
The Exclusion of Glycine Betaine from Anionic Biopolymer Surface: Why Glycine
Betaine Is an Effective Osmoprotectant but Also a Compatible Solute†

Daniel J. Felitsky,‡,§,# Jonathan G. Cannon,|,# Michael W. Capp,‡ Jiang Hong,‡ Adam W. Van Wynsberghe,|

Charles F. Anderson,⊥ and M. Thomas Record, Jr.*,‡,⊥

Department of Biochemistry, Program in Biophysics, and Department of Chemistry, UniVersity of Wisconsin-Madison,
Madison, Wisconsin 53706

ReceiVed April 30, 2004; ReVised Manuscript ReceiVed August 9, 2004

ABSTRACT: Paradoxically, glycine betaine (N,N,N-trimethyl glycine; GB) in vivo is both an effective
osmoprotectant (efficient at increasing cytoplasmic osmolality and growth rate) and a compatible solute
(without deleterious effects on biopolymer function, including stability and activity). For GB to be an
effective osmoprotectant but not greatly affect biopolymer stability, we predict that it must interact very
differently with folded protein surface than with that exposed in unfolding. To test this hypothesis, we
quantify the preferential interaction of GB with the relatively uncharged surface exposed in unfolding the
marginally stable lacI helix-turn-helix (HTH) DNA binding domain using circular dichroism and with
the more highly charged surfaces of folded hen egg white lysozyme (HEWL) and bovine serum albumin
(BSA) using all-gravimetric vapor pressure osmometry (VPO) and compare these results with results of
VPO studies (Hong et al. (2004),Biochemistry, 43, 14744-14758) of the interaction of GB with polyanionic
duplex DNA. For these four biopolymer surfaces, we observe that the extent of exclusion of GB per unit
of biopolymer surface area increases strongly with increasing fraction of anionic oxygen (protein carboxylate
or DNA phosphate) surface. In addition, GB is somewhat more excluded from the surface exposed in
unfolding the lacI HTH and from the folded surface of HEWL than expected from their small fraction of
anionic surface, consistent with moderate exclusion of GB from polar amide surface, as predicted by the
osmophobic model of protein stability (Bolen and Baskakov (2001)J. Mol. Biol. 310, 955-963). Strong
exclusion of GB from anionic surface explains how it can be both an effective osmoprotectant and a
compatible solute; analysis of this exclusion yields a lower bound on the hydration of anionic protein
carboxylate surface of two layers of water (g0.22 H2O Å-2).

Cells of many organisms experience a variety of environ-
mental stresses (high external osmolality, desiccation, drought)
that reduce the amount of intracellular water (1). In response
to these water stresses, both prokaryotic and eukaryotic cells
transport or synthesize highly soluble, low molecular weight
compounds called osmolytes or osmoprotectants that allow
the organism to take up and retain cellular water (1-3 and
references therein) and resume or sustain normal cellular
processes. Osmolytes includeN-methylated amino acids and
amines such as glycine betaine, sarcosine, and trimethy-
lamine-N-oxide, amino acids such as glycine, proline, and
potassium glutamate, and sugars and polyols such as treha-
lose and glycerol. Invariably, solutes that are highly effective
osmolytes (osmoprotectants) in vivo are preferentially ex-

cluded from folded biopolymer surface in vitro (4, 5). Prefer-
ential exclusion of the solute is equivalent to preferential
hydration; the biopolymer prefers to interact with water rather
than with the solute, and as a result, the local concentration of
the solute at the biopolymer surface is less than its bulk con-
centration. Because osmoprotectants are preferentially exclud-
ed from folded biopolymer surface, an increase in their con-
centration increases osmolality efficiently in concentrated
biopolymer solutions such as the cell interior (6), and indeed,
this effect has been proposed to be the basis of their evolu-
tionary selection (7 and references therein). If excluded from
all types of biopolymer surface, these solutes should drive all
biopolymer processes in the direction that reduces the expo-
sure of that surface (e.g., folding, binding, self-assembly,
aggregation). However, these osmolytes are typically found
to be “compatible” solutes that do not greatly affect enzyme
activity (8-11) and do not greatly increase stability of folded
proteins and protein complexes (12-15). Solutes that do not
affect biopolymer stability are neither preferentially ac-
cumulated near nor excluded from the biopolymer surface
that is exposed in unfolding. In this paper, we explain how
these observations can be reconciled.

Glycine betaine (N,N,N-trimethylglycine; GB)1 is one of
the most widespread osmolytes, found in bacteria, halophilic
archaebacteria, marine invertebrates, plants, and kidneys of
some mammalian species (1, 16-21). In Escherichia coli,

† This work was supported by NIH Grant GM 47022. D.J.F.
acknowledges support from an NSF Predoctoral Fellowship and a
Wharton Fellowship. J.G.C. acknowledges support of the NIH Molec-
ular Biophysics Training Grant.

* Corresponding author. Mailing address: 433 Babcock Dr., Madi-
son, Wisconsin 53706. E-mail: record@biochem.wisc.edu. Phone:
(608) 262-5332. Fax: (608) 262-3453.

‡ Department of Biochemistry.
§ Current address: The Scripps Research Institute, La Jolla, California

92037.
# These authors contributed equally to this work.
| Program in Biophysics.
⊥ Department of Chemistry.

14732 Biochemistry2004,43, 14732-14743

10.1021/bi049115w CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/30/2004



GB is the most efficient osmoprotectant characterized to date
(2, 6). In vitro, GB is preferentially excluded from folded
bovine serum albumin and lysozyme (4, 5, 22) and increases
the thermal stability of proteins modestly (12, 14, 15, 22),
indicating that it is also preferentially excluded from the
surface exposed upon unfolding. Bolen and co-workers (23-
26) proposed that exclusion of GB and other osmolytes from
the peptide group of proteins (the “osmophobic effect”)
explains their ability to stabilize globular proteins. Quantita-
tive comparisons of preferential interactions of GB with
various folded and unfolded biopolymer surfaces have not
previously been attempted. This information is needed to
predict or interpret effects of GB concentration on biopoly-
mer processes in terms of changes in the area and composi-
tion of solvent-accessible biopolymer surface.

In this study, preferential interaction coefficients,Γµ3,
characterizing the interaction of GB with the surface exposed
upon unfolding the marginally stable lacI helix-turn-helix
(HTH) domain are obtained by measuring the dependence
of the observed equilibrium constant (Kobs) for unfolding on
GB concentration. Preferential interaction coefficients char-
acterizing the interaction of GB with the folded protein
surface of bovine serum albumin (BSA) and hen egg white
lysozyme (HEWL) are obtained as a function of GB
concentration using vapor pressure osmometry (VPO).
Analysis ofΓµ3 using the solute partitioning model (5, 27,
28) quantifies the average local concentration deficit of GB
at each protein surface as a function of GB concentration.
In a companion study (65), VPO is used to quantify the
preferential interactions of GB and of urea with duplex
(double-stranded) DNA surface. The thermodynamics of
interaction of GB with the protein surface exposed upon
unfolding and with folded biopolymer surface provide
quantitative support for a model in which GB is strongly
excluded from hydrated anionic surface and moderately
excluded from hydrated polar amide surface. This model
predicts that anionic carboxylate surfaces of proteins are
hydrated by at least two layers of water. Hong et al. (65)
analyze the preferential interactions of urea with protein and
DNA surfaces and conclude that urea is moderately ac-
cumulated in the vicinity of polar amide surfaces of proteins
and amide-like surfaces of DNA bases and is neither
accumulated nor significantly excluded from anionic protein
and DNA surface.

