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ABSTRACT: Noncovalent self-assembly of biopolymers is driven by molecular interactions between functional
groups on complementary biopolymer surfaces, replacing interactions with water. Since individually these
interactions are comparable in strength to interactions with water, they have been difficult to quantify. Solutes
(osmolytes, denaturants) exert often large effects on these self-assembly interactions, determined in sign and
magnitude by howwell the solute competes with water to interact with the relevant biopolymer surfaces. Here,
an osmometric method and a water-accessible surface area (ASA) analysis are developed to quantify and
interpret the interactions of the remarkable osmolyte glycine betaine (GB) with molecular surfaces in water.
We find that GB, lacking hydrogen bond donors, is unable to compete with water to interact with anionic and
amide oxygens; this explains its effectiveness as an osmolyte in the Escherichia coli cytoplasm. GB competes
effectively with water to interact with amide and cationic nitrogens (hydrogen bonding) and especially with
aromatic hydrocarbon (cation-π). The large stabilizing effect of GB on lac repressor-lac operator binding is
predicted quantitatively from ASA information and shown to result largely from dehydration of anionic
DNA phosphate oxygens in the protein-DNA interface. The incorporation of these results into theoretical
and computational analyses will likely improve the ability to accurately model intra- and interprotein
interactions. Additionally, these results pave the way for development of solutes as kinetic/mechanistic and
thermodynamic probes of conformational changes and formation/disruption of molecular interfaces that
occur in the steps of biomolecular self-assembly processes.

Biopolymer self-assembly (folding, binding) in vivo and in vitro
involves the replacement of interactions with water by more favo-
rable interactions between biopolymer functional groups (1). The
ability (or inability) of solutes andHofmeister salt ions to compete
withwater to interact with biopolymer functional groups results in
often large destabilizing (or stabilizing) effects on these assembled
states (2, 3). To understand the energetics of self-assembly and
how solutes modulate these processes, the strength of interactions
of functional groups with water relative to the strength of their
interactions with one another must be determined (4). To accom-
plish this, new methodologies and analyses are required. Here, we
use GB1 as proof of principle of a method and analysis that allow
us to systematically obtain fundamental, previously unavailable,
information about hydrogen bonding, ion pairing, and other
interactions between biomolecular functional groups.

Glycine betaine (N,N,N-trimethylglycine) is the most effective
Escherichia coli osmolyte characterized to date, allowing the cell to
efficiently retain intracellular water, maintain cytoplasmic volume
and dilution of cellular biopolymers, and therefore grow well

under dehydrating conditions (5). Many bacterial pathogens
accumulate cytoplasmic GB to adapt to osmotic stress, increasing
their growth rate and thus affecting colonization and infectivity
(5, 6). In vitro, GB drives self-assembly, strongly stabilizing site-
specific protein-DNA complexes (e.g., refs (7-10)), moderately
stabilizes the globular (folded) conformation of protein (11, 12),
and promotes some (but not all) tertiary interactions in folded
RNA (13). GB has little if any effect on stability of all-AT DNA
duplexes but destabilizes GC-containing nucleic acid duplexes
(13, 14). To explain various of these effects, GB is proposed to be
excluded from anionic oxygens (phosphate, carboxylate) (15, 16),
the peptide backbone (17), and hydrocarbon groups (18).

Effects of solutes like urea and GB (and non-Coulombic
Hofmeister effects of salts) on biopolymer processes like folding
and binding are quantified bym-values, defined as derivatives with
respect to solute or salt concentration (m3) of the observed standard
free energy change of the process ΔG�obs=-RT ln Kobs, where
Kobs is the observed equilibrium concentration quotient (expressed
in terms of concentrations and not thermodynamic activities):

m-value ¼ d ΔG�obs
d m3

¼ - RT
d ln Kobs

d m3
¼ RT

d ln Kγ

d m3
¼ Δμ23

ð1Þ
In eq 1, Kγ is the quotient of biopolymer activity coeffi-
cients corresponding to the concentration quotient Kobs and
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μ23 = RT d ln γ2/d m3; μ23 is closely related to the preferential
interaction coefficient Γμ3 (2, 3), which can be predicted if the
solute distribution near the biopolymer is known (19, 20).
(Throughout, subscripts 1, 2, and 3 refer to water, biopolymer
or model compound, and glycine betaine, respectively.)

