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ABSTRACT: Thermodynamic and structural evidence indicates that the DNA binding domains oflac repressor
(lacI) exhibit significant conformational adaptability in operator binding, and that the marginally stable
helix-turn-helix (HTH) recognition element is greatly stabilized by operator binding. Here we use circular
dichroism at 222 nm to quantify the thermodynamics of the urea- and thermally induced unfolding of the
marginally stable lacI HTH. Van’t Hoff analysis of the two-state unfolding data, highly accurate because
of the large transition breadth and experimental access to the temperature of maximum stability (TS;
6-10 °C), yields standard-state thermodynamic functions (∆G°obs, ∆H°obs, ∆S°obs, ∆C°P,obs) over the
temperature range 4-40 °C and urea concentration range 0e C3 e 6 M. For unfolding the HTH,∆G°obs
decreases linearly with increasingC3 at all temperatures examined, which directly confirms the validity
of the linear extrapolation method (LEM) to obtain the intrinsic stability of this protein. At 25°C (pH 7.3
and 50 mM K+), both linear extrapolation and extrapolation via the local-bulk domain model (LBDM) to
C3 ) 0 yield ∆G°obs ) 1.23( 0.05 kcal mol-1, in agreement with direct measurement (1.24( 0.30 kcal
mol-1). Like ∆G°obs, both ∆H°obs and ∆S°obs decrease linearly with increasingC3; the derivatives with
respect toC3 of ∆G°obs, ∆H°obs andT∆S°obs (in cal mol-1 M-1) are-449 ( 11, -661 ( 90, and-203 (
91 at 25°C, indicating that the effect of urea on∆G°obs is primarily enthalpic. The∆C°P,obsof unfolding
(0.63( 0.05 kcal mol-1 K-1) is not detectibly dependent onC3 or temperature. The uream-value of the
lacI HTH (-d∆G°obs/dC3 ) 449 ( 11 cal mol-1 M-1 at 25°C) is independent ofC3 up to at least 6 M.
Use of the LBDM to fit theC3-dependence of∆G°obs yields the local-bulk partition coefficient for
accumulation of urea at the protein surface exposed upon denaturation:KP ) 1.103( 0.002 at 25°C.
This partition coefficient is the same within uncertainty as those previously determined by LBDM analysis
of osmometric data for solutions of urea and native (folded) bovine serum albumin, as well as LBDM
analysis of the proportionality ofm-values to changes in water accessible surface area upon protein
unfolding. From the correspondence between values ofKP, we conclude that the average local urea
concentration at both folded and unfolded protein surface exceeds the bulk by approximately 10% at 25
°C. The observed decrease inm-value for the lacI HTH with increasing temperature, together with the
observed reductions in both∆H°obs and ∆S°obs of unfolding with increasing urea concentration,
demonstrate thatKP for urea decreases with increasing temperature and that transfer of urea from the
bulk solution to the local domain at the protein surface exposed on denaturation is enthalpically driven
and entropically unfavorable.

The lac repressor (lacI)-operator DNA interaction, a
prototype system for regulation of gene expression and one
of the most specific protein-DNA interactions, has also been
a model for biophysical studies of the roles of major coupled
conformational changes in both the protein and the DNA in
site-specific binding. In addition to the observed∼40° bend
observed in the symmetric (SymL) operator DNA (1),
proposed large scale conformational changes linked to
operator binding include wrapping (2, 3) and looping (4, 5)