EXPERIMENTAL PROCEDURES

Materials. Betaine monohydrate (GB,>99% pure, FW
135.2) and certified ACS grade NaCl (FW 58.44) were
obtained from Sigma-Aldrich (St. Louis, MO). Anhydrous
K2HPO4 (99.7% pure, FW 174.18) and certified ACS grade
KCl (FW 74.56) were obtained from Fisher Scientific
(Pittsburgh, PA). All were used without further purification.
Bovine serum albumin (BSA, catalog no. A6918) and hen
egg white lysozyme (HEWL, catalog no. L6876) were
obtained from Sigma. Expression and purification of the 62-
residue lacI DNA-binding domain, composed of the 51
residue HTH and an unstructured 11 residue connector
(“hinge helix”) were performed as described previously (29,

30). Barnstead E-Pure treated (18+ MOhm), house deionized
water was used in all experiments.

Circular Dichroism Studies of LacI HTH Unfolding.LacI
HTH samples were prepared by dialysis against 25 mM
K2HPO4, pH 7.3 (adjusted using HCl), and adjusted to the
desired GB concentration by volumetric addition of buffered
GB stock solutions (2.0-4.0 M) using the procedure of
Felitsky and Record (30). The thermal unfolding transition
of lacI HTH was monitored using circular dichroism at 236
nm, and the data were fitted to a two-state equilibrium
unfolding model (30). Pre- and post-transition ellipticities,
which correspond to the signals from the folded and unfolded
states of the protein, respectively, were fit as linear functions
of temperature to calculate fractional extents of unfolding
at constant GB concentration. (Slopes of these linear base-
lines, where individually determined, were not significantly
dependent on GB concentration, and therefore data for the
unfolded state at low GB concentration was used to establish
the high-temperature baseline at high GB concentration.)
Because lacI HTH concentration is dilute, molal GB con-
centrations (m3) were calculated from molar concentrations
(C3) at 25 °C using the two component equationm3 =
C3m1

•Vj 1
• /(1 - C3Vh3), where 1 and 3 denote water and GB,

respectively, and whereVj 1
• ) 0.01806 L mol-1 andVh3(25

°C) ) 0.0982 L mol-1 (5). Vh3 decreases from 0.0985 to
0.0980 from 0 to 4 M GB (data not shown); incorporating
this variability in partial molar volume has a negligible effect
on calculated molal concentrations (<0.5% at all concentra-
tions). Molal scale activity coefficients up to 4.94mGB were
calculated by interpolation of isopiestic distillation data (31),
using a cubic polynomial fit (32). Above 4.94mGB, activity
coefficients were estimated by extrapolation of this cubic
polynomial fit.

Vapor Pressure Osmometry (VPO) to Quantify GB-
Protein Preferential Interactions.“Salt-free” BSA, pH 7, was
prepared as described previously (5). HEWL, initially at con-
centrations of 300-370 mg/mL and pH 6.5, was dialyzed
in 3500 MWCO dialysis tubing (Spectrum) against three sep-
arate 2 L volumes of successively lower salt concentrations
(final salt concentrations of either 5 mM NaCl with 2.5 mM
HEPES or 25 mM KCl, both at pH 6.5). The solutions were
concentrated by vacuum centrifugation, and the new volumes
were used to calculate final buffer and salt concentrations.
Protein concentrations were determined from absorbance
readings at 280 nm using extinction coefficients ofε280nm

1% )
6.5 for BSA andε280nm

1% ) 26.4 for lysozyme. All-gravimet-
ric serial dilutions of the concentrated protein sol-
utions were used to minimize experimental uncertainties. All
other solutions for osmometric studies were prepared gravi-
metrically in a manner analogous to that of Hong et al. (65),
which significantly reduces the potential for systematic errors
in calculating molal GB concentrations (when GB solutions
are mixed with concentrated protein solutions) relative to
previous procedures with one gravimetrically calibrated
volumetric step (5, 33). Two vapor pressure osmometers were
used as described previously (5, 33-35). A majority of
measurements were made on the VAPRO 5520 osmometer
(Wescor, Logan, UT) at ambient temperature (23-25 °C).
A minority were made with the VAPRO 5500 at 37°C. No
systematic difference was observed between the results
obtained with the two osmometers.

1 Abbreviations: lacI DBD, lac repressor DNA-binding domain;
HTH, helix-turn-helix domain; CD, circular dichroism; GB, glycine
betaine (N,N,N-trimethyl glycine).
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Data Analysis.From VPO data, we calculate the differ-
ence,∆23Osm, between the osmolality Osm(m2,m3) of a
three-component solution (containing water, biopolymer, and
solute, denoted as components 1, 2, and 3, respectively) and
the sum of osmolalities of the two corresponding binary
solutions Osm(m2) + Osm(m3) (where the molality of the
solute in each binary solution is identical to its molality in
the ternary solution):

To an excellent approximation under the conditions examined
in the present study (34, 36, Anderson et al., manuscript in
preparation), at a givenm2, m3, andT, the value of∆23Osm
is proportional to the derivative of the biopolymer chemical
potential (µ2) with respect to the GB molality, designated
µ23:

where γ2 is the molal scale activity coefficient of the
biopolymer.

The extent of exclusion or accumulation of GB near the
protein surface is quantified by the preferential interaction
coefficient:

where µ33 ≡ (∂µ3/∂m3)T,P,m2. At specified m2 and m3, the
derivativeµ23 is obtained from∆23Osm (eq 2) andµ33 is
obtained from∆23Osm and (∂Osm/∂m3)m2 using the ternary
Gibbs-Duhem relationship:

The relationship between osmolality and water chemical
potential, Osm) - m1

•(µ1 - µ1
•)/(RT), and eqs 1 and 2 are

used in obtaining the second equality in eq 4. Uncertainty
in Γµ3 was propagated by standard methods (37).

VPO data on HEWL-salt-GB four component solutions,
in which GB concentration was varied in a series at constant
molal concentrations of HEWL and salt, were analyzed using
a four-component analogue of eq 1:

Equation 5 treats HEWL and salt as a composite component
(Anderson et al., manuscript in preparation) and assumes that
the contributions of GB (component 3) and salt (component
4) to osmolality of a three-component GB-salt solution are
additive: (Osm(m3,m4) = Osm(m3) + Osm(m4)). Compara-
tive applications of eq 5 and of a more general four-
component analysis (65) to VPO data on interactions of GB,
salt, and DNA indicate that the approximations introduced
in eq 5 for interactions of GB and salt should be reliable at
the low salt concentrations (∼12-20 mm) of four of our
five series of HEWL experiments. A fifth series of VPO
measurements on HEWL atm4 = 120 mm agrees within the

uncertainty of the four HEWL experiments at lower salt
molality (as demonstrated by Figures 4 and 5).

To calculate osmolality differences using eq 1 for GB-
BSA interactions or eq 5 for GB-HEWL interactions,
Osm(m2,m3) for BSA or Osm(m2,m3,m4) for HEWL was
measured directly. Osm(m3) was interpolated from a qua-
dratic fit to eight GB-water data sets, including a set of
isopiestic distillation data (31). Extrapolation tom3 ) 0 of
quadratic fits to osmolality of each GB-protein data set (at
constantm2 or m2 andm4) yielded Osm(m2) or Osm(m2,m4).
Data up to 2m GB from five of six GB-BSA data sets
were included in the analysis. The average value ofµ23 for
the sixth data set was 2.0 standard deviations from the
average of the six sets, while the other five were all within
0.8 SD. All five sets of GB-HEWL data were included in
the analysis to determineΓµ3 by applying eqs 2-5.