Lee andRichards pioneered the calculation ofwater-accessible
surface area (ASA) of proteins and model compounds and
initiated the use of ASA in analyses of protein stability (21).
Subsequently, ASA-based analyses were used to interpret the
thermodynamics of protein folding and other protein processes
and to predict coupled folding vs rigid body binding (22-24).
The first systematic quantitative application of ASA to analyze
solute effects on protein processes was the landmark study of
Myers, Pace, and Scholtz (25), wherein the magnitudes of urea
and GuHCl m-values for globular protein unfolding were
observed to be proportional to the ΔASA of unfolding, calcu-
lated assuming an extended chain model for the unfolded state.
Urea andGuHþ m-value/ΔASA ratios for unfolding of R-helical
peptides are 3-4-fold larger than for globular proteins, which
correlates with the 3-4-fold greater fraction of amide surface in
the ΔASA of unfolding R-helical peptides as compared to
globular proteins (26) and demonstrates that the primary inter-
action of these denaturants is with amide surface (8, 26).

In the present study, we develop the use of vapor pressure
osmometry (VPO) to quantify the thermodynamics of interaction
of a solute like GB with model compounds that display the
principal functional groups of proteins and nucleic acids. The
osmolality Osm of a solution, which may be thought of as an
effective (nonideality-corrected) total solute concentration, is
directly related to the water activity (Osm=-55.5 ln a1). The ex-
cess osmolality of a three-component solution (ΔOsm) is a
quantitative, rigorous measure of the favorable or unfavorable
interaction of the two nonelectrolyte solute components, relative
to their interactions with water:

ΔOsm ¼ Osmðm2,m3Þ-Osmðm2, 0Þ-Osmð0,m3Þ ð2Þ
Experimental values of ΔOsm yield the chemical potential
derivatives μ23 which comprise the m-value (27-30). If μ23 is
independent of m2 and m3, then

ΔOsm =
μ23
RT

� �
m2m3 ð3Þ

Hence, μ23/RT is the slope of a plot ofΔOsm, obtained from eq 3
for given choices of molal concentrationsm2 andm3, vs them2m3

product. Here, we experimentally determine interactions of GB
with model compounds containing the functional groups of
biopolymers, interpret these as interactions of GB with the
water-accessible areas of the major different types of hydrocar-
bon, nitrogen, and oxygen surfaces of biopolymers, and apply
these values to predict GB interactions and GB effects on
processes, using ASA information.

MATERIALS AND METHODS

Chemicals. Nitrilotriacetic acid trisodium salt monohydrate
(>98%), glycine betaine monohydrate (>99%), potassium
acetate (>99%), urea, mannitol, lysine and arginine hydrochlor-
ides, potassium oxalate monohydrate, and sodium benzoate (all
>99.5%) were from Fluka. Sodium aspartate, sodium oxamate,
potassium citrate tribasic monohydrate (all >98%), glycine, dig-
lycine, sodium chloride, and potassium glutamate (all >99%)
were from Sigma. Sodium chloride (>99%), dibasic potassium

and sodiumphosphates (>99%), sodiumacetate (>99.5%), and
sucrose (>99.9%) were from Thermo Fisher Scientific. Glycerol
(>99.5%) was from Aldrich. Acetyl-Ala-methylamide (>99%)
was from Bachem. All samples were dissolved in water purified
with a Barnstead E-pure system (Thermo Fisher Scientific).
Vapor Pressure Osmometry. Samples were prepared using