of flanking DNA regions and folding (6, 7) and conforma-
tional adaptability (8-10) of elements of the lacI DNA-
binding interface, formed by the DNA binding domains
(DBD)1 of two subunits of the lacI tetramer. Each DBD
consists of a 49-residue helix-turn-helix (HTH) domain
connected to the core protein by a∼13-residue hinge region
which is helical in a complex of the DBD with a tight-binding
operator (11, 12) but unfolded in the free DBD (7) and in a
complex with weak-binding operator variant (12, 13).
Comparative thermodynamic studies of interactions of the
lacI tetramer with wild type and variant operators (8, 10)
led to the proposals that extensive folding of elements of
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the DBD is coupled to specific binding (6) and that
conformational adaptability, including sequence-specific dif-
ferences in the extent of folding, results in different protein
conformations in complexes with different operator se-
quences (8, 10). Recently, a direct demonstration of operator
sequence-specific differences in the extent of folding of the
hinge helices in binding to symmetric and natural operators
has been obtained from elegant NMR structural characteriza-
tion of complexes formed by a cross-linked dimer of the
DBD. Protection factors for exchangeable protons in the
HTH increase from∼102 to as large as∼108 upon binding
to SymL (14); protection factors of exchangeable protons in
the region of the hinge helix are undetectably small in the
unbound state and increase to∼105 upon SymL binding.
The hinge region is unfolded in the unbound state of the
DBD under all conditions investigated, including low tem-
perature and high salt concentration, as confirmed in the
present work. The marginal stability of the HTH and the
instability of the hinge helices have been proposed to play
important roles in operator recognition (15). Early thermo-
dynamic studies of stability of the HTH (obtained by limited
proteolysis of intact tetrameric repressor) provided only
fragmentary and in some cases conflicting information. The
present study is a comprehensive thermodynamic investiga-
tion of thermal unfolding of the lacI HTH over a wide range
of urea concentrations, quantifying both the marginal stability
of this protein domain and the thermodynamic basis of the
action of urea as an unfolding solute.

The perturbing solute urea has been widely used in studies
of intrinsic thermodynamic stability (∆G°obs) (16, 17) and
intrinsic rate constants (18) of folding and unfolding of
proteins and of the differences in stability and cooperativity
for site-specific protein mutants (19, 20), as well as in
characterizations of the denatured state (16, 19, 21). Ther-
modynamic and kinetic analyses require extrapolation of free
energy data from the transition region, which is generally
above 4 M urea, to zero urea concentration. The most widely
used method of extrapolation is the empirical linear extrapo-
lation method (LEM), first proposed by Greene and Pace
(22), which assumes a linear dependence of∆G°obs on the
molar concentration of denaturant. For most proteins, the
assumption of linearity cannot be tested directly in the
temperature and pH range of interest. Attempts to investigate
the linearity of the extrapolation of∆G°obs to zero urea
concentration using a second perturbing variable (e.g.,
temperature, pH) have reached different conclusions with
different proteins (linear (e.g.,23, 24), nonlinear (e.g.,25,
26)).

In general, anm-value for urea (or the corresponding free
energy derivative for any other nonelectrolyte solute) is most
fundamentally and rigorously interpreted in terms of the
corresponding model-independent difference in thermody-
namic preferential interaction coefficients (∆Γ) characterizing
the interactions of urea with unfolded and folded states (27-
30). This difference is equivalent (assuming additivity of
interactions) to the preferential interaction coefficient of urea
with the subset of protein surface which is exposed on
unfolding (31). Thermodynamic data for interactions of urea
with protein surface and model compounds have been
interpreted using various site-binding models (32, 33) and,
most recently, by a local-bulk partitioning model in which
the distribution of urea between the surface of the protein

(local domain) and the bulk solution is described by a urea
concentration-independent partition coefficientKP (31).

To characterize the thermodynamic basis of the marginal
stability of the lacI HTH and to perform direct experimental
tests of the LEM and of the application of local-bulk domain
model (LBDM) for urea effects, we have quantified the
thermal unfolding transition of this marginally stable HTH
domain as a function of urea concentration using circular
dichroism. Thermal unfolding of the lacI HTH is well
described thermodynamically as a cooperative two-state
process, which allows an unambiguous determination of its
thermodynamics of denaturation. As observed for some other
small proteins andR-helical peptides (e.g.,34), where both
the enthalpy of unfolding at the transition temperature (TG

H)
and the increase in water-accessible surface area upon
unfolding are small, the lacI HTH exhibits relatively broad
thermal and urea-induced unfolding transitions. Because of
its marginal stability and broad transitions,Kobs and∆G°obs
of unfolding of lacI HTH are directly measurable at neutral
pH over a much wider range of urea concentrations and
temperatures than are accessible for most proteins, including
25 °C in the absence of urea. Consequently∆H°obs, ∆S°obs,
and∆C°P,obsare accurately determined by van’t Hoff analy-
sis. Interpretation of the data using the LBDM for the
partitioning of urea between the protein surface and the bulk
solution yields a quantitative description of the interaction
of urea with the surface exposed upon unfolding.

