(1986). In 0.01 M HCI at pH 2.0, as the dimer protein where micelle-assisted folding can proceed in the absence
dissociates into two subunits, it exposes to the solvent af aggregation (Nicot and Waks, 1995).

surface of 568 Aper monomer (Brownlon et al., 1997) and

its volume increases to 0.770 ng 1. The uncorrected

difference corresponds to a value of 370 ml/mole of proteinVolume

However, after correction for carboxyl and histidine proto-\y/a have found for the partial specific volume of MBP in
nation (Foygel et al., 1995), we obtain a difference of only, -~ 4 value of 0.725 0.002 mI- gL, in agreement with

61 mI/moIe of protein, close t(_) experimental error. the value of 0.720 mig~* reported by Liebes et al. (1975)
Turning now _to reverse micelles at t_he highest wateftoy, the amino acid composition. There is no information
content studied in thlﬂ/vor_kl(l_o = 50), we find a volume 9f available concerning the actual value of the apparent partial
0.754 = 0.003 mk g9 S|m_|lar to the aqueous solution specific volume of refolded MBP in its native, membrane-
value. Furthermore, it remains unchan_ged/\!gtvalues °f  hound form in myelin. We determined the volume of the
30 and 22.4. AWM, = 11, the volume increases t0 0.776 o geqd protein in the aqueous core of AOT reverse mi-

P i . . .

mi g ., n the same manner as fpr the other proteins,gjies a5 a function of hydration. At the highest water
studied. Note that in AOT reverse micellgs; lactoglobu- .0t measured\(, = 22.4), its value increases slightly
lin cannot be solubilized at lowed, values. This fact is .00 0725 in water to 0.73% 0.003 X 10~2 ml gt

probably due to its relatively low isoelectric point (p15.1)

R indeed a very modest variation taking into account experi-
and to its size.

mental errors. Moreover, at all oth&Y, values measured
(17.8, 8.2, and 5.6) the volume remains almost constant
o (Fig. 3). It is clear that in reverse micelles the volume of
Compressibility MBP is independent of the amount of water present.

In water, we obtain a value ¢ = 8.8 X 10 ** Pa * for the

dimer, in agreement with the literature (Gekko and Hes- o

awaga, 1986; Kharakoz and Sarvazyan, 1993; Priev et alCompressibility

1996). Note that in 0.01 M HCI at pH 2.(8 increases to e obtain for the adiabatic compressibility of MBP in pure
12 x 10 * Pa* for the monomeric protein. Thus, upon water a value of3 = —1.5 x 10 ** Pa * (¢, = —1.0 X
dimer dissociation, a small increase in volume parallels a0~** pg~*-ml-g~?). In contrast, at the lowest/, value
larger increase in compressibility. Atl, = 11, its com-  measured (5.6) in AOT reverse micelles, the compressibility
pressibility is the highest measured in this stuly= 39 X gptained is rather high: 36 2 x 10 ** Pa . It remains
10 ' Pa’’. It progressively decreases as a function ofconstant regardless of the amount of water present A to
hydration, although the curve profile (Fig. 2) is obviously = 22 4, similar to its apparent specific volume (Fig. 3). This
different from the other basic proteins studied. At the high-ynusual behavior, specific to MBP, will be discussed below.
estW, value (50), the protein compressibility decreases tqt is interesting that at\, = 22.4, in the nonionic (GE,)

10 x 10 ** Pa*, and the curve can be extrapolated to thereverses micelles devoid of electrostatic interactions (al-
value obtained in aqueous solvenf&lactoglobulin can  though other interactions remain operative), we fiid=
thus serve as a reference for comparison with the basig 0 x 107**Pa? (¢, = 1.5X 107 **Pat-ml-g~%). The
proteins. latter value being in the same range as that found for native
cytochromec in water (see Table 1).

MBP

MBP is essential for the formation of the myelin sheath.DISCUSSION

Although the small (18.5 kDa) peripheral membrane basidNVe present in this work novel experimental results obtained
(pl = 10.6) protein has been completely sequenced, itby densitometry and sound velocimetry for proteins in both
three-dimensional structure in native myelin is not known.aqueous solvents and protein-sized reverse micelles. Our
In dilute aqueous solutions, the protein, devoid of disulfideaim was to correlate the volumetric measurements with
bridges, displays a high degree of conformational flexibility increasing levels of controlled hydration. At the same time
(Liebes et al., 1975). The molecular volume of the proteinthis strategy has provided useful volumetric data for a
doubles upon hydration, from 22,0003A0 47,300 &  protein, MBP, in both the refolded and unfolded conforma-
(Martenson, 1978) evidencing extensive solvation. We havéon without the use of chemical denaturing agents.