all-gravimetric methods in plastic, capped microfuge tubes.
Typically, ∼30-250 mg of the model compound (e.g., carboxy-
late salt) was added as the solid to a preweighed tube, and its
weight was accurately determined using an analytical balance
(Mettler). Approximately 1 mL of a glycine betaine solution of
precisely known concentration (gravimetrically prepared on a
larger scale) was added, and the tubewas weighed again. Samples
were mixed until the solid was completely dissolved and then
stored at 4 �C until reading, no more than 24 h later. In some
cases, separate stock solutions of themodel compound and ofGB
were prepared gravimetrically. Since the purer form of commer-
cially available GB is the monohydrate, these experiments were
most conveniently performed as series in which the GB molality
was held constant and the molality of the model compound was
varied. To hold the concentration of the model compound
constant in a series of experiments at different GB concentra-
tions, the model compound solution was added first and its
weight determined.Weights ofGB solution andofwater required
to achieve a constant concentration of themodel compoundwere
calculated and added. To avoid addition of a fourth component
as well as protonation of carboxylates of model compounds, no
buffer component was added, and solution pH (ranging from 5 to
11) was not adjusted. In no case was the pH of the model
compound solution sufficiently acidic to protonate the carboxy-
late group of GB.

Osmometry was performed using a Wescor Vapro 5520 vapor
pressure osmometer under conditions of controlled humidity.
These experiments typically spanned the range of GB concentra-
tions from 0.4 to 1.2 m and model compound concentrations
from 0.05 to 1.0 m for tricarboxylate salts and 0.1 to 1.25 m for
monocarboxylate salts. Triplicate measurements of osmolality
were performed on each sample. The thermocouple was cleaned
extensively before (and often during) assays using 2 M ammo-
nium hydroxide and filtered deionized water (Barnstead E-Pure)
and then calibrated extensively until stable readings were ob-
tained. The calibration was checked frequently during the assay.
Standard solutions of NaCl at osmolalities of 0.100, 0.290, and
1.000 osmolal for use in calibration of the osmometer were
prepared gravimetrically at the appropriate molalities (0.05351,
0.1567, and 0.5422 m NaCl, respectively), calculated from iso-
piestic distillation (ID) data (31). Use of these standards sig-
nificantly improved the agreement between our VPO and lite-
rature ID data for NaCl, KCl, GB, and urea. Above 1 osmolal,
the highest calibration osmolality, small systematic differences
between VPO and literature ID data for NaCl were observed.
Fitted values of these differences were used to correct experi-
mental VPO data obtained for 1-3 osmolal solutions measured
on the same osmometer.
Surface Area Calculations. Various online resources

were utilized to generate PDB files of the model compounds:
PubChem (http://pubchem.ncbi.nlm.nih.gov), ChemDB (http://
cdb.ics.uci.edu/), Biological Magnetic Resonance Data Bank
(http://www.bmrb.wisc.edu), and the SMILES (simplified mo-
lecular input line entry specification) translator at http://cactus.
nci.nih.gov/translate. Water-accessible surface areas (ASA)
are calculated using Surface Racer (32) with the Richards’ set
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of van der Waals radii (33) and a 1.4 Å probe radius for
water. Each ASA is divided into contributions from eight
coarse-grained surface types (Supporting Information Tables
S1 and S2): aliphatic carbon, aromatic carbon, hydroxyl oxy-
gen, amide oxygen, anionic carboxylate oxygen, anionic phos-
phate oxygen, amide nitrogen, and cationic nitrogen. A unified
atom model is used, wherein hydrogens which are covalently
bonded to these atoms are treated as part of the atom in
calculating its van der Waals radius. For the lac DBD, the
20 conformers of PDB (34) entry 1OSL (35) were used as the
model of the folded state; averages for total ASA and composi-
tion were calculated (as above) using the first 51 residues of each
headpiece monomer (40 conformers). The web application
ProtSA (36, 37) was used to generate an unfolded ensemble for
these 51 residues, and water-accessible surface areas were calcu-
lated for 1919 conformations. The resulting average ΔASA
composition, as well as details for other biopolymer ASA and
ΔASA calculations, is presented in Supporting Information
Table S2.
Data Analysis. To obtain values of μ23/RT for interaction