Background on Preferential Interaction Coefficients and
the Local-Bulk Domain Analysis of m-Values.The general
thermodynamic result for the dependence of the observed
equilibrium constantKobsfor two-state unfolding of a protein
on the activity (a3) of a nonelectrolyte solute such as urea
(present in excess in a three-component system) is the
following:

where∆Γµ3 is the stoichiometrically weighted difference in
preferential interaction coefficientsΓµ3 characterizing interac-
tions of urea with the unfolded and the folded protein (Γµ3

≡ (∂m3/∂m2)T,P,µ3) (27-30). Molal concentrations of the
protein and of any buffer or salts (if present) are maintained
constant in the derivative in eq 1. Where urea is in excess,
fourth-component effects on this derivative can be neglected,
as can any possible effects of protein concentration onΓµ3

(D.J.F., unpublished).
Protein unfolding studies have historically expressed urea

concentration on the molar scale (C3), on which scale urea
in water behaves relatively ideally (γurea

c ∼ 1) even at molar
concentrations (35), and have defined them-value as the
negative of the slope of a plot of the standard free energy
change∆G°obs of unfolding vsC3 (36):

In these studies, the concentration of urea (C3) greatly
exceeds the concentrations of protein and of any buffer and
salt components, which are held constant. Within uncertainty,
the m-value for protein unfolding is independent ofC3 in
the observable concentration range (which, for typical

(∂ln Kobs

∂ln a3
)

T,P
) ∆Γµ3

(1)

m-value≡ -(∂∆G°obs

∂C3
)

T,P
) RT(∂ln Kobs

∂C3
)

T,P
(2)
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proteins, covers a 2 Mwindow in the range 4-9 M urea).
From eqs 1 and 2, a model-independent thermodynamic
relationship between the experimentalm-value and the
difference in urea-protein preferential interaction coefficients
for unfolded and folded states (∆Γµ3) is obtained (31). Except
for a relatively small nonideality correction, them-value is
proportional to the quotient∆Γµ3/C3.

For all weakly interacting solutes, including both protein
stabilizers (e.g., glycine betaine and other osmolytes) and
destabilizers (e.g., urea, guanidinium salts), the LBDM
provides a quantitative interpretation ofΓµ3 (characterizing
a solute-biopolymer interaction) and∆Γµ3 (characterizing the
effect of solute concentration on a biopolymer process; cf.
eq 1) in terms of the partitioning of the solute between the
local domain adjacent to the biopolymer surface and the bulk
solution domain where solute and solvent are unperturbed
by the presence of biopolymer (31, 37, 38). The local-bulk
partition coefficient of the solute,KP, is defined as the ratio
of the molalities of solute component 3 in the local and bulk
domains:

Courtenay et al. (31, 39) recently determined partition
coefficients for the interaction of urea with folded (F) and
unfolded (U′) protein surface. Analysis of vapor pressure
osmometry measurements on urea-BSA solutions (0-1 M
urea) yieldedKP,urea

F ) 1.10 ( 0.04, independent of urea
concentration in this range. Analysis of the proportionality
of urea m-values to the∆ASA of unfolding reported by
Myers et al. (1995) yieldedKP,urea

U′ ) 1.12( 0.01 at higher
urea concentration. Courtenay et al. (31) therefore concluded
that urea denaturation reflected only the difference in quantity
and not a difference in quality of interactions of urea with
the unfolded state and explained the identicalKP values for
folded and unfolded protein surface by the observation that
the contribution of polar peptide backbone to the water
accessible surface is the same (∼13%) for both folded and
unfolded states. This value ofKP (1.12 ( 0.01) indicates
that, on average, the local concentration of urea at the surface
of a typical folded or unfolded protein is 11-13% higher
than its bulk concentration. For the microscopic process of
transferring urea into the local domain from bulk solution,
we define a standard free energy change∆G°P ≡ -RT ln KP.
The temperature dependences ofKP and∆G°P then yield the
enthalpic and entropic contributions to the solute transfer
process.