shown previously that in AOT reverse micelles MBP re- We are fully aware that, in addition to hydration, a
folds from an unordered structure to a stable, ordered comumber of parameters might contribute to the behavior of
formation, much less prone to proteolysis than the flexibleproteins in such a complex system. For example, the strong
aqueous form (Nicot et al., 1993). The micellar cavity thuselectrostatic field present in AOT reverse micelles results in
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extensive interactions between the basic proteins and theee water), full protein hydration within micelles is ruled
micellar inner wall. This effect leads to the expulsion of out. It is interesting that the volume values (0.743 to 0.776
electrostricted water and the concentration of counteriongnl - g~ ') obtained at lowW, are of the same order of
contributing to increase both protein volume and compressmagnitude as the partial specific volume of an average
ibility. The ion solvation and solvent reorganization in the globular protein interior (0.764 mig™*), based on x-ray
vicinity of the surfactant-solute interface must also be men<coordinate data for 12 globular proteins (Richards, 1977).
tioned. The reduced space available within the micelle may

induce a perturbation of the chemical potential of macro- e
molecules (Minton, 1992). The anomalous volume andCompreSSIblllty

compressibility values of micellar water in both free andAll the proteins examined at the lowest water content (in the
bound states, as compared to bulk water (Amararene et ab,6 to 10W, range), display the highest compressibility
2000), can make hydration data difficult to interpret. Wevalues (35 to 39x 10 ! Pa %). It is remarkable that the
discuss these below. results obtained fall within the same order of magnitude for
all the proteins investigated, including-lactoglobulin.
They are independent of their amino acid sequence, isoelec-
tric point, molecular weight, and conformation. In fact, the
The comparison of the variation in apparent specific volumecompressibility of the protein interior would not be ex-
of cytochromec, lysozyme, ang3-lactoglobulin as a func- pected to vary greatly because the interior packing density
tion of W, (Fig. 1) reveals a very similar profile for the three of normal globular proteins falls within a narrow range
proteins. At high water content, all these proteins display(Richards, 1977).

apparent volumes similar to those found in bulk water. This As discussed in the preceding paragraphW\gtvalues
result clearly indicates that the complex micellar systemaround 10 or less, the amount of water present is not
does not affect volumetric parameters of these proteins. Asufficient to solvate both the surfactant polar headgroups
the lowestW,, value compatible with full protein solubili- and the protein, which remain poorly hydrated. Under these
zation, in the 8 to 11W, range, the apparent specific experimental conditions, do we experimentally measure in-
volumes reach their highest value for all the proteins examtrinsic protein compressibility? The value found in this
ined. Because of the compensating mechanisms operative iaport is somewhat higher than the empirical estimates
volume measurements, this result may be difficult to inter-proposed by Kharakoz and Sarvazyan (1993) or Chalikian
pret. It is also clear that protein melting and aggregation cawet al. (1995). The difference may be due to strong interac-
be excluded, as well as dehydration of the uncharged sutions occurring between a protein in close contact with a
face. Nevertheless, recall that each polar AOT headgroupumber of non-solvated surfactant polar headgroups. The
binds ~7 to 10 water molecules very tightly, leaving very value found is thus probably the sum of two parameters: one
little water available for the protein, which then has todue to the interior of the barely-hydrated protein and a
compete for it. Under these conditions (i.e., the absence afecond one originating from interactions with the dry polar

Volume
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headgroups interacting with sites on the protein surface. Avolume difference between the aqueous unfolded conforma-
this point, it seems difficult to estimate their respectivetion, and the compact refolded state of proteins. This result
contributions. has been referred to as the protein volume paradox, and has
When the amount of water increases, we observe, aseen interpreted by Chalikian and Breslauer (1996) on the
expected, a progressive decrease of adiabatic compressibijasis of the thermal volume concept, which is related to
ity (Fig. 2). There are, however, obvious differences be-yolume changes for protein unfolding involving changes in
tween the basic proteins an@Hactoglobulin. The com-  the solvent-accessible surface area. Although our data show
pressibility profile of the latter declines smoothly, and cang very modest change in MBP volume, we cannot rule out
be extrapolated to its value in pure water. The compressthat volume effects, absent in bulk aqueous solutions, may
ibility values obtained in this work between the two extremeexist within the electrostatic field of reverse micelles, for