Significant improvements in methodology have greatly
increased the precision and accuracy of VPO-based deter-
minations ofΓµ3 for GB-protein interactions as compared
with some of our earlier published results. First, and
foremost, we now use only gravimetric methods to prepare
solutions and determine solution composition. Previously,
delivery of concentrated BSA solutions from gravimetrically
calibrated micropipets in serial dilutions to determine BSA
concentration and in preparing samples for VPO led to a
systematic underestimate of BSA concentration and conse-
quent underestimates of GB and proline concentrations in
measurements of GB and proline interactions with BSA (5).
Revised values for GB-BSA interactions are reported here.
Revised proline-BSA results will be reported subsequently.
Preliminary results for interactions of other solutes with BSA
indicate much smaller differences between previously re-
ported gravimetrically calibrated values and new all-gravi-
metric results than for GB and proline (Cannon, Capp et al.,
manuscript in preparation). Second, use of the∆Osm analysis
(as applied in ref34) to determineµ23 and Γµ3 (eqs 1-5
above) eliminates the need to differentiate a polynomial fit
of the solute-biopolymer osmolality data, as was previously
required (5, 33). Osmolality measurements are here multi-
plied by a factor of 1.015 to correct for the difference
between the stated osmolality of Wescor standard NaCl
solutions used in VPO and currently accepted literature
standards (38) as described by previously (34).

Solute Partitioning Local-Bulk Model.The local-bulk
solute partitioning model (5, 27, 28) was used to analyze
preferential interaction coefficients,Γµ3, characterizing the
accumulation or exclusion of solutes from the local water
of hydration of protein or nucleic acid surface. At low solute
concentrations (5, 35, 39),

whereK°P is the low solute concentration limiting value of
the local-bulk partition coefficient of the solute (K°P ≡
(m3

loc/m3
bulk))°, b°1 is the amount of water per Å2 of protein

surface area in the thermodynamically defined local domain
in the absence of small solute,m3

bulk is the bulk solute
concentration (molal, designated asm3

/ in eq 4 of ref 5),
ASA is the water accessible surface area (see below), and
m1

• ) 55.5 mol of H2O/kg of H2O. Equation 6 was derived

∆23Osm≡ Osm(m2,m3) - [Osm(m2) + Osm(m3)] (1)

∆23Osm

m2m3
= 1

RT(∂µ2

∂m3
)

T,P,m2

≡ µ23

RT
) (∂ ln γ2

∂m3
)

T,P,m2

(2)

Γµ3
)

µ23

µ33
(3)

µ33 )
m1

•µ13 + m2µ23

m3
) RT

m3
(∂Osm

∂m3
)

m2

-
RT∆23Osm

m3
2

(4)

∆[2,4]3Osm= Osm(m2,m3,m4) -
[Osm(m2,m4) + Osm(m3)] (5)

Γµ3

m3
bulkASA

≈ (K°P - 1)b°1
m1

• (6)
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for the dialysis preferential interaction coefficient,Γµ1,µ3 (40),
which, to an excellent approximation, is equal toΓµ3 for the
systems and conditions investigated here (41). Γµ3/m3

bulk is
reported as the average of slopes ofΓµ3 vs m3

bulk determined
by linear fits of each relevant data set with the intercept fixed
at zero (the limit required by mixing entropy contributions
for systems of the type considered here (42)). Error is
reported as 1 SD of the average (Table 3). In CD experiments
at low m2, m3

bulk does not differ significantly fromm3;
values ofΓµ3/m3

bulk andΓµ3/m3 differ by less than 4% for the
VPO experiments reported here.

Surface Area Calculations.A summary of surface area
calculations is provided in Table 1. The accessible surface
areas (ASA) of the folded state and extendedâ-chain model
of the unfolded state of lacI HTH were calculated as
described previously (32) using the file 1CJG.PDB in the
Protein Data Bank (www.rcsb.org). The ASA reported for
the surface exposed in unfolding lacI HTH, designated
ASA∆, is defined as the difference in ASA between the
extendedâ-chain model of the unfolded state and the folded
state. Use of an alternative extended (polyproline II) model
(43) for the unfolded state of lacI HTH does not affect the
calculated ASA∆ significantly. Accessible surface areas for
BSA (modeled as HSA) and HEWL were calculated from
the pdb files 1BM0.PDB and 5LYM.PDB (average of two
structures). (Our previous calculation for a BSA precursor
(5) yielded a surface area 4% larger than the value for BSA.)
Protein anionic ASA is defined as the ASA of oxygen atoms
in aspartate, glutamate, and the C-terminal carboxylate
groups. Protein cationic surface is defined as ASA of
nitrogens in the guanidinium group of arginine, the quater-
nary ammonium group of lysine, the imidazole group of
histidine, and the N-terminal amino group. Polar amide
surface of proteins is defined as the ASA of N and O atoms
of backbone amide groups and side chain amides of
asparagine and glutamine. The ASA of native DNA was
calculated as described elsewhere (65). DNA anionic surface
is defined as the ASA of the two partially double bonded
oxygens of each phosphate group, and DNA “amide” surface
is defined as the ASA of those nitrogen and carbonyl oxygens
found in amide-like functional groups of G, C, and T bases
(65).

RESULTS

Effects of GB on the Transition Temperature and Enthalpy
of Unfolding of lacI HTH.Thermal unfolding experiments
with lacI HTH were performed at GB concentrations between

0.0 and 4.0 M at 0.25 M increments and monitored by
circular dichroism spectroscopy at 236 nm. The strong UV
absorbance of GB solutions at lower wavelengths prevents
CD experiments at 222 nm, the wavelength typically used
in studies of unfolding ofR-helical proteins. In the absence
of GB, we find that the normalized thermal unfolding
transition of lacI HTH at 236 nm agrees within experimental
uncertainty with that reported at 222 nm (30). Unfolding
transitions were in all cases greater than 95% reversible, as
judged by the extent of signal recovery after cooling the
heated samples back to 4°C. A representative series of
thermal unfolding data at 1 M intervals of GB concentration
(selected from our larger data set; Table 2) is shown in Figure
1. With each 1 M increase in GB concentration, the
cooperative unfolding transition shifts to higher temperature
by ∼7-8 °C and the transition breadth (defined as dT/dθ at
Tm) decreases by∼2 °C, from∼29 °C in the absence of GB
to ∼22 °C at 4 M GB. Individual unfolding transitions are
accurately fitted by a completely cooperative two-state
equilibrium unfolding model using linear empirical pre- and
post-transition baselines. Values for the midpoint transition
temperatureTm (where∆G°obs ) 0), ∆H°obs(Tm), and∆C°p,obs
obtained from these fits are compiled in Table 2.

In the absence of GB, lacI HTH is marginally stable:Tm

) 45.8 ( 0.2 °C at 50 mM K+ (as potassium phosphate;
pH 7.3). At this temperature,∆H°obs ) 27.8 ( 2.1 kcal
mol-1; the relatively small transition enthalpy results in a
relatively broad, though completely cooperative, thermal
transition, so unfolding can be investigated over a wide range
of temperatures. Indeed even at the temperature of maximum
stability (TS ) 8 °C) only ∼94% of the population of lacI
HTH molecules are in the folded state (30), as indicated by
the less negative values of [θ]236 below 20°C for unfolding
in the absence of GB compared to the presence of 1-4 M
GB (see Figure 1). As the concentration of GB increases,
both Tm and ∆H°obs(Tm) increase; as a consequence of the
increase in the transition enthalpy, the transition breadth
decreases. At 4 M GB, Tm ) 73.0( 0.2 °C and∆H°obs(Tm)
) 42.7 ( 5.2 kcal mol-1. Values of∆H°obs(Tm) and Tm in
Table 2 are quite accurately determined (average uncertainty
of (0.2 °C in Tm and (8% in ∆H°obs(Tm)), but at all GB
concentrations, only an estimate of∆C°p,obs is obtained (0.65
( 0.21 kcal mol-1 K-1). Analogous studies of the effect of
urea concentration on the stability of the lacI HTH (30), in
which the temperature range of the data included the
characteristic temperaturesTH and TS where ln Kobs and
∆G°obs exhibit extrema, yielded a more accurate determina-
tion of ∆C°p,obs (0.63 ( 0.05 kcal mol-1 K-1).