In the local-bulk thermodynamic analysis, the preferential
interaction coefficientΓµ3 is most directly related toKP by
the molal-scale expression (31):

whereb°1 is the amount of water in the local domain per unit
of biopolymer surface in the absence of solute (expressed
as water molecules per Å2), m1

• ) 55.5 mol/kg is the molal
concentration of water, andS1,3 is the cumulative exchange
stoichiometry (the ratio of the number of water molecules

displaced to the number of solute molecules present in the
local domain). Where the concentration of urea is in vast
excess over that of the biopolymer, as is invariably the case
in protein folding studies,m3

bulk is accurately approximated
by m3. The combination of eqs 1-4 yields the local-bulk
domain interpretation of the uream-value:

whereε3
m represents the derivative dlnγ3

m/d ln m3 (whereγ3
m

is the molal scale activity coefficient of urea), ASAU′ is the
accessible surface area exposed on unfolding, and the
quantitiesKP, b°1 andS1,3 refer to that surface. For unfolding
experiments in excess urea at constant protein and buffer
concentrations, the concentration scale conversion (∂m3/
∂C3)T,P in eq 5 can be accurately approximated by its value
in a two-component urea-water mixture. (The corresponding
molar scale expression was given in ref31.)

The intrinsic stability∆G°obs of a typical globular protein
at 25°C is normally determined by linear extrapolation of
urea denaturation data (LEM) or by nonlinear extrapolation
of thermal denaturation data, typically using a temperature-
independent∆C°P,obs. For a marginally stable protein like
the lacI DBD,∆G°obs is also directly determined at 25°C. In
addition, ∆G°obs can be obtained by integration of urea
denaturation data using the LBDM by combining eqs 2 and
5:

Values ofε3
m as a function of urea molality at temperatures

in the range 2-40 °C are obtained from the data of Stokes
(35; see Methods for Polynomial Fitting).

Temperature derivatives of∆G°obs yield ∆H°obs, ∆S°obs and
∆C°P,obsof unfolding. Likewise, the temperature derivatives
of the m-value and of the related derivative∂ ln Kobs/∂C3

provide information about the thermodynamic basis of urea
partitioning in the vicinity of the protein surface area (ASAU′)
exposed on unfolding. From the equality of second partial
derivatives of a function irrespective of order of differentia-
tion with respect to temperature and urea concentration,
applied to∆G°obs, ln Kobs, ∆H°obs, and∆S°obs:

Equations 7-9 would be exact if a molal concentration scale
were used for urea; since the partial molar volume of urea

KP ≡ m3
local

m3
bulk

(3)

Γµ3

m3
bulk

)
(KP - 1)b°1 ASA

m1
•(1 + KPS1,3m3

bulkm1
•-1)

(4)

m-value
RT

)
(KP - 1)b°1 ASAU′

m1
•(1 + KPS1,3m3m1

•-1)
(1 + ε3

m)(∂m3

∂C3
)

T,P
(5)

∆G°obs) ∆G°obs(m3 ) 0) +

m1
•-1RT(KP - 1)b°1 ASAU′∫o

m3
(1 + ε3

m)dm3

(1 + KPS1,3m1
•-1m3)

(6)

(∂m-value
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C3

) (∂∆S°obs

∂C3
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T
(7)

( ∂
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∂C3
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C3
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is somewhat temperature dependent (35), these molar-scale
expressions are approximate, though the correction terms are
small in the range of interest (D.J.F., unpublished).