of GB with model compounds, values of ΔOsm (eq 2) were
plotted as a function of the m2m3 product. No evidence for
significant concentration dependence of μ23/RT or deviation
from proportionality of ΔOsm to m2m3 is observed for interac-
tions of GB with the nonelectrolytes, zwitterions, and salts
studied. For all model compounds investigated, these data are
well fit by a line with fixed zero intercept, as predicted for
nonelectrolytes by eq 3. If the intercept is floated, small non-
zero intercepts are observed, but these deviations are not
systematic and do not have a significant effect on the slopes.
Values of μ23/RT and corresponding uncertainties were obtained
from the slopes of plots ofΔOsm vsm2m3 with the intercept fixed
at zero. Values of μ23/RT for interactions of GB with model
compounds (with ASA and surface composition calculated as
above) were analyzed by Igor 5.04B (multiple linear regression)
to obtain values of GB interaction potentials (μ23/RTASA)i for
different surface types.
Repressor-Operator Binding Studies. Effects of GB on

binding lac repressor to SymL operator (40 bp) DNA were
determined at 25 �C and 0.40 M Kþ by nitrocellulose filter
binding of equilibrium mixtures of repressor (0.5 nM) and
operator (0.1 nM) at GB concentrations from 0 to 1 m (8, 38).
Binding constants are averages of four independent experiments,
each with duplicate samples. The predicted contribution from
burial of DNA phosphate O ASA in the repressor-operator
interface (Figure 3) is reduced by 0.25 m-1 to correct for the
observed increase in KCl activity with increasing GB concentra-
tion (Table 1).

RESULTS

Osmometric Quantification of Interactions of GB with
Model Compounds. We used osmometry to quantify the
interactions ofGBwith 23model compounds containing carboxy-
late, phosphate, amide, hydroxyl, ammonium, guanidinium, and
aliphatic and aromatic hydrocarbon moieties. (Literature solu-
bility data for four cyclic dipeptides as a function of GB
concentration (0-4 M) (39) were analyzed as well.) Values of
ΔOsm quantifying interactions of GB with model compounds
investigated to date are plotted as a function of them2m3 product
in Figure 1. In all cases, these plots are linear over the concentra-
tion ranges examined, demonstrating that μ23/RT for each GB
interaction is independent of concentration. Values of μ23/RT

obtained from the slopes (or solubility data (40)) are listed in
Table 1. From the plots of Figure 1, we observe the following:

(1) The interactions of GB with the primary amide urea and
the secondary diamide acetyl-Ala-methylamide (aAma) are of
opposite sign (Figure 1A). GB interacts favorably with urea, for
which the N/OASA ratio is 2.7, but unfavorably with aAma, for
which the N/O ASA ratio is 0.3. The simplest interpretation of
these data is that GB must interact favorably with (i.e., accumu-
late in the vicinity of) the amide nitrogen but interact unfavorably
with (i.e., be excluded from) the amide oxygen.

(2) The observed small, positive values ofΔOsm and of μ23/RT
(Figure 1A) for the interactions of GB with the polyols glycerol
(C3), mannitol (C6), and sucrose (C12) are most simply explained
as weak exclusion of GB from hydroxyl oxygen and aliphatic
carbon surface.

(3) Highly positive values ofΔOsm and of μ23/RT are obtained
for the interactions of GB with phosphate and carboxylate salts
(Figure 1C). In the series potassium acetate, dipotassium oxalate,
tripotassium, as the number of carboxylate groups (andKþ ions)
increases from one to three, μ23/RT increases. The simplest
interpretation of these data is that GB is strongly excluded from
anionic oxygens.

(4) The less unfavorable interactions of GB with the amino
acids Gly, LysHCl, and especially ArgHCl (Figure 1B) than with
acetate salts (Figure 1C) indicate that interactions of GB with

FIGURE 1: Excess osmolalityΔOsm fromVPOstudies ofGB-model
compound interactions plotted against m2m3, the product of
molal concentrations of model compound and GB; the slope is
μ23/RT (eq 3).
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cationic ammonium nitrogens (one on Gly and ArgHCl, two on
LysHCl) and guanidinium nitrogens (three on ArgHCl) are
favorable.