Isothermal GB-Induced Folding of lacI HTH.To examine
the effects of GB on the folding equilibrium of the marginally
stable lacI HTH, all ellipticity data for thermal unfolding
transitions (including the subset shown in Figure 1) were
analyzed using linear baselines (see Experimental Proce-
dures) to obtain the fraction of unfolded protein as a function
of GB concentration at each temperature investigated. These
data are plotted in Figure 2 as isothermal GB-induced folding
transitions at different temperatures from 23.2 to 94.9°C.
Fits shown to these transitions in Figure 2 were obtained
for a two-state (completely cooperative) equilibrium folding
process assuming a GB concentration-independentm-value
at each temperature. The GBm-value is defined by analogy
with denaturants as the negative of the slope of a linear plot

Table 1: Accessible Surface Areas (ASA) and Surface
Compositions of Biopolymers

% composition of ASAa

biopolymer surface
ASA

(103 Å2)
charged
(-/+)

polar
amide nonpolar

unfolding lacI HTH (ASA∆)c 3.5 2.2/4.1 16.0 72.5
folded HEWL 6.5 4.5/16.9 27.3 45.9
folded BSA 27.8 16.4/13.1 14.6 52.9
duplex monosomal

calf thymus DNA
0.17b 44/0.0 2.5 38

a Defined as in Experimental Procedures.b Per nucleotide; from Hong
et al. (65). c ASA∆ is the ASA exposed upon unfolding (ASA∆ ≡
ASAunfolded - ASAfolded).
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of ∆G°obs of unfolding over a 1 M interval of C3:

where∆G°obs ) -RT ln Kobs is the standard observed free
energy change for unfolding. Individual transitions (though
completely cooperative) extend over a wide range of GB
concentration because the change in accessible surface area
of the protein upon unfolding is relatively small (30).

Deviations of the data of Figure 2 from the fit to the two-
state model with a GB concentration-independentm-value
are small. The GB concentration independence of them-value
and consequent extended linear dependence of∆G°obs on
GB molarity, though empirically consistent with the behavior
observed in urea (30), is unexpected because the magnitude
of the thermodynamic nonideality of aqueous GB solutions
(31) is much larger than that observed for aqueous urea
solutions. An explanation of this behavior in the context of
the solute partitioning model is provided elsewhere (32).

Stabilization of the Folded lacI HTH by GB Is Largely
Entropic.The temperature dependences of the GBm-value
(eq 7) and of the corresponding quantity (dlnKobs/dC3) were

determined using the data of Figure 2 to investigate enthalpic
and entropic contributions of GB to lacI HTH stability.
Values of∆G°obsand lnKobswere calculated as a function of
GB concentration for each isothermal folding curve in Figure
2 and divided into four 1 M concentration intervals from 0
to 4 M. Data in each interval at each temperature were fit to
straight lines, the slopes of which are plotted as a function
of temperature in Figure 3, panels A and B. This procedure
allows an unambiguous separation of variations in the
m-value (also dlnKobs/dC3) caused by changes in temperature
from those caused by changes in GB concentration. Figure
3, panels C and D shows that dm-value/dT ) 2.5 ( 1.1 cal
mol-1 M-1 K-1, independent of GB concentration up to at
least 3 M, and that d(dlnKobs/dC3)/dT ) (0 ( 1) × 10-3

M-1 K-1.
The observation that dlnKobs/dC3 is independent of

temperature within uncertainty indicates that∆H°obs of
unfolding does not depend significantly GB concentration,
that is, d∆H°obs/dC3 ) 0 ( 200 cal mol-1 M-1 (at 50 °C).
The significant dependence of the GBm-value on temper-

Table 2: Thermodynamic Parameters for Two-State Equilibrium Unfolding of LacI HTH

C3

(25 °C) m3

a3

(25 °C)
Tm

(°C)
∆H°obs(Tm)

(kcal mol-1)
∆S°obs(Tm)

(cal mol-1 K-1)
∆C°p,obs

(kcal mol-1 K-1)

0.00 0.00 0.00 45.8( 0.2 27.8( 2.1 87.0( 6.6 0.52( 0.08
0.25 0.26 0.28 47.2( 0.2 28.9( 2.5 90.2( 7.8 0.75( 0.04
0.50 0.53 0.63 49.3( 0.1 29.7( 1.9 92.2( 5.9 0.83( 015
0.75 0.81 1.07 52.1( 0.2 31.0( 2.5 95.1( 7.5 0.22( 0.11
1.00 1.11 1.62 54.1( 0.1 32.7( 1.5 100( 4.6 0.46( 0.08
1.25 1.43 2.31 55.0( 0.2 33.9( 3.7 103( 11.2 0.78( 0.08
1.50 1.76 3.17 57.5( 0.3 33.5( 3.4 101( 10.3 0.64( 0.25
1.75 2.12 4.26 59.3( 0.1 37.2( 2.7 112( 8.1 0.78( 0.08
2.00 2.50 5.65 61.4( 0.1 35.9( 2.2 107( 6.6 0.60( 0.15
2.25 2.90 7.42 63.3( 0.2 37.6( 3.3 112( 9.7 0.73( 0.20
2.50 3.32 9.71 65.2( 0.1 38.6( 2.0 114( 5.9 0.45( 0.12
2.75 3.78 12.68 66.6( 0.2 37.1( 2.6 109( 7.6 0.66( 0.17
3.00 4.27 16.59 67.7( 0.1 39.5( 2.3 116( 6.9 0.70( 0.16
3.25 4.79 21.81 68.5( 0.2 41.4( 4.4 121( 13.0 0.90( 0.04
3.50 5.35 28.89a 69.8( 0.3 39.8( 6.4 116( 19.5 0.93( 0.07
3.75 5.96 38.70a 71.5( 0.2 41.5( 3.3 120( 9.7 0.83( 0.06
4.00 6.61 52.61a 73.2( 0.2 42.6( 5.2 123( 15.1 0.21( 0.26

a Thermodynamic activities of GB were extrapolated from the data of ref31.