METHODS

Chemicals.Anhydrous K2HPO4 (99.7% pure, FW 174.18),
certified ACS grade KCl (99.9% pure, FW 74.56), and
electrophoresis grade urea (>99% pure, FW 60.06) were
obtained from Fisher Scientific (Pittsburgh, PA) and used
without further purification. Proteinase K was obtained from
Worthington Biochemical (Lakewood, NJ). Distilled deion-
ized water was used in all experiments. Other chemicals were
reagent grade.

Purification of the 62 Residue Lac Repressor DNA-Binding
Domain. Escherichia coliDH9 cells containing the pGP1-2
and pEt-3a-HP62 plasmids were obtained from Drs. C. A.
E. M. Spronk and R. L. Kaptein (University of Utrecht).
Expression and purification were performed as described for
the 56-residue lacI DBD (40), except that Sephacryl 100 was
used in place of Sephadex 50 and SP sepharose was used as
the cation-exchange resin. Elution of the cation exchange
column yielded two significant peaks; the second of these,
eluting at 0.6 M KCl, is homogeneous 62-mer, as judged
from an overloaded 16.5% Tris-Tricine SDS-polyacrylamide
gel, which showed a single band of approximately 7 kDa
molecular mass. Electrospray mass spectroscopy analysis of
the purified 62-mer yielded a molecular weight of 6753.9 in
agreement with that calculated from the sequence. A molar
extinction coefficient of 5400 M-1 at 280 nm (Dr. C. A. E.
M. Spronk, personal communication) was used in determin-
ing concentrations of the 62-residue lacI DBD.

Preparation of Protein Solutions for CD Studies. LacI
DBD was dialyzed at least 24 h at 4°C in tubing of MWCO
1000 or 3500 with a single change at 12 h of a>1000-fold
excess of 25 mM K2HPO4, pH 7.3 (adjusted using HCl) and
either 0, 8.0, or 9.1 M urea. Extending the dialysis period to
48 h had no significant effect on the CD measurements. At
lower concentrations of K2HPO4, the protein precipitated
upon prolonged dialysis. A stock solution of 2, 4, or 8 M
urea and 25 mM K2HPO4 was prepared volumetrically
immediately before use and adjusted to pH 7.3 using HCl.
For experiments below 6 M urea, 100µL of protein stock
was combined with appropriate amounts of urea stock (e.g.,
4 M) and K2HPO4 dialysis buffer to a total volume of 300
µL in 1.0 mm path length stoppered cuvettes. To prepare
solutions at higher urea concentrations, we took advantage
of the complete reversibility of unfolding at low temperature
and diluted samples of unfolded lacI DBD in 8.0 or 9.1 M
urea buffer with K2HPO4 dialysis buffer. Control experiments
for samples prepared by both methods at urea concentrations
in the range 1.6-2.0 M and 4-5 M urea gave the same
unfolding curves within uncertainty. The concentration of
K+ was 50 mM in all CD studies of urea induced unfolding
reported here. To stabilize the folded state and establish its
baseline (cf. Appendix), the salt concentration was increased
with KCl.

Circular Dichroism Spectroscopy.Circular dichroism
spectroscopy monitored at 222 nm was performed on an Aviv
62A DS CD spectrometer with a multicell attachment
allowing simultaneous heating of five cuvettes. Heating
curves typically spanned the range 3.6-98.4 °C and used

