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ABSTRACT: Solvent reorganization can contribute significantly to
the energetics of protein−protein interactions. However, our
knowledge of the magnitude of the energetic contribution is limited,
in part, by a dearth of quantitative experimental measurements. The
biotin repressor forms a homodimer as a prerequisite to DNA
binding to repress transcription initiation. At 20 °C, the dimerization
reaction, which is thermodynamically coupled to binding of a small
ligand, bio-5′-AMP, is characterized by a Gibbs free energy of −7
kcal/mol. This modest net dimerization free energy reflects
underlying, very large opposing enthalpic and entropic driving
forces of 41 ± 3 and −48 ± 3 kcal/mol, respectively. The
thermodynamics have been interpreted as indicating coupling of
solvent release to dimerization. In this work, this interpretation has been investigated by measuring the effect of replacing H2O
with D2O on the dimerization thermodynamics. Sedimentation equilibrium measurements performed at 20 °C reveal a solvent
isotope effect of −1.5 kcal/mol on the Gibbs free energy of dimerization. Analysis of the temperature dependence of the reaction
in D2O indicates enthalpic and entropic contributions of 28 and −37 kcal/mol, respectively, considerably smaller than the values
measured in H2O. These large solvent isotope perturbations to the thermodynamics are consistent with a significant contribution
of solvent release to the dimerization reaction.

Protein−protein interactions are central to a broad range of
biological processes, including signal transduction,1 tran-

scription regulation,2 and morphogenesis.3 Although the
intrinsic chemistry of the interacting protein partners is
important in determining the strength of an interaction,
water, either through its release into the bulk upon interface
formation or through its direct participation in the interface, is
also integral to protein−protein interactions. Moreover,
simulations predict that the interplay of protein sequence
with solvent profoundly influences protein assembly reactions.4

Despite the widespread appreciation of its significance,
experimental determination and computational prediction of
the energetic contribution of solvent reorganization remain a
challenge for understanding both the physical chemistry of
protein−protein interactions and the design of novel
interactions.5

Escherichia coli protein BirA forms a homodimer prior to
binding to DNA to regulate transcription initiation.6 The
dimerization reaction is thermodynamically coupled to small
molecule bio-5′-AMP binding, which renders the protein−
protein interaction more favorable by −4 kcal/mol (Figure
1).7,8 The equilibrium dimerization constant for bio-5′-AMP-
bound BirA, holoBirA, is 6 μM at 20 °C, 200 mM KCl, and pH
7.5, which corresponds to a modest Gibbs free energy of −7
kcal/mol.8 By contrast, van’t Hoff analysis of the temperature
dependence of the reaction indicates very large opposing
enthalpic (ΔH°DIM) and entropic (−TΔS°DIM) driving forces of
41 and −48 kcal/mol, respectively, at 20 °C.9 Furthermore, the

linearity of the van’t Hoff plot obtained from analysis of the
temperature dependence of the dimerization reaction is
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Figure 1. Thermodynamic cycle illustrating the linkage between BirA
dimerization and bio-5′-AMP binding. The coupling (ΔG°C,DIM) is
calculated from the difference in the measured dimerization free
energy of bio-5′-AMP-bound or holoBirA, and unliganded or apoBirA
(ΔG°DIM,holo − ΔG°DIM,apo). The thermodynamic parameters for
holoBirA dimerization are shown at the right: (white circle) bio-5′-
AMP and (gray shape) BirA. The free energy of apoBirA dimerization
in 200 mM KCl is calculated from the value measured in 50 mM KCl
and the measured effect of salt concentration on holoBirA
dimerization.8,9
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consistent with the absence of a heat capacity change in the
reaction.
The large opposing enthalpies and entropies of holoBirA