FIGURE 1: Thermal unfolding transitions of lacI HTH at representa-
tive GB concentrations (25 mM K2HPO4, pH 7.3). Averaged
ellipticities [θ]236 for triplicate experiments (standard error( 3%)
are plotted vs temperature; regression fits were obtained using a
two-state equilibrium unfolding model (30) with a constant∆C°p,obs
of unfolding. GB concentrations are 0 (b), 1 (O), 2 (1), 3 (3),
and 4 M (9).

m-value≡ -
∆(∆G°obs)

∆C3
= -(∂∆G°obs

∂C3
)

T
(7)

FIGURE 2: Isothermal GB-induced folding transitions of lacI HTH
as monitored by circular dichroism at 236 nm and converted to
fraction unfolded using linear baselines at the following tempera-
tures (starting at the bottom left of the figure): 23.2 (b), 32.2 (O),
38.1 (1), 41.1 (3), 44.1 (9), 47.1 (0), 50.1 ([), 53.1 (]), 56.0
(4), 59.0 (2), 62.0 ("), 65.0 (̀ ), 68.0 (b), 71.0 (O), 74.0 (1),
76.9 (3), 79.9 (9), 82.9 (0), and 94.9°C ([). Fits assume a GB-
concentration-independent (but not a temperature-independent)
m-value.
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ature indicates (30) that ∆S°obs of unfolding decreases with
increasing GB concentration: d∆S°obs/dC3 ) -2.5 ( 1.1 eu
M-1. Although our data does not preclude a modest enthalpic
contribution to the stabilization (or destabilization) of lacI
HTH by increasing GB concentration, the error analysis
indicates that any such contribution ((200 cal mol-1 M-1)
is small relative to them-value and therefore that stabilization
arises primarily, if not entirely, from the entropically
unfavorable interaction of GB with the lacI surface exposed
upon unfolding. For lacI HTH unfolding in urea, d∆S°obs/dC3

) -0.67 ( 0.30 cal mol-1 M-1, so the interaction of urea
with the surface exposed upon unfolding lacI HTH at 25°C
is also entropically unfavorable. In the case of urea, favorable
enthalpic interactions (d∆H°obs/dC3 ) -660( 90 cal mol-1

M-1 at 25 °C) overcome this entropic cost, leading to
accumulation of urea near the newly exposed protein surface.
By contrast, GB appears to have no similar net favorable
enthalpic contribution, the unfavorable entropy dominates,
and GB is excluded from the surface exposed upon unfold-
ing. If the two-component activity coefficient of GB in water
were significantly temperature-dependent, that would also
contribute to the temperature dependence of them-value, as
observed for urea (30).

Quantifying Exclusion of GB from the Surface Exposed
upon Unfolding the lacI HTH.At low GB concentrations,
the m-value is directly related to the difference between
preferential interaction coefficients for the unfolded and
folded states (30, 39):

Equation 8 neglects the concentration-dependent nonideality
of GB solutions and differences between concentration scales
and is thus only strictly valid in the limit of very low GB
concentrations. Analyses of dlnKobs/dC3 for protein unfolding
at higher solute concentrations have been developed (32, 35,
39). With the conventional assumption (39) of additivity of
contributions to∆Γµ3 from different regions of protein
surface,∆Γµ3 is interpreted as the preferential interaction
coefficient of GB with that surface which is newly exposed
in the unfolding process:

where the superscript∆ denotes the surface exposed in
unfolding as distinct from the entire surface of the unfolded
state (4, 30, 39). Extrapolation of the low GB concentration
(0-1 M) m-value data in Figure 3 to 25°C, using dm-value/
dT ) 2.5 ( 1.1 cal M-1 K-1 yields anm-value of-783 (
112 at 25°C; from eq 8,Γµ3

∆ /m3 ) -1.32( 0.19 (Table 3).
This value ofΓµ3

∆ /m3 indicates that the extent of preferential
exclusion of GB from the surface exposed upon unfolding
the lacI HTH near room temperature is relatively small, as
compared to the value expected for complete exclusion from
a monolayer of water at this surface, for whichΓµ3

∆ /m3

would equal-6.9 (5); Γµ3

∆ /m3 for exclusion of GB is more
comparable in magnitude to the extent of accumulation of
urea at this surface (Γµ3

∆ /m3 ) 0.76 ( 0.02) (30).
Quantifying Exclusion of GB from Folded Protein Surface.

To characterize the interactions between GB and folded
protein surface, we have performed osmometric measure-
ments on GB solutions containing BSA and lysozyme
(HEWL). Osmolality differences,∆23Osm, for three-
component GB-BSA-H2O solutions (calculated with eq 1)
and the analogous quantity∆[2,4]3Osm for four-component
GB-HEWL-salt-H2O solutions (calculated with eq 5) are
plotted vs GB molality (m3) in Figure 4. Molalities of protein
(m2), and of salt (m4) where present, were held constant at
the indicated values, andm3 was varied as indicated. In both
three- and four-component systems,∆Osm is the osmolality
increment arising from GB-protein interactions, analysis of
which yieldsµ23 (eq 2) and ultimatelyΓµ3 (eq 3). At each
molality of BSA or HEWL, ∆Osm is observed to increase
strongly with increasing GB molality. At each GB molality,
∆Osm also increases strongly with increasing molality of
either BSA or HEWL. With HEWL, the different molalities
of supporting electrolyte had no significant effect on∆Osm
(Figure 4).

The positive differences between the osmolalities of GB
solutions containing the folded proteins BSA or HEWL and
the sum of osmolalities of the corresponding two-component
solutions (i.e.,∆Osm; eqs 1, 5) indicate unfavorable interac-
tions between GB and each of these folded proteins relative
to interactions with water, which result in local exclusion of
GB from the vicinity of the protein surface (preferential
hydration). Derivatives of the biopolymer chemical potential
with respect to GB concentration (µ23 or µ[2,4]3, eq 2) are
reported in Table 3. The extent of exclusion of GB from
these folded protein surfaces is quantified by the dependences

FIGURE 3: Them-value (panel A) and dlnKobs/dC3 (panel B) for
GB-induced folding of lacI HTH as a function of temperature for
different GB concentration ranges. Data points correspond to values
of the m-value (panel A) and of the closely related quantity
dln Kobs/dC3 (panel B) in the concentration ranges 0-1 (b),
1-2 (O), 2-3 (1), and 3-4 M (3) GB. The experimental scatter,
which increases significantly at higher GB concentrations, is
representative of the error associated with individual data points.
Values of the slopes of the linear regression fits in panels A and B
give the temperature dependence of them-value (panel C) and
dln Kobs/dC3 (panel D) at different GB concentration ranges.
Horizontal lines in panels C and D are weighted averages of the
data in those plots.

(C3 f 0):
m-value

RT
) (∂ln Kobs

∂C3
)

T
=

∆Γµ3

m3
(8)

∆Γµ3
) Γµ3

∆ (9)
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of Γµ3 on GB molality plotted in Figure 5. For both folded
proteins,Γµ3 is found to be proportional to GB molality,
becoming more negative with increasing GB molality. Linear
regression, with the requirement of a zero intercept (41),
gives proportionality constants (see eq 6)Γµ3/m3

bulk ) -23.1
( 1.4 (1 SD) for BSA and-3.1 ( 1.1 for HEWL (Table
3). The present all-gravimetric VPO result for GB and BSA
revises our previously reported value (5, 33), obtained using
a volumetric transfer of BSA, which we have since found
caused a systematic overestimate ofΓµ3 (see Experimental
Procedures). Within experimental uncertainty, values ofΓµ3/
m3

bulk are independent of protein molality and, in the case of
HEWL, are also independent of the molality of the supporting
1:1 electrolyte. Values of the derivative dΓµ3/dm3 estimated
from data of Arakawa and Timasheff (22) (dΓµ3/dm3 ) -26.1
( 7.0 for BSA and dΓµ3/dm3 ) -4.0 ( 1.4 for HEWL) are

in good agreement with our reported values ofΓµ3/m3
bulk.

However, while values ofΓµ3 determined from these den-
simetric measurements on dialyzed solutions (22) are well
approximated as a linear function ofm3, the zero-concentra-
tion intercepts differ significantly from zero, the intercept
expected from both the solute partitioning model (5) and a
fundamental thermodynamic analysis for nonelectrolytes
(42).