the same series of temperature steps (∼3 °C). Thermal
equilibration after each step was achieved in less than 8 min.
After equilibration, samples were thermostated at the desired
temperature (within a( 0.2 °C instrumental deadband) for
one minute before readings were taken. Reducing the 0.2
°C deadband to 0.1°C required significantly longer equili-
bration times (∼15 min) but did not affect the shape of the
heating curves or the transition midpoint. Use of a 0.2°C
deadband introduces an uncertainty of( 0.2 °C in all
temperatures reported herein. Corrections for differences in
temperature between the block and the sample cells were
made by comparing instrument temperature readings with
those made by a thermocouple inserted into one of the cells.
This correction was significant (e.g., 3.5°C at 95°C), with
the largest corrections occurring at the extremes of the
temperature range. Data collected from replicate samples
placed in different positions in the cell holder agreed within
the tolerance expected for replicate samples in the same cell
position. Cooling the samples to 4°C after performing
thermal melts to 98°C leads to greater than 90% recovery
of signal (as judged by both ellipticity at 222 nm and
wavelength scans of the protein from 200 to 260 nm). Signal
recovery is improved to greater than 99% by stopping the
thermal melts at 80°C. Repeat melts of these samples
behaved identically to the initial melts with no alteration in
the shape or midpoint of the transition curve. Reversibility
of urea denaturation at low temperature was assessed by
diluting samples dialyzed against concentrated urea (8.0 or
9.1 M) to 1.6-6.0 M urea and comparing the results with
samples prepared by addition of urea to samples dialyzed
against buffer. Agreement between these methods indicates
that urea denaturation is also greater than 99% reversible.
Buffer-only controls over the entire range of urea concentra-
tions showed no dependence on temperature. Rather than
increase the random noise in the data by subtracting these
blanks, a small arbitraryy-axis offset was included in the
baseline fitting to account for day-to-day variations in the
instrument base signal. This offset correction, applied
consistently throughout this study, has no effect on our
results. Generally, between three and five replicates were
averaged for each set of solution conditions (see Table 1).

To aid in establishing a CD baseline for the unfolded state,
exhaustive proteinase K digests of the lacI DBD were
performed in our standard 25 mM K2HPO4 buffer, pH 7.3,
and 1.0 mM CaCl2. Reaction progress was followed by
monitoring ellipticity at 222 nm at 25°C until no further
change in signal was observed. From the number and
distribution of cleavage sites for proteinase K in the lacI HTH
sequence, we predict that no peptide fragment exceeds six
residues in length.

Calculation of Kobs and ∆G°obs from CD Data. Circular
dichroism data at 222 nm were converted to mean residue
ellipticity ([θ]222

obs) (41), and the fraction (fU) of HTH
residues in the unfolded state was calculated from eq 10:

In eq 10, experimentally determined universal baselines
with quadratic and linear temperature dependences for the
post-transition and pre-transition regions, respectively (see

fU )
[θ]222

obs - [θ]222
F

[θ]222
U - [θ]222

F
(10)
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Results and Appendix) were used to estimate the unfolded
([θ]222

U ) and folded ([θ]222
F ) ellipticities as a function of

temperature. Because residues 50-62 of the connector “hinge
helix” are unfolded under all conditions investigated (42;
see Appendix), their contribution to [θ]222

obs is included in the
folded state baseline [θ]222

F as well as in the unfolded
baseline [θ]222

U . (Any nonlinearity introduced into the folded
state baseline by the presence of the hinge region is not
detectible.)

A two-state model for the thermodynamics of unfolding
was tested and found completely adequate to fit the unfolding
data and obtain the observed equilibrium constant as a
function of temperature or solute concentration.

To examine the temperature dependence of various
thermodynamic parameters under different solution condi-
tions, nonlinear regression was performed using the Sigma-
Plot 2000 program to fitKobs to the exponential form

valid where∆C°P,obs is independent of temperature. Inclu-
sion of a linear dependence of∆C°P,obson temperature does
not improve the quality of the fits. In eq 12,Tref is an
arbitrary reference temperature (chosen to be 25°C), and
∆H°ref and∆S°ref are the fitted values of∆H°obs and∆S°obs at
Tref. Values of the characteristic temperaturesTS, TH,
TG

H, andTG
C were calculated from∆H°ref, ∆S°ref, and∆C°P,obs.

Alternatively, the data were fit to obtain∆C°P,obs, TS, and
TH or to obtain∆C°P,obs, TG, and ∆H°obs(TG), the enthalpy
of unfolding atTG. In the latter parametrization, eitherTG

H

or TG
C was selected for by constraining∆H°obs(TG) to be

positive or negative, respectively. Values of the charac-
teristic temperatures obtained directly from these fits were
the same within uncertainty as those obtained indirectly from
eq 12.