dimerization are consistent with solvent release upon dimer
formation.9,10 The enthalpic penalty may reflect the cost of
removal of water from the dimerization surface concomitant
with formation of the interface.11 Likewise, the favorable
entropy is consistent with the release of bound water to the
bulk upon dimerization. The chemistry of the dimerization
surface, which contains a number of polar and charged groups,
is consistent with a large enthalpic penalty of removing surface-
bound water during the course of dimerization.12 Analysis of
the dimer interface, in which 40% of the buried groups are
polar, indicates the presence of 16 hydrogen bonds and four
salt bridges.13,14 Furthermore, few water molecules are located
in the interface. However, given the net unfavorable
dimerization enthalpy is 41 kcal/mol, this structural inter-
pretation of the thermodynamics assumes a desolvation penalty
that is much larger than the favorable enthalpy associated with
formation of combined intersolvent hydrogen and protein−
protein interface bonds.
A number of experimental approaches have been used to

investigate the contribution of water reorganization to
biomolecular interactions. Addition of osmolytes allows
measurements of the dependence of the reaction on water
activity, thus providing information about the number of waters
released or taken up in the course of binding. However, a
potential complication to interpretation of the results lies in the
preferential interaction of the osmolyte with one or more of the
interacting partners.15 The volume change obtained from
measuring the response of the equilibrium constant for an
interaction to changes in hydrostatic pressure can be
interpreted in terms of the linkage of water binding or release
to the equilibrium process.16 Pressure perturbation calorimetry
also provides a means of estimating the role of water
reorganization in biomolecular interactions.17 Finally, because
of the distinct hydrogen bonding properties of the two,
measurements of the solvent isotope effect of replacing H2O
with D2O have been used to estimate the contribution of water
reorganization to protein−protein association.18

In this work, the role of solvent reorganization in holoBirA
dimerization has been probed by measuring the consequences
for the reaction of replacing H2O with D2O. Sedimentation
equilibrium measurements performed on the wild-type and
single-amino acid variants of BirA reveal that dimerization is
consistently more favorable by approximately −1.5 kcal/mol in
D2O than in H2O. van’t Hoff analysis of the temperature
dependence of the dimerization equilibrium measured in heavy
water indicates linear behavior that yields an unfavorable
dimerization enthalpy of 28 kcal/mol, 13 kcal/mol lower than
that measured in H2O. This enthalpy decrease is accompanied
by a similarly large decrease in the favorable dimerization
entropy. The results are consistent with a contribution of
solvent reorganization to the holoBirA dimerization energetics.

■ MATERIALS AND METHODS
Chemicals and Biochemicals. All chemicals used in buffer

preparation were at least reagent grade. The bio-5′-AMP was
synthesized and purified as previously described.19,20 The
standard buffer (10 mM Tris HCl, 200 mM KCl, and 2.5 mM
MgCl2) prepared in D2O was adjusted to a pD of 7.5 using a
meter reading of 7.1 to correct for the effect of deuterium on
glass electrodes.21

Protein Preparation. BirA protein variants were prepared
and purified as previously described,22,23 and the purity of each
was estimated to be >95% based on Coomassie brilliant blue
staining of samples subjected to sodium dodecyl sulfate−
polyacrylamide gel electrophoresis. Protein concentrations were
determined spectrophotometrically at 280 nm using a molar
extinction coefficient of 47510 M−1 cm−1 calculated from the
amino acid composition.24 The fractional activity of each
protein is >90% as determined by stoichiometric binding
titrations with bio-5′-AMP monitored by steady-state fluo-
rescence spectroscopy.20