DISCUSSION

Normalization by ASA to Compare Preferential Interac-
tions of GB with Different Biopolymer Surfaces.Preferential
interactions of GB with the different biopolymer surfaces
investigated in this study are characterized by the propor-
tionality constantsΓµ3/m3

bulk listed in Table 3. In all cases,
Γµ3/m3

bulk is negative, indicating exclusion of GB from each
of these biopolymer surfaces. To permit comparisons of
values of Γµ3/m3

bulk for the interactions of a solute with
different biopolymer surfaces, we proposed thatΓµ3/m3

bulk

be normalized by the total biopolymer ASA to obtain a
quantitative measure of the average preferential interaction
of GB with a unit area (1 Å2) of biopolymer surface (5, 35,
39). In the context of the local-bulk solute partitioning
model, division ofΓµ3/m3

bulk by ASA yields a quantity that
(at low m3

bulk) is dependent only on the average partition
coefficient of the solute and the average hydration of the
biopolymer surface (see eq 6).

Table 3: Preferential Interaction Coefficients and Related Parameters for the Interaction of Glycine Betaine with Folded Biopolymers and for
the Effect of Glycine Betaine on Protein Unfolding

biopolymer surface
µ23

a

(kcal mol-1 m-1)
Γµ3/m3

bulk

(m-1)
103Γµ3/(m3

bulkASA)
(m-1 Å-2)

lacI HTH unfolding (ASA∆) -1.32( 0.19e -0.38( 0.05
folded HEWLb 2.8( 1.3 -3.1( 1.1c -0.47( 0.17
folded BSAb 21.7( 3.4 -23.1( 1.4c -0.83( 0.05
duplex monosomal

calf thymus DNAb
0.22( 0.008d -0.30( 0.02d -1.8( 0.1

Proposed Interpretation from Two-Parameter Fit
100% anionic oxygen surface -4.0( 0.3
100% polar amide surface -1.1( 0.1

a Evaluated from VPO∆Osm using eq 2.b VPO data were obtained primarily at 25°C; however, no difference was observed between VPO data
at 25 and 37°C. c Evaluated from eq 3 usingµ23 andµ33 (eq 4).d Per nucleotide; from Hong et al. (65). e Calculated at 25°C from extrapolated
GB m-value (see Results).

FIGURE 4: ∆Osm representation of VPO results for interactions of
glycine betaine with folded bovine serum albumin (BSA, top) and
hen egg white lysozyme (HEWL, bottom). The top panel plots
osmolality differences,∆Osm (eq 1), as a function of GB molality
for experiments at BSA concentrations of 2.4 (b), 3.3-3.9 (9),
4.2 (O), 4.7 (1), and 5.0 mm (3). The bottom panel plots∆Osm
(eq 5) as a function of GB molality for the following HEWL, buffer,
and salt concentrations: 8.8 mm HEWL, 4.4 mm HEPES, 8.9 mm
NaCl (1); 9.0 mm HEWL, 4.4 mm HEPES, 8.8 mm NaCl (O);
14.1 mm HEWL, 126 mm KCl (9); 14.8 mm HEWL, 7.3 mm
HEPES, 14.5 mm NaCl (b); 16.1 mm HEWL, 7.9 mm HEPES,
15.8 mm NaCl (3).

FIGURE 5: Dependences on bulk GB molality of the preferential
interaction coefficientsΓµ3 for the interaction of GB with lysozyme
(HEWL; 3) and BSA (O). Estimated uncertainties ((1 SD) for
representative HEWL and BSA data sets are shown.
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Comparison of values ofΓµ3/(m3
bulkASA) for different

biopolymer surfaces indicates whether the average prefer-
ential interaction of GB per Å2 of these biopolymer surfaces
is a function of surface composition. For example, from the
observation (44) that urea and GuHClm-values for unfolding
globular proteins are proportional to the ASA exposed upon
unfolding (designated ASA∆), we concluded that the pref-
erential interactions (Γµ3/m3

bulk) of urea and GuHCl with
these surfaces are proportional to ASA∆ at fixed small solute
concentration, so that the quantityΓµ3

∆ /(m3 ASA∆) is the
same for unfolding of all globular proteins investigated. From
m-values for the destabilizing effects of these denaturants
on alanine-basedR-helices (45, 46), we concluded that
values of Γµ3

∆ /(m3ASA∆) for R-helices are approximately
four times larger than the corresponding values for unfold-
ing of globular proteins (39). This 4-fold difference in
Γµ3

∆ /(m3ASA∆) correlates with a 3- to 4-fold larger fraction
of polar peptide (amide) surface in the ASA∆ of R-helix
melting and led to the proposal that these denaturants
preferentially accumulate only at polar peptide (amide)
surface (39). This proposal has been recently tested for the
interactions of urea with nucleic acid surfaces (65).

Values of Γµ3

∆ /m3
bulk together with the corresponding re-

duced quantityΓµ3/(m3
bulkASA) for interactions of GB with

the biopolymer surfaces investigated here are tabulated in
Table 3. For the surfaces exposed in unfolding, ASA∆ was
calculated using a fully extended chain model of the unfolded
state (32). This model has been successfully applied to
analyze both heat capacity changes (44, 47, 48) andm-values
for protein unfolding (39, 44); use of a less solvent-accessible
model of the unfolded state (e.g., ref49) would reduce ASA∆

and therefore increase the magnitude ofΓµ3

∆ /(m3ASA∆) for
the surface exposed in unfolding the lacI HTH.

Table 3 indicates that the reduced quantityΓµ3/(m3
bulk

ASA) is negative, and that its magnitude increases from
approximately 0.4× 10-3 m-1 Å-2 for the interaction of GB
with the surface exposed in unfolding the lacI HTH to 0.5
× 10-3 m-1 Å-2 for folded HEWL surface, 0.8× 10-3 m-1

Å-2 for folded BSA surface, and 1.8× 10-3 m-1 Å-2 for
native DNA surface. From the large differences in the
magnitude of Γµ3/(m3

bulkASA) for native DNA surface,
folded protein surfaces, and the surface exposed in unfolding
the lacI HTH, we conclude that these biopolymer surfaces
do not form a homologous series with regard to their
interactions with GB and, therefore, that differences in
surface composition give rise to differences in preferential
interactions. The correlation of these reduced preferential
interaction coefficients with surface composition is discussed
in the following section.

Extent of Exclusion of GB Correlates with the Fraction
of Anionic Oxygen Surface of Biopolymers.Compositions
of the various biopolymer surfaces for which we have
determined preferential interaction coefficients of GB are
summarized in Table 1. Qualitatively, we observe that values
of Γµ3/(m3

bulkASA) for the interactions of GB with these
surfaces (Table 3) correlate most strongly with the fraction
of anionic biopolymer surface (i.e., anionic oxygens of
protein carboxylates and DNA phosphates) from Table 1.
Anionic phosphate oxygens constitute 44% of the ASA of
native DNA, but anionic carboxylate oxygens constitute only
2% of the surface exposed in unfolding the lacI HTH;

carboxylate oxygens are 16% of the ASA of folded BSA,
but only 4% of the ASA of folded HEWL. Figure 6, which
plots the normalized extent of exclusion of GB (i.e.,Γµ3/
(m3

bulkASA)) as a function of the fraction of biopolymer
anionic ASA, shows the strong increase in the extent of
exclusion of GB per Å2 of total biopolymer surface as the
anionic contribution to the surface composition increases. If
GB were preferentially excluded only from anionic surface,
then Γµ3/(m3

bulkASA) would be directly proportional to the
fraction of anionic surface; the data in Figure 6 would fit a
line through the origin like that drawn through the point for
duplex DNA. Instead, systematic deviations from such a
proportionality ofΓµ3/(m3

bulkASA) to the fraction of anionic
surface are observed, which indicate an additional contribu-
tion to exclusion of GB that increases in significance as the
fraction of anionic surface decreases. From amino acid
transfer data, Bolen and co-workers have proposed that
exclusion of osmolytes, including GB, from the peptide
backbone is the basis of the protein-stabilizing effect of these
osmolytes (25, 26, 50-52). The ASA of duplex DNA is 44%
anionic oxygen surface and only 2.5% polar amide surface
(see Table 1 and definitions in Experimental Procedures),
so the reference line in Figure 6 serves as a starting point
for a visual analysis of the contribution of amide surface to
exclusion of GB from the protein surfaces investigated.
Folded lysozyme surface and the surface exposed upon
unfolding lacI HTH exhibit the largest deviations from the
reference line, while folded BSA surface exhibits a much
smaller deviation. For the two folded proteins, the magnitudes
of these deviations are consistent with the 2-fold greater
contribution of polar amide surface to ASA of lysozyme
(27.3%) as compared to BSA (14.6%).