Calculation of ∆G°obs of Unfolding in the Absence of
Urea and the Urea Partition Coefficient KP from Linear

Extrapolation (LEM) and from the Local-Bulk Domain Model
(LBDM). For the LEM analysis, values of∆G°obs as a
function of C3 at constantT were fit linearly to obtain
∆G°obs(m3 ) 0) and them-value (eq 2). For the LBDM
analysis, urea concentrations determined on the molar scale
were converted to the molal concentration scale using the
relation

whereVh 1
• and Vh3 are the molar volume of pure water and

the partial molar volume of urea in water in units of L mol-1,
respectively. In applying eq 13, the dependence ofVh3 on
C3 was calculated by fitting a quartic polynomial to litera-
ture values of the apparent partial volume of urea (Vh 3

app,
evaluated assumingVh1 is independent of urea concentration
(35)) and calculatingVh3 from Vh 3

app by the standard method
(43). In eq 13, neglect of the slight dependence ofVh1 on
C3 and of the small contributions of protein and K2HPO4

to the concentration scale conversion together contribute
an error of less than 0.4% to the calculated values ofm3

(D.J.F., unpublished). If the concentration dependence ofVh3

were neglected, an additional error of∼2% would be
introduced.

In applying the LBDM to obtain∆G°obs(m3 ) 0) andKP,
integral eq 6 also requires an expression forε3

m as a function
of m3 at each temperature of interest. Stokes (35) tabulated
molal scale activity coefficients of urea in two-component
aqueous solutions as a function of urea concentration at
temperatures in the range 2-40 °C. For urea concentrations
up to 12 m, values of lnγ3

m at each temperature are best fit
by a fourth degree polynomial inm3:

Effects of temperature (2-40 °C) on ln γ3 are well-fit by
representing the coefficientsa1 anda2 in eq 14 as a power
series in temperature (K):

Table 1: Thermodynamic Parameters Describing the LacI DBD Unfolding Transition at Various Urea Concentrations

at 25°C

[urea] (M) # expts
∆C°P,obs

(cal mol-1 K-1) TG
H (°C) TS (°C) TH (°C)

∆G°obs

(cal mol-1)
∆H°obs

(cal mol-1)
∆S°obs

(cal mol-1 K-1)

0.0 9 627( 139 45.6( 0.2 7.8( 1.5 5.3( 1.7 1240( 301 12394( 1987 37.4( 6.7
0.4 3 634( 59 43.0( 0.1 9.1( 0.5 7.1( 0.6 998( 91 11395( 660 34.9( 2.2
0.8 5 618( 36 40.4( 0.1 6.0( 0.3 3.9( 0.3 893( 61 13061( 273 40.8( 0.9
1.2 5 636( 31 37.5( 0.1 7.2( 0.3 5.6( 0.3 672( 48 12395( 305 39.3( 1.0
1.6 5 627( 87 35.0( 0.1 6.0( 0.7 4.6( 0.8 527( 107 12825( 689 41.2( 2.3
2.0 2 613( 62 31.2( 0.1 6.8( 0.6 5.7( 0.6 286( 53 11853( 404 38.8( 1.4
2.7 3 642( 46 24.8( 0.1 7.3( 0.3 6.7( 0.3 -4 ( 33 11703( 373 39.3( 1.3
3.0 3 624( 40 20.2( 0.1 7.1( 0.2 6.8( 0.2 -163( 35 11344( 328 38.6( 1.1
3.5 3 640( 43 12.8( 0.3 7.7( 0.2 7.7( 0.3 -300( 15 11062( 311 38.1( 1.0
4.0 3 638( 30 8.0( 0.1 8.5( 0.1 -623( 18 10514( 272 37.3( 0.9
4.5 3 623( 137 8.5( 0.6 9.2( 0.6 -753( 103 9869( 1155 35.6( 3.9
5.0 4 715( 272 9.6( 0.8 10.7( 0.7 -1051( 182 10248( 2634 37.9( 8.9
6.0 4 686( 170 10.0( 0.4 11.7( 0.4 -1420( 113 9175( 1607 35.5( 5.4