W values (10 and 50) reflect indeed the actual hydratiorexample, due to an increase in the number and/or size of
status ofB-lactoglobulin in reverse micelles and validate protein voids.
our experimental strategy. - The unfolded form of MBP displays a small negative
Lysozyme and cytochrome compressibilities, on the yaye of adiabatic compressibility in pure water, but less
other hand, seem to level off at much higher values thafhan the value estimated by using the additivity scheme
those obtained in aqueous solvents. This effect, which is NYroposed by Kharakoz (1997) for fully extended oligopep-
observed ing-lactoglobulin, can be attributed to electro- {iyas and polypeptides. However, since it is known that a
static interactions between the negatively charged SurfaCta'?ésiduaIB-pleated sheet and hydrophobic cluster persists in
polar headgroups and the positively charged proteins, leaqro \yater-unfolded form of MBP (Martenson, 1986), the
Ing to a reduced amount of electrostricted water and proteif,g, iy is not inconsistent with the above empirical estima-
structural perturbations. Such an interpretation is Confirmeqion. It is also in agreement with recent studies concluding
by the low values of found in nonionic reverse micelles in a]at the unfolded peptide state, evend M guanidinium

Lheemrsr}?eaggr?qoufegu;ﬁgrenz 'Qn%aﬂltie\lgvggrf?;rgi%\fre ydrochloride, is not modeled by a random-coil polypeptide
9 Y *_chain (Dill and Shortle, 1991).

vet, we observe differences between the two basic proteins, In contrast to all other proteins studied in this report, the

probably due to the extent of their structural alteration in . .
myelin protein displays constant apparent volume and com-

AOT reverse micelles. Although cytochroneeexhibits a L ) :
sharp compressibility transition betwedf values 8 and 11 pressibility values, independent of the water concentration
agFig. 3) and thus of hydration. This effect results from the

(Fig. 2), which appears to indicate a substantial structural. ht and X £ th in adsorbed h
disruption with the possibility of a molten globule-like state tight and extensive contacts of the protein adsorbed on the

(Bychkova et al., 1996; Pinheiro et al., 1997), the relativemice”ar wall as observed on lipid membranes (Mueller et

conformational perturbation of lysozyme is obviously Iessal" 2000), with probable expulsion (?f |nterfaC|aI. water. We
extensive. Its four disulfide bonds act as structural stabiliz-know' .on the other hand, that the fmgl MBP micellar con-
ers, whereas cytochrontehas no disulfides. formation (20%a-helix, 40% B-sheet) is unaffected by the
water amount present (Nicot et al., 1985) in the 3 to/&D
range. The protein thus displays a form of a frozen structure
The folding transition of MBP in reverse micelles (Waks and Beychok, 1974), which is

The apparent specific volume and compressibility of denadlso observed by time-resolved fluorescence experiments
icot et al., 1985). The volumetric properties of MBP in

tured, unfolded proteins and peptides have been previous ’ - ]
investigated by exposing the solutes to chemical additive§SVerse micelles thus reflect a different aspect of the protein
(urea or guanidinium hydrochloride) and by extrapolatingSPecific structural features. S
the denaturant concentration at infinite dilution (Tamura Ve believe that information obtained in this work may
and Gekko, 1995). However, the exact nature of the molecPTove important for the construction of de novo stable
ular interaction between the peptide chain and the denatuRroteins, in which correct chain packing is crucial (Harbury
ing agents is not well understood. One of the proposedt al., 1998). The recent emergence of misfolding related
mechanisms suggests a preferential binding of the denatugliseases, linked to neurodegeneration (Aguzzi, 1998; Co-
ants to the polypeptide chains (Lee and Timasheff, 1974)hen, 1999) constitutes another example of the growing
To avoid these drawbacks, we have carried out experimenigiportance of an in depth understanding of the correct
with unfolded MBP in water free of denaturing agents, asprotein packing and folding. Further investigation of the
well as in reverse micelles where MBP refolds. volumetric properties that characterize the correct folding of
Our results show that the transition between the twoproteins obtained from genetic engineering should also im-
forms of MBP are accompanied by a very small volumeprove our understanding of the structural properties of pep-
variation (0.006+ 0.003 ml- g~ %). As is indeed reported in tides used as therapeutic agents. For example, it has been
literature (Chalikian and Breslauer, 1996; Vidugiris andrecently reported thgB—interferon administered to multi-
Royer, 1998; Sasahara et al., 1999), there is very little or nple sclerosis patients may induce lethal complications (Du-
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relli et al., 1998), probably resulting from incomplete fold- Gekko, K., and H. Noguchi. 1979. Compressibility of proteins at 25°C.
ing and/or poor packing. J. Phys. ChemB3:2706—-2714.
Grandi, C., R. E. Smith, and P. L. Luisi. 1981. Micellar solubilization of
biopolymers in organic solventd. Biol. Chem25:837—-843.
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