A two-parameter fit to the data of Table 3 for the three
folded biopolymer surfaces investigated yields intrinsic
values ofΓµ3/(m3

bulkASA) for 100% anionic oxygen surface
((-4.0 ( 0.3) × 10-3 m-1 Å-2) and 100% polar amide
surface ((-1.1 ( 0.3) × 10-3 m-1 Å-2). According to this
analysis, more than 99% of the observed exclusion of GB
from duplex DNA surface arises from its exclusion from

FIGURE 6: The correlation between the extent of GB exclusion per
Å2 of biopolymer surface, quantified byΓµ3/(m3

bulkASA) (see eqs 3
and 9), and the fraction of anionic biopolymer surface (data of Table
3). Inset replotsΓµ3/(m3

bulkASA) vs a composite surface composi-
tion variable, in which the fraction of polar amide surface is
weighted by the numerical factor 0.26 (see text). The line shows
the expected proportionality betweenΓµ3/(m3

bulkASA) and the
composite composition variable, based on the GB exclusion
parameters for anionic and polar amide surface.
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anionic oxygen surface. For folded BSA, approximately 80%
of the observed exclusion is from anionic (carboxylate)
oxygen surface and 20% from polar amide surface. For
folded lysozyme, GB exclusion is primarily from polar amide
surface (60%) and secondarily (40%) from anionic oxygen.
For the surface exposed upon unfolding lacI HTH, use of
the above intrinsic parameters for anionic oxygen and polar
amide surface provides near-quantitative agreement with the
experimental result: the predicted value ofΓµ3/(m3

bulkASA)
is (-0.27 ( 0.05) × 10-3 m-1 Å-2, as compared with the
observed value of (-0.38( 0.05)× 10-3 m-1 Å-2. To the
extent that this difference is significant, it may result either
from an overestimate of ASA∆ or from an additional, smaller-
magnitude contribution of nonpolar surface (which makes
up 73% of ASA∆ for lacI HTH) to exclusion of GB. (A four-
parameter fit including cationic and nonpolar surface along
with anionic and amide surface gives values forΓµ3/
(m3

bulkASA) of -3.9 × 10-3 m-1 Å-2 for anionic surface,
-0.8 × 10-3 m-1 Å-2 for amide surface,-0.3 × 10-3 m-1

Å-2 for nonpolar surface, and 0.4× 10-3 m-1 Å-2 for
cationic surface. Values for anionic and polar amide surface
are consistent with the two-parameter analysis; the values
for nonpolar and cationic surface are not significantly
different from zero, given the uncertainties ((0.3 ×10-3)
determined in the two-parameter fit.)

From the above two-parameter fit, exclusion of GB from
the polar amide surface exposed upon unfolding the lacI HTH
is predicted to contribute approximately two-thirds of the
calculated total stabilizing effect of GB in this system,
consistent with Bolen’s osmophobic hypothesis of protein
stabilization (25). The exclusion of GB from anionic oxygen
surface of biopolymers, which is four times as large in
magnitude (per Å2) as its exclusion from polar amide surface,
is almost certainly the dominant contributor to its osmopro-
tectant effect in vivo, as discussed below. The inset to Figure
6 replots the GB exclusion data for the four biopolymer
surfaces investigated as a function of a composite surface
composition variable, defined as the sum of the fraction of
anionic surface and 26% of the fraction of polar amide
surface. The weighting factor 26% is the ratio of intrinsic
values of Γµ3/(m3

bulkASA) for polar amide and anionic
surface (0.26) (1.1 × 10-3)/(4.0 × 10-3)). Clearly GB
exclusion data for the folded protein and duplex DNA
surfaces are proportional to this composite composition
variable, and the point for lacI HTH ASA∆ deviates only
slightly from the line.

From the intrinsic values ofΓµ3/(m3
bulkASA) for anionic

oxygen and polar amide surface calculated above, lower
bound values on the hydration of these surfaces (b°1) are
obtained from the local-bulk solute partitioning model (eq
6). For anionic oxygen surface, the product (K°P - 1)b°1 )
-0.22( 0.02 H2O Å-2. If GB is completely excluded (K°P
) 0, i.e., zero local concentration) from anionic oxygen
surface of proteins, thenb°1 ) 0.22( 0.02 H2O Å-2. (If GB
is incompletely excluded from this surface (1> K°P > 0),
thenb°1 > 0.22 H2O Å-2.)

Since a monolayer of water of hydration is approximately
0.11 H2O Å-2(5), the hydration of anionic carboxylate
oxygen surface is at least two layers of water or at least 15-
18 H2O molecules per average carboxylate residue (∼65-
80 Å2 of anionic oxygen surface as calculated for lacI HTH

surfaces). If polar amide surface is the only other type of
surface contributing to exclusion of GB for the systems
investigated, then an analogous calculation for this type of
surface yields (K°P - 1)b°1 ) -0.06( 0.02 H2O Å-2. Since
the hydration of polar amide surface probably is at least a
monolayer, it is therefore likely that GB is not completely
excluded from polar amide surface (1> K°P > 0). Further
studies with other biopolymer surfaces and other osmolytes
are in progress to extend and refine this analysis.

Burling et al. (53) determined water density as a function
of radial distance from crystalline protein surface. They found
the density maximum was closer to oxygen surface (∼3.0
Å) than to nitrogen surface (∼3.2 Å) or carbon surface (∼3.8
Å). No distinction was made between charged and uncharged
nitrogen and oxygen surfaces. However, the data suggest
stronger hydration of oxygen surface than other surfaces.
From crystallographic data and measurements of dehydration
of protein films observed by FTIR, Poole and Barlow (54)
calculated greater dehydration enthalpies for waters associ-
ated with carboxylate groups than with amide carbonyl
oxygens. Molecular dynamics simulations by Pettitt and co-
workers (55) agree with the data of Burling et al. (53) and
indicate that water density is affected only by the nature of
the closest protein atom. Combined, the above observations
imply stronger hydration of anionic oxygen surface than of
other surfaces on proteins, including amide oxygen surface.
Our results are consistent with this conclusion. Experimental
data indicating strong hydration of anionic phosphate oxy-
gens on DNA (56, 57) are discussed elsewhere (65).

Model Compound Data Indicate that Hydration of Car-
boxylate Oxygens and the Inability To Form Intermolecular
(GB-GB) Hydrogen Bonds Dominate GB Nonideality in
Two-Component Solutions.Molal-scale activity coefficient
data for two-component aqueous solutions of GB, glycine,
and tetramethylammonium and acetate salts provide insights
into the molecular basis of exclusion of GB from anionic
carboxylate oxygens on biopolymers. These activity coef-
ficients are referenced to an ideal dilute-solution (i.e.,
hydrated solute) standard state. Neglecting a typically small
contribution due to ideal mixing entropy, molal-scale activity
coefficients of less than unity indicate relatively favorable
solute-solute interactions and the tendency of the solute to
accumulate near or associate with itself; activity coefficients
greater than unity indicate that solute-water interactions are
more favorable (or less unfavorable) than solute-solute
interactions.