Kobs) ([U]

[F] )eq
)

fU
1 - fU

(11)

Kobs)

exp(-∆H°ref

RT
+

∆S°ref

R
+

∆C°P,obs

R (Tref

T
- 1+ ln( T

Tref
))) (12)

m3 =
C3m1

•Vh 1
•

1 - C3Vh3

(13)

ln γ3
m ) ∑

i)1

i)4

ai m3
i (14)

ai ) ai
(0) + ai

(1)T + ai
(2)T2 i ) 1, 2 (15)
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Values of these coefficients were obtained by fitting the data
of Stokes (35): a1

(0) ) -1.223( 0.001,a1
(1) ) (6.801(

0.006)× 10-3, a1
(2) ) (1.001( 0.001)× 10-5, a2

(0) ) (7.271
( 0.012)× 10-2, a2

(1) ) -(3.949( 0.008)× 10-4, a2
(2) )

(5.952( 0.013)× 10-7, a3 ) (5.492( 0.005)× 10-4, a4

) (1.654( 0.002)× 10-5.

Differentiation of eq 14 with respect to lnm3 to obtainε3
m

and subsequent analytic integration of (1+ ε3
m)(1 +

KPS1,3m3/m1
•)-1 (cf. eq 6) yields an analytic expression for

∆G°obs as a function ofm3 which was fit to the data of
Figures 1 and 4 (below) to obtain values of∆G°obs of
unfolding in the absence of urea and ofKP for urea
partitioning at each temperature examined. Values forb°1
andS1,3 were fixed at 0.11 and 2.7 (cf. ref31) and∆ASA )
ASAU′) 3938 Å2, calculated as described below.

Calculation of Accessible Surface Area.The native state
of the lacI DBD was taken from the first NMR model in the
file 1LQC.PDB in the Protein Data Bank (www.rcsb.org).
The denatured state was modeled as an extendedâ-chain
using Insight II (Biosym Technologies) on an Octane
workstation (Silicon Graphics). Both structures were trun-
cated after 51 residues because the hinge region is found to
be unstructured under all conditions examined (42). Water-
accessible surface areas of these protein structures were
calculated using a modification of the Richmond ANAREA
program (44, 45), with a probe radius of 1.4 Å and accepted
values of the van der Waals radii (set I;45).

RESULTS

Dependence of Thermal Unfolding of the LacI HTH on
Urea Concentration.To investigate the thermodynamic basis
of stability of the lacI HTH and its dependence on urea

concentration, thermal unfolding experiments were performed
at urea concentrations from 0 to 9.1 M urea and monitored
by circular dichroism spectroscopy at 222 nm. Averaged
results of multiple experiments at representative urea con-
centrations in our standard 50 mM K+ phosphate buffer (pH
7.3) are shown in Figure 1. The unfolding transition is
observed to equilibrate rapidly on the experimental time scale
allowing for thermal equilibration after each∼3° temperature
step. Data showed no signs of hysteresis, with transition
curves obtained by scanning up in temperature overlaying
those obtained by scanning down. The transition is inde-
pendent of lacI DBD concentration over the 20-fold range
examined (6-130 µM), and 95-100% reversible except at
the highest temperatures examined, where reversibility was
reduced to∼90%.

Temperature-dependent baselines for the folded and
unfolded states of the protein were established through a
global regression procedure described in the appendix. The
quadratic function describing the unfolded state as a function
of temperature agrees closely with data for the lacI HTH
collected at 9.1 M urea, demonstrating that the protein is
unfolded at all temperatures at high urea concentrations.
Thermal scans (in 50 mM K+ without urea) of exhaustive
proteinase K digests of the lacI HTH (predicted lengthe 6
residues) overlay the thermal scans of lacI HTH in 9.1 M
(Figure 1, inset), thereby providing further evidence for our
conclusion that the unfolded state baseline is independent
of urea concentration. To establish the temperature-dependent
CD baseline for the folded state, not 100% populated at any