(5) The modest net favorable interaction of GB with sodium
benzoate (Figure 1C) indicates a strongly favorable interaction of
GB with the benzyl ring, which compensates for the unfavorable
interaction of GB with the carboxylate moiety.
Interpretation of GB Interactions (μ23) using Accessible

Surface Area (ASA) and the Solute Partitioning Model
(SPM). Eight coarse-grained classes of surface were considered
in the analysis of the osmometric data: aliphatic carbon, aromatic
carbon, hydroxyl oxygen, amide oxygen, anionic carboxylate,
phosphate oxygen, amide nitrogen, and cationic nitrogen. For
salts, contributions of the interactions of GB with Kþ, Naþ, or
Cl- ions were also included. (Supporting Information Table S1
lists amounts of each type of surface for all model compounds
investigated here, calculated as described in Materials and
Methods.) Therefore, as a first level of interpretation, we dissect
experimental values of Δμ23/RT or μ23/RT (see eqs 1 and 3) into
additive contributions from chemically distinct, coarse-grained
surface types (15, 30, 40). This is analogous to the approach of
Tanford (41) andBolen (42), which assumes that a solutem-value
for protein unfolding can be decomposed into additive contribu-
tions from the 20 side chains and the peptide backbone units
exposed in unfolding. We propose that the contribution of each
type of surface (i) to μ23/RT is the product of a solute interaction
potential (contribution per unit of ASA; (μ23/RTASA)i) and the
ASA of that surface. The experimental value of the chemical

potential derivative μ23/RT is therefore represented as the sum of
terms:

μ23
RT

¼
X
i

μ23
RTASA

� �
i

ðASAÞi þ νj
μ23
RT

� �
j

ð4Þ

where the interaction potential (μ23/RTASA)i quantifies the
interaction of the solute of interest with 1 Å2 of surface of type
i on any compound or biopolymer, (ASA)i is the water-accessible
area in Å2 of surface type i on the model compound being
analyzed, and νj(μ23/RT)j is the product of the number of salt
ions (νj) per formula unit of a salt and the assigned contribution
(μ23/RT)j of that type of ion to μ23/RT. The observed μ23/RT
are model-independent thermodynamic quantities; the solute
potentials (μ23/RTASA)i, which quantify the effect of the
solute per unit area of a particular type of water-accessible
surface on the biomolecule or model compound, require a
structural model.

We use an ASA-based analysis of coarse-grained surface types
instead of a functional group or atom-by-atom analysis for two
reasons. First, the ASA of a particular type of surface takes
account of variations in the accessibility of different functional
groups or atoms resulting from the global conformation of the
molecule and/or local steric effects of neighboring atoms or
groups. Second, ASA is a fundamental variable in the solute
partitioning model (SPM) of preferential interactions, which
proposes that the hydration of a particular type of surface is
proportional to its ASA. An SPM-based molecular thermody-
namic analysis, using ASA, has been successfully applied to
experimental data characterizing the effects of the spectrum of
Hofmeister salts on the process of forming a nonpolar air-water
surface (43) and on processes which expose hydrocarbon and
amide molecular surface to water (40).

Each solute interaction potential is readily interpreted using
the SPM (40); for a nonelectrolyte solute at low concentration:

μ23
RTASA

� �
i

¼ -
ðKp, i - 1Þb1

55:5
ð5Þ

In eq 5, Kp = m3
local/m3

bulk is the microscopic analogue of a
macroscopic thermodynamic partition coefficient (equilibrium
concentration quotient) characterizing the distribution of a solute
like GB or urea between the local water of hydration of a given
type of biopolymer or model compound surface and bulk water,
and b1 is the surface density of the local water.

Initially, values of μ23/RT for interactions of GB with nine
uncharged solutes (six amides, three polyols; cf. Figure 1A and
Table 1) were analyzed using eq 4 and ASA compositions to
obtain values of reduced GB interaction potentials (μ23/RTASA)
for amide O, amide N, hydroxyl O, and hydrocarbon C surface
types (Table 2). Interactions of GB with these solutes were
analyzed first because they are uncharged and so may interact
more simply with the GB zwitterion than other model com-
pounds in the data set, which are zwitterions or salts. Confirming
the qualitative conclusions presented above, the results show that
GB interacts unfavorably with amideO but favorably with amide
N.Unfavorable interactions ofGBwith aliphatic C and hydroxyl
O are smaller in magnitude.