Glycine betaine and its close relative glycine exhibit very
different dependences of activity coefficient on concentration
in water, indicating very different balances between self-
interactions and interactions with water for these two solutes
(Figure 7). Glycine, like urea, exhibits relatively small
deviations from ideal dilute solution behavior over the range
of interest (58). Attractive glycine-glycine interactions must
therefore be sufficiently favorable to compensate for excluded
volume effects and hydration effects as glycine concentration
increases, resulting in an activity coefficient for glycine that
is slightly less than unity even at 3m glycine. However,
complete methylation of the amino group of glycine to form
GB eliminates the capacity of GB to hydrogen bond with
itself. The thermodynamic manifestation of these changes
in the cationic moiety is a large increase in activity coefficient
with increasing solute molality (Figure 7). Rather than
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exhibiting the slightly favorable net self-interaction of
glycine, GB remains strongly hydrated (i.e., interacts pref-
erentially with water instead of other GB) in aqueous solution
at all concentrations.

An estimate of the hydration of GB is readily obtained
from literature data (31) for the concentration dependence
of its osmotic coefficientæ, defined as the ratio of the
solution osmolality (Osm) to the molal GB concentration
(mGB). If the only contribution to osmotic nonideality is from
the reduction in the amount of free water as a consequence
of binding h molecules of water of hydration to each
molecule of GB (36), then

wheremGB is calculated per kilogram of total water. Equation
10 provides a good fit at low to moderate GB concentrations
(<1 m) but at higher GB molality exhibits curvature opposite
to that of the experimental data in Figure 7. An improved
fit is obtained by replacing the constant hydration number,
h, with a solute-concentration-dependent term,h ) h0 +
mGBh1. With h0 ) 8.5 andh1 ) -0.5, eq 10 gives a much
better fit, with the correct curvature, to GB osmotic coef-
ficient data up to 4.9m than that obtained using a constant
hydration number (fits not shown). This analysis may provide
a minimum estimate of the hydration of GB:∼8.5 osmoti-
cally inactive water molecules around each GB molecule at
low mGB, decreasing to∼6 at 4.9m. A molecular dynamics
simulation of GB in aqueous solution (59) predicts more
water of hydration thanh0 but also predicts a similar relative
reduction in the number of waters within 3.5 Å of each GB
molecule as GB concentration increases from 0 to 3.3m.
These considerations and the position of carboxylate anions
(acetate, glutamate) in the Hofmeister series (60) both suggest
that the thermodynamic nonideality of GB is dominated by
the strong hydration of the carboxylate anion. Additional
insight into the physical origin of the distinctive character-
istics of the activity coefficient of GB as a function of its
concentration is obtained by comparing it with activity
coefficients of some simple electrolytes.

Molal scale mean ionic activity coefficients of acetate and
fluoride salts of alkali metals and ammonium (61), repro-
duced in Figure 8, exhibit concentration dependences similar
to most other 1:1 salts; tetramethylammonium (TMA)

chloride and bromide behave analogously (62, 63). For these
salts, the activity coefficient decreases up to∼1 m and then
gradually increases toward unity at higher salt concentration.
Mean ionic activity coefficients of TMA fluoride and, to a
lesser extent, sodium acetate deviate from this pattern. For
TMAF, a minimum is observed near 0.2m. Above 0.2m,
the activity coefficient of TMAF increases strongly with
increasingm3 and exceeds unity above 1m. Extensive
hydration of F- and the lack of hydrogen bonding and of
strong electrostatic interactions between the hydrated F-

anion and the low charge density TMA cation must be
responsible for the large positive deviation from ideal
behavior of TMAF. Analogously, the lack of favorable
interactions between the quaternary ammonium group and
carboxylates of GB must give rise to its strong nonideality
at high concentration. Similar considerations explain the
exclusion of GB from anionic protein residues. Since cationic
protein moieties more closely resemble the monosubstituted
ammonium of glycine than the quaternary ammonium of GB,
the present data and discussion are consistent with our finding
that GB is excluded more strongly from anionic protein
residues than from cationic ones.

How GB Functions as an EffectiVe Osmoprotectant and
a Compatible Solute in the E. coli Cytoplasm.The effective-
ness of a solute as an osmoprotectant is judged by its ability
to increase cytoplasmic osmolality when its cytoplasmic
concentration is increased by transport or biosynthesis. Per
mole of solute particles, glycine betaine is much more
effective than otherE. coli osmolytes (e.g., proline, trehalose,
potassium glutamate) in increasing cytoplasmic osmolality
(6). This effect is not primarily a consequence of the fact
that the osmotic coefficient of 1m GB is∼10% higher than
that of 1m trehalose and∼30% higher than that of 0.5m
potassium glutamate (KGlu). These differences in osmotic
coefficients by themselves account for no more than 25%
of the observed effect of replacement of cytoplasmic treha-
lose, K+, and Glu- by a similar molar amount of GB on the
amount of cytoplasmic water (6). Furthermore, contributions
to the osmotic coefficient of the cytoplasm estimated from
exclusion of GB and other osmolytes from folded protein
surfaces could not explain the observed cytoplasmic osmo-
lality, expecially at high osmolality. Strong preferential
exclusion of GB from the anionic surface of cytoplasmic

FIGURE 7: Molal scale two-component activity coefficients for
aqueous solutions of GB (31) and of glycine (58) as a function of
solute molality.

æ ≡ Osm
mGB

) 1 + 0.018mGB(h + 1
2) +

(0.018mGB)2(h2 - h + 1
3) + ... (10)

FIGURE 8: Molal scale mean ionic activity coefficients,γ(
m, for

univalent salts in aqueous solution as a function of salt molality.
Different symbols correspond to NaCl (b), KCl (O), KF (1), NH4-
Cl (3), NaAcetate (9), TMAF (0), and TMACl ([).
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nucleic acids (especially ribosomal RNA) may explain why
the cytoplasmic concentration of GB in free cytoplasmic
water (the water not bound to biopolymers as hydration) is
so much higher than the corresponding concentrations
achieved with other osmolytes, which makes GB the most
effectiveE. coli osmoprotectant.

The surface exposed in unfolding a protein (ASA∆)
typically is only minimally anionic (approximately 2%(
2%) and consists of only approximately 18%( 2% polar
amide surface. Hence changes in GB concentration affect
protein stability to a much smaller extent than they would if
the composition of the surface exposed in unfolding were
as anionic as that of folded BSA or nucleic acids. From the
analysis above, we predict that GB will exert the largest
effect on protein or nucleic acid processes in which the
hydration of large numbers of anionic carboxylate or
phosphate groups changes significantly, as in the formation
or disruption of multiple surface salt bridges (64). Other
processes, including protein folding or unfolding, in which
the hydration of anionic surface is relatively unaffected are
expected to exhibit modest effects of GB concentration,
which are also quantitatively predictable from knowledge
of the ASA and composition of the biopolymer surface buried
or exposed in the process.

Thus we conclude that GB can be both a very effective
osmoprotectant and a compatible, only moderately perturbing
solute for in vivo biopolymer processes because of the very
significant differences in composition between folded biopoly-
mer surface and the surfaces typically involved in folding
or other biopolymer processes.
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