Sedimentation Equilibrium. The self-association of each
BirA variant complexed with bio-5′-AMP was measured by
equilibrium analytical ultracentrifugation using a Beckman
Coulter Optima XL-I Analytical Ultracentrifuge. Proteins
were first exchanged into SB:D2O using Micro Bio-Spin 6
chromatography columns (Bio-Rad) as described by the
manufacturer. For each measurement, protein prepared at
three different concentrations was combined under stoichio-
metric conditions with bio-5′-AMP at a final molar ratio of
1:1.5. Equilibrium dissociation constants for binding of the
ligand to the BirA variants range from picomolar to
nanomolar.22,23 For each variant and/or solvent condition,
the protein concentrations employed varied depending on the
strength of the dimerization reaction. Lower concentrations
were employed for tightly dimerizing systems and higher
concentrations for weakly dimerizing systems, with the goal of
optimizing representation of the dimer and monomer species in
the concentration versus radial distance profiles. Samples were
centrifuged in cells equipped with 12 mm six-hole or 3 mm
two-hole charcoal-filled Epon centerpieces with quartz windows
in a four-hole An-60 rotor (Beckman Coulter). Prior to
centrifugation, the filled sample cells and rotor were incubated
at the specified temperature for 1 h. Centrifugation was
conducted at three rotor speeds ranging from 18000 to 24000
rpm. After the samples had reached equilibrium, scans were
acquired with a step size of 0.001 cm with five averages at either
295 or 300 nm. At these wavelengths, the contribution from the
absorbance of the adenosine moiety of bio-5′-AMP was
avoided, and for samples prepared at very high protein
concentrations, the total absorbance was in the linear range
of the detection system.

Data Analysis. The absorbance versus radius profiles
obtained for each scan were analyzed with WinNONLIN25

using a single-species model to obtain σ, the reduced molecular
weight, from which the weight-average molecular weight was
calculated using the following equation:

σ
ρ ω

=
− ̅( )kM

RT

1 v
k

2

(1)

where M is the molecular weight, k is the proportionality
constant for the associated increase in the molecular weight and
the decrease in the partial specific volume that occurs as a result
of deuterium exchange into the protein,26 v ̅ is the protein
partial specific volume, ρ is the buffer density, ω is the angular
velocity of the rotor, R is the gas constant, and T is the
temperature in kelvin. On the basis of a buffer composition of
95% (v/v) D2O, a value for k of 1.0147 was used.

27 The partial
specific volume of the BirA monomer is 0.755 mL/g,7 and the
density was calculated from the buffer composition at the
appropriate temperature using Sednterp (http://sednterp.unh.
edu/).
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Absorbance versus radius profiles were also globally analyzed
to obtain the equilibrium association constant for dimerization,
Ka, using the following monomer−dimer model:
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in which Ct is the total concentration at each radial position r, δ
is the baseline offset, which was allowed to float in the analysis,
and Cmon(ro) is the monomer concentration at reference radial
position ro. For measurements performed at 20 °C, the σmon
value used in calculations performed for wild-type and variant
proteins is the measured value in D2O buffer for wild-type
apoBirA. In analysis of data acquired at other temperatures, the
σmon value was adjusted for accompanying changes in the
solvent density. In all analyses, the reduced molecular weight of
the dimer was assumed to be twice that of the monomer. The
quality of each fit was assessed from the magnitude of the
square root of the variance and the distribution of the residuals
of the fit about zero.

■ RESULTS
The HoloBirA Dimerization Reaction Is More Favor-

able in D2O Than in H2O. The equilibrium dimerization
constant of wild-type holoBirA at 20 °C in standard buffer (10
mM Tris HCl, 200 mM KCl, and 2.5 mM MgCl2) prepared
with D2O (SB:D2O) was measured using sedimentation
equilibrium. Initial analysis of the concentration versus radial
position curves acquired at three loading concentrations and
three speeds indicated weight-average molecular weights higher
than that expected for the monomer (Figure 2). Global analysis

using a monomer−dimer model yielded a best-fit equilibrium
dissociation constant for dimerization of (5 ± 5) × 10−7 M,
indicating 12-fold tighter dimerization in SB:D2O than in
SB:H2O (Table 1).
The Magnitude of the Effect of D2O on HoloBirA Self-

Association Is Conserved. The generality of the effect of
D2O on holoBirA self-association energetics was investigated by
performing measurements on the single-alanine-substituted
variants, T195A and V219A. These particular variants were
chosen on the basis of the distinct locations of the substituted
residues in the dimer structure and their altered dimerization
energetics in H2O relative to wild-type BirA. The T195 residue
is located at the core of the dimer interface, and V219 is on the

dimer surface in a loop that folds over the adenylate moiety of
bio-5′-AMP (Figure 3A). The equilibrium dissociation
constants for dimerization of the T195A and V219A variants
in SB:H2O at 20 °C are 80 and 100 μM, respectively.22,23