These GB interaction potentials were held constant in the
application of eq 4 to analyze interactions of GB with the zwit-
terions and salts in Figure 1B,C and Table 1; using the ASA
information of Supporting Information Table S1, we obtained
reducedGB interaction potentialsμ23/RTASA for carboxylateO,

Table 1: VPO Values of μ23/RT for Interactions of GB with Model

Compounds

solute

exptl μ23/RT
(m-1) ( SDa

calcd μ23/RT
(m-1) ( SD

glycerol 0.056( 0.003 0.052( 0.024

mannitol 0.075( 0.004 0.065( 0.034

sucrose 0.086( 0.004 0.095( 0.046

urea -0.093( 0.005 -0.094( 0.046

cGGb 0.19( 0.01 0.20( 0.05

cAGb 0.20( 0.03 0.21( 0.05

aAma 0.20( 0.01 0.23 ( 0.05

cAAb 0.26( 0.01 0.22( 0.05

cALb 0.26( 0.02 0.24( 0.06

diglycine 0.19( 0.02 0.26( 0.04

sodium oxamate 0.20( 0.01 0.27( 0.03

arginine hydrochloride -0.0040( 0.0020 -0.0038( 0.0871

lysine hydrochloride 0.14( 0.01 0.062( 0.064

glycine 0.15( 0.01 0.18( 0.04

sodium aspartate 0.43 ( 0.02 0.39( 0.04

potassium glutamate 0.47( 0.01 0.52( 0.04

sodium benzoate -0.091( 0.007 -0.10( 0.08

sodium propionate 0.22 ( 0.01 0.30( 0.03

sodium acetate 0.24( 0.01 0.29 ( 0.02

potassium acetate 0.30( 0.02 0.38( 0.02

dipotassium oxalate 0.55( 0.03 0.71( 0.04

Na3NTA 0.78( 0.04 0.71( 0.05

Na2HPO4 0.82( 0.04 0.74( 0.06

K2HPO4 0.85( 0.04 0.92( 0.06

tripotassium citrate 1.2( 0.1 0.97( 0.05

KCl 0.048( 0.002 0.060

NaCl -0.074( 0.006 -0.030

aError estimates provided are the larger of 5% or the estimated standard
deviation determined from the fit residuals by Igor Pro. bValues of μ23/RT
for cyclic dipeptides (cycloGlyGly, cycloAlaGly, cycloAlaAla, and cy-
cloAlaLeu) were determined from literature solubility data (39), as per-
formed in ref 40.
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phosphate O, aromatic C, and cationic (ammonium, guanidi-
nium) N surface types (Table 2). In this analysis, we assigned a
μ23/RT value of 0 m-1 to Naþ. This value, which is qualitatively
consistent with a small net interaction due to strong exclusion of
Naþ from hydrocarbon surface (40) and a presumed strong
favorable interaction of Naþ with the carboxylate of GB (44),
results in values of μ23/RT for Kþ andCl- of 0.09m-1 and-0.03
m-1. The most unfavorable potentials are for anionic oxygens,
and the interaction with phosphate O is more unfavorable than
that with carboxylateO. These results provide a higher resolution
separation of the previously reported composite GB-anionic
oxygen interaction potential, obtained from an analysis of
GB-DNA and GB-protein interactions and GB effects on
protein folding (8). Interpretation of the GB-phosphate O and
GB-carboxylate O interaction potentials (Table 2) using the
SPM (eq 5) indicates that the extents of hydration of anionic
carboxylate and phosphate oxygens are at least 0.16( 0.01 H2O
Å-2 (∼two layers) and 0.27 ( 0.02 H2O Å-2 (∼three layers),
respectively. We deduce that GB is highly excluded from this
water because of its inability to competewithwater as a hydrogen
bond donor to interact with these oxygens.

The favorable interaction of GB with cationic nitrogens
(Table 2) is presumably due to a hydrogen-bonded ion pair or
salt bridge between the ammonium or guanidinium group
(donor) and the anionic carboxylate of GB (acceptor). If the
hydration of these cationic nitrogens (in the absence ofGB) is two
layers of water (as determined for hydrocarbon (40) and anionic
carboxylate oxygen surfaces), then the partition coefficient
characterizing this interaction isKp= 1.3( 0.1. The GB-amide
O interaction potential is similar in sign andmagnitude to that for
carboxylate oxygen, indicating that GB is quite highly excluded
from the water of hydration of amide oxygens (Kp ∼0.1). The
chemical basis of this exclusion, likewise, must be the inability of
GB to compete with water to hydrogen bond to the amide
oxygen. The favorable preferential interaction of GB with amide
nitrogen (similar to that with cationic nitrogen) likely indicates
that the amide NH is a better hydrogen bond donor than water
for the GB carboxylate oxygen acceptor. Interpretation of this
favorable interaction using the SPM yields a GB-amide N
partition coefficientKp= 1.5( 0.1. Auton and Bolen concluded
that GB is excluded from the peptide backbone (17); our
potentials quantify this moderate (net) exclusion and decompose
it into contributions from the oxygen, carbon, and nitrogen
surfaces.

The most favorable interaction determined here is that be-
tweenGB and the aromatic carbon surface of the benzyl group of
benzoate. Since the hydration of benzyl surface is 0.18 H2O
Å-2 (40), the GB-benzyl partition coefficient is 1.7( 0.2. This is
almost certainly a cation-π interaction between the (CH3)3N

þ

group of GB and aromatic surface, like those observed in the
crystal structures of complexes of GB with two proteins involved
in its transport across the periplasmic membrane. The periplas-
mic binding protein ProX (45, 46) and the transporter protein
BetP (47) both feature GB trapped in a “box” formed by
aromatic side chains, and the pore of BetP is lined with aromatic
amino acids. The strength of the cation-π interaction between
GB and the benzyl group supports the structural proposals of the
key role of cation-π interactions in both the binding and
transport of GB.

Values of μ23/RT for all model compounds studied were
calculated using the results of the global fit (Table 2) and are
compared to the experimentally observed values in Table 1 (see
also Supporting Information Figure S1). Agreement is generally
very good, showing the merit of the approach and of the
assignment of a single-ion μ23/RT value of 0 for Naþ.

DISCUSSION

Predicting GB-Biopolymer Interactions and GBEffects
on Biopolymer Processes. Using GB interaction potentials
fromTable 2 andASA analyses from structural data (Supporting
Information Table S2) as inputs to eq 4, we predict the strength
(μ23) of GB-biopolymer interactions and of GBm-values (Δμ23)
for protein folding and protein-DNA binding. Figure 2 is a
log-log plot comparing predicted and observed magnitudes of
μ23/RT (or Δμ23/RT) for both model compounds and biopoly-
mers. Agreement is quantitative (within∼15%) for interaction of
GB with double-stranded DNA and effects of GB on folding of
the lac repressor DNA binding domain (DBD) (15) and binding
of lac repressor to lac operatorDNA. Predictions for interactions
of GB with native BSA and HEWL are only semiquantitative;
both are 40-50% less than the observed values (Supporting
Information Figure S2).

Table 2: GB-Surface Interaction Potentials and Corresponding SPM b1
and Kp Values

SPM (eq 5)

surface type μ23/(RTASA) (m-1 Å-2) b1 (H2O Å-2) Kp

phosphate O (4.9 ( 0.4) � 10-3 0.27( 0.02 0a

carboxylate O (2.8 ( 0.2) � 10-3 0.18( 0.01b 0.14 ( 0.08

amide O (2.6 ( 0.5) � 10-3 0.18( 0.01b 0.20 ( 0.16

aliphatic C (3.5 ( 1.6) � 10-4 0.18( 0.01c 0.89 ( 0.05

hydroxyl O (0.9 ( 1.2) � 10-4 0.18( 0.01b 0.97 ( 0.04

cationic N (-1.1 ( 0.4) � 10-3 0.18( 0.01b 1.3 ( 0.1

amide N (-1.7 ( 0.3) � 10-3 0.18( 0.01b 1.5 ( 0.1

aromatic C (-2.2 ( 0.5) � 10-3 0.18( 0.01c 1.7 ( 0.2

aAssumed value; used to calculate lower bound b1 for phosphate
O surface. bAssumed lower bound value based on results for hydro-
carbon and carboxylate O surfaces (see text). cLower bound value deter-
mined from application of SPM to analyze effects of salts on hydrocarbon
solubility (40).