Sedimentation measurements for the bio-5′-AMP-bound
forms of T195A and V219A in SB:D2O were performed as
described for wild-type BirA. The high affinities of both
proteins for the ligand ensure that they are quantitatively in the
holo form at the concentrations employed for the measure-
ments. Global nonlinear least-squares analysis of the data
yielded equilibrium dissociation constants for dimerization in
D2O buffer that are 10-fold smaller than those measured in
H2O buffer. Thus, similar to the effect observed for wild-type
holoBirA dimerization, the Gibbs free energies calculated from
the resolved equilibrium constants indicate −1.4 to −1.5 kcal/
mol enhancements in dimerization of the variants resulting
from the transfer of the reaction mixture from SB:H2O to
SB:D2O (Figure 3B).

The Magnitude of the Coupling of Ligand, Bio-5′-
AMP, Binding to BirA Dimerization Is Preserved in D2O.
BirA dimerization is thermodynamically coupled to bio-5′-AMP
binding with a difference in dimerization free energy for the
liganded, holoBirA, and unliganded, apoBirA, forms in SB:H2O
of −4 kcal/mol.8 The coupling in D2O was investigated by
performing sedimentation measurements on apoBirA prepared
in SB:D2O. In contrast to the holoBirA samples, which were
prepared at low micromolar concentrations, the weak apoBirA
dimerization necessitated measurements on samples prepared
in the 100 μM concentration range. Global analysis of the data
using a monomer−dimer model yielded an equilibrium
dissociation constant of 600 μM, corresponding to a Gibbs
free energy of −4.3 kcal/mol, −1.5 kcal more favorable than the
value estimated for apoBirA in SB:H2O.

8,9 Calculation of the
coupling free energy or ΔG°C,DIM from the dimerization free
energies obtained for apo- and holoBirA in SB:D2O yields a
value of −4.2 ± 0.5, identical, within error, to that obtained in
SB:H2O.

Enthalpic and Entropic Driving Forces for Dimeriza-
tion in D2O Differ Significantly from Those Measured in
H2O. In SB:H2O at 20 °C, the modest holoBirA dimerization
free energy results from large opposing enthalpic (ΔH°) and
entropic (−TΔS°) contributions of 41 and −48 kcal/mol,
respectively.9 The solvent isotope effect on this thermodynamic
signature was investigated by performing sedimentation
measurements in SB:D2O at temperatures ranging from 5 to
20 °C. The tight dimerization at higher temperatures precluded
measurements above 20 °C. At each temperature, the data were
acquired at three rotor speeds on samples prepared at three
concentrations. At all temperatures, the data are described well
by the monomer−dimer model and, as observed in SB:H2O,
the dimerization becomes tighter with an increase in temper-
ature (Figure 4).9 The dimerization free energies calculated
from the resolved equilibrium constants reveal that increasing
the temperature from 5 to 20 °C renders the reaction more
favorable by −1 kcal/mol. van’t Hoff analysis of the data
indicates a linear relationship (Figure 4) that yields a
temperature-independent enthalpy, ΔH°DIM, of 28 ± 3 kcal/
mol. The entropic contributions to the dimerization free
energy, calculated using the expression ΔG°DIM = ΔH° −
TΔS°, are large and favorable over the entire temperature range
(Figure 5). As observed in SB:H2O, holoBirA dimerization in
SB:D2O is characterized by a large unfavorable enthalpy and a
large favorable entropy. However, the absolute values of the

Figure 2. Sedimentation equilibrium measurements of wild-type
holoBirA in SB:D2O at 20 °C. HoloBirA prepared at 23, 15, and 7.5
μM (from left to right, respectively) was centrifuged at 18000 (gray
circles) and 24000 rpm (empty circles). The lines correspond to the
best-fit of nine data sets to a monomer−dimer model. For the sake of
clarity, only six data sets are shown with the residuals of the fit.
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two energetic parameters in D2O are markedly more modest
than in H2O.