FIGURE 2: Log-log plot of predicted vs observed absolute values of
|μ23|/RT for interactions of GB with model compounds and biopo-
lymers and of |Δμ23|/RT for effects of GB on biopolymer processes.
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GB effects on processes involving DNA can be attributed in
large part to the extraordinary exclusion of GB from anionic
phosphate oxygens. Exclusion of GB from the 23700 Å-2 of
anionic phosphate oxygen ASA of 160 bp DNA is predicted to
contribute 120m-1 to the observed value of μ23/RT (130( 13; see
Supporting Information Figure S2), and the 320 Kþ counterions
are predicted to contribute an additional 30m-1. Since contribu-
tions of other surface types are predicted to be small and
somewhat compensating, these two contributions determine the
observed exclusion of GB from duplex DNA.

Site-specific binding of proteins to helical DNA partially or
fully dehydrates and buries significant amounts of anionic DNA
phosphate oxygen surface. Since GB is completely excluded from
the water of hydration of this surface on freeDNA, the reduction
in water activity caused by addition of GB drives formation of
these complexes. Figure 3 is a semilog plot of binding constants
Kobs as a function of GB concentration (0-1 m), determined
from GB titrations of mixtures of lac repressor tetramer and
40 bp lac operator DNA at constant salt molality. From the
slope, theGBm-value/RT (i.e.,Δμ23/RT) is 2.6( 0.4m-1,∼25%
larger than that previously estimated from experiments at higher
GB concentration (8). The burial of 6900 Å2 of C, N, and O
surface in the protein-DNA and protein-protein interfaces
formed in complexation (Supporting Information Table S2)
gives rise to a net predicted GB m-value/RT = 2.7 m-1 at
constant salt molality, in good agreement with experiment
(Figure 3). Formation of the repressor-operator interface, which
buries 630 Å2 of anionic DNA phosphate O surface, is predicted
to contribute 2.2 m-1 (81%) to the GB slope; folding the hinge
helices, which buries 520 Å2 of amide surface, is predicted to
contribute 0.5 m-1 (19%); and formation of the core repres-
sor-DBD interface is predicted to make no significant contribu-
tion due to small compensating effects (Figure 3).

TheGBm-value/RT for unfolding of the globular lac repressor
DNA binding domain is 1.2 ( 0.1 m-1 at low GB concentra-
tion (11). From the potentials of Table 2 and ΔASA of Support-
ing Information Table S2, weak exclusion of GB from aliphatic
hydrocarbon surface (68% of ΔASA) is predicted to contribute
0.6 m-1 to the GB m-value. Exclusion from amide oxygen and
accumulation at amide nitrogen contributes a net 0.8 m-1, and
exposure of 150 Å2 of tyrosine aromatic ASA in unfolding
contributes -0.3 m-1. Other contributions are smaller and
largely compensate each other. The predicted m-value/RT for
the stabilizing effect ofGBonunfolding is 1.0m-1, within 20%of
the experimental value. We conclude that GBmodestly stabilizes
globular proteins like the lac DBD because of roughly equal
contributions from exclusion of GB from amide O and aliphatic
C surface, the effects of which are somewhat mitigated by
accumulation at aromatic C and amide N surface.

CONCLUSIONS

Our results explain why GB is such an effective osmolyte: it is
unable to compete with the water of hydration of anionic
(phosphate, carboxylate) and amide oxygens of cellular biopoly-
mers, lipids, metabolites, and GB itself. Cytoplasmic GB is there-
fore concentrated in the remaining intracellular water, thus
increasing cytoplasmic osmolality more than a uniformly distrib-
uted or accumulated solute could. Our results also predict that
steps in biopolymer assembly mechanisms and other processes
which bury (or expose) anionic or amide oxygen surface, as in
forming a protein-nucleic acid interface, will be especially sensi-
tive to changes inGB concentration (8, 48), makingGB a valuable
quantitative probe in mechanistic studies. How cells maintain
regulation of protein-nucleic acid interactions of gene expression,
replication, and other nucleic acid processes while accumulating
strongly perturbing osmolytes to high concentrations during
osmotic stress remains an in vivo-in vitro paradox (5).
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