■ DISCUSSION
BirA Dimerization Is Enhanced in D2O Relative to That

in H2O. HoloBirA self-association in D2O is energetically more
favorable than in H2O. Sedimentation equilibrium measure-
ments of wild-type holoBirA dimerization indicate a 12-fold
decrease in the equilibrium dissociation constant in D2O
relative to that in H2O, corresponding to a −1.5 kcal/mol
enhancement in the dimerization free energy. Measurements
performed on two BirA variants with single-alanine substitu-
tions as well as apoBirA indicate enhancements of identical
magnitude. The distinct locations of the two substitutions in

the three-dimensional structure of BirA underscore the general
effect of D2O on the reaction. The T195A substitution is
located in a loop in the dimerization interface. By contrast, the
V219A substitution is in a surface loop that folds over the
adenylate moiety of the ligand bio-5′-AMP, 24 Å from the
interface.12

Although holoBirA dimerization in D2O is enhanced relative
to the reaction in H2O, no effect on the linkage between
corepressor binding and dimerization is observed. Bio-5′-AMP
enhances BirA dimerization in both H2O and D2O with a
coupling free energy of −4.0 kcal/mol, a result consistent with
the general effect of the heavier solvent on dimerization.
However, the coupling free energy in H2O was determined in
buffer containing 50 mM KCl rather than the 200 mM KCl
used in the studies presented here.8 Thus, the conclusion that
coupling free energies are equivalent in the two solvents
assumes no influence of salt concentration on coupling. The
measured modest effect of monovalent salt concentration on
holoBirA dimerization supports this assumption.9

Table 1. Solvent Isotope Effects on BirA Dimerization

H2O D2O

BirA variant KDim (M)a ΔG°Dim (kcal/mol)b KDim (M)a ΔG°Dim (kcal/mol)b ΔΔG°Dim (kcal/mol)b,c

apo wild-type (−2.8)d (6 ± 1) × 10−4 −4.3 ± 0.1 (−1.5)d

holo wild-type (6 ± 2) × 10−6 −7.0 ± 0.3 (5 ± 5) × 10−7 −8.5 ± 0.5 −1.5 ± 0.6
V219A (8 ± 1) × 10−5 −5.5 ± 0.2 (7 ± 4) × 10−6 −6.9 ± 0.3 −1.4 ± 0.4
T195Ae (10 ± 4) × 10−5 −5.3 ± 0.2 (9 ± 7) × 10−6 −6.8 ± 0.4 −1.5 ± 0.4

aStandard errors reported are from two independent experiments. bStandard error propagation methods were used to determine the uncertainties
for each reported value. cΔΔG°DIM = ΔG°DIM(SB:D2O) − ΔG°DIM(SB:H2O).

dThe values provided for apoBirA were calculated using the
equilibrium dissociation constant measured in SB:H2O containing 50 mM KCl and assuming identical dependencies of apo- and holoBirA
dimerization on KCl concentration.8,9 eThe equilibrium constant and Gibbs free energy of dimerization in H2O for the T195A variant were
previously reported.23

Figure 3. (A) Locations of alanine substitutions in the BirA structure.
The T195A substitution (cyan) is at the dimerization interface, and
the V219A substitution (orange) is in a loop that folds over the
adenosine moiety and is on the outside surface of the dimer. The
model was constructed in PyMol using Protein Data Bank entry
2EWN.12,44 (B) Energetic effects of the transfer of the dimerization
reaction mixture from SB:H2O to SB:D2O. The Gibbs free energies of
dimerization in H2O (■) and D2O (▲) indicate a consistent
enhancement of −1.5 kcal/mol.

Figure 4. van’t Hoff analysis of the temperature dependence of the
equilibrium constant for holoBirA dimerization in SB:D2O (■) and
SB:H2O (▼). The lines correspond to the best fits of the data to the
van’t Hoff equation. The data obtained in SB:H2O were taken from ref
9.

Figure 5. Thermodynamic signatures for holoBirA dimerization in
SB:H2O and SB:D2O. The energetic terms in H2O and D2O are
ΔG°DIM (● and ○), ΔH°DIM (■ and □), and −TΔS°DIM (◆ and ◇).
The values in SB:H2O were taken from ref 9. On the scale used for the
graph, the estimated errors in the values are within the symbols.
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Previous studies indicate increases in the level of self-
association in D2O relative to H2O for several proteins,
including phycocyanin,28 glutamate dehydrogenase,29 and α-
chymotrypsin.30 For the limited number of studies that
provided quantitative information, the magnitude of the effect
varies. For example, at 4 °C self-association of tobacco mosaic
virus coat protein is modestly enhanced by 3-fold in D2O versus
H2O.

31 A 10-fold enhancement of β-lactoglobulin A self-
association is observed in heavy water, similar in magnitude to
the effect on BirA dimerization.32

The Thermodynamics in H2O and D2O Are Consistent
with Coupling of Solvent Release to HoloBirA Dimeriza-
tion. The measurements of holoBirA dimerization as a function
of temperature in heavy water provide additional support for a
significant contribution of solvent release to the energetics of
the process. The dimerization enthalpies obtained in SB:H2O
and SB:D2O are 41 ± 3 and 28 ± 3 kcal/mol, respectively. At
20 °C, the entropic contributions, −TΔS°, to dimerization free
energy are −48 and −36 kcal/mol, respectively, in the two
buffers. As observed in H2O, the net modest dimerization free
energy of −8.5 kcal/mol in D2O reflects large opposing
enthalpies and entropies, albeit significantly more modest than
those obtained in H2O. These differences in the dimerization
thermodynamics exist over the temperature range employed for
the measurements (Figure 5). In both solvents, the net
unfavorable dimerization enthalpy reflects the penalty of
desolvating the polar dimerization surface. However, this
removal is energetically offset, in part, by formation of
intersolvent hydrogen bonds that accompanies its release to
the bulk. The more modest unfavorable enthalpy measured for
the reaction in D2O than in H2O reflects the stronger bonding
between the heavy water molecules.33 Likewise, this stronger
bonding yields a less favorable dimerization entropy in D2O
than in H2O.

33 The very slow holoBirA dimerization kinetics
estimated from analysis of sedimentation velocity data provides
additional support for a significant role of solvent release in the
process.34 Simulations of protein aggregation indicate a high
kinetic barrier to solvent release from polar side chains.35 The
favorable interaction of water with the charged and polar
residues on the BirA dimerization surface should result in a
similarly high barrier to dimer formation.
The solvent isotope effect on holoBirA dimerization

thermodynamics is significantly larger than that measured for
other protein association reactions. For example, measurements
of the dimer−octamer equilibrium of β-lactoglobulinA yielded
enthalpies of −64 and −69 kcal/mol in H2O and D2O,
respectively.32 Indeed, solvent isotope effects of the magnitude
observed in this work have been reported only for protein
folding,36 which may indicate a more significant role for solvent
release in the holoBirA dimerization reaction than for other
protein association reactions. Solvent isotope effects on protein
folding and association reactions have previously been ascribed
to stronger bonding resulting from exchange of deuterium for
hydrogen in hydrogen bonding partners.33,37 Alternatively, the
decreased flexibility observed for some proteins in D2O may
alter interaction thermodynamics.38,39 For BirA, the absence of
a solvent isotope effect on coupling between adenylate binding
and dimerization points to solvent release being the major
source of the distinct thermodynamic profiles measured in the
two solvents.
Practical Implications for Hydrogen−Deuterium Ex-

change Studies. Hydrogen−deuterium exchange measure-
ments, detected by either mass spectrometry or nuclear

magnetic resonance spectroscopy, are used to study protein
folding, dynamics, and interactions.40,41 The potential for
solvent isotope perturbation of protein function has previously
been suggested.42,43 Results reported in this work, which
indicate that these effects can be large in magnitude, underscore
the importance of performing appropriate controls to
determine the functional effects of transferring a biomolecular
system from H2O to D2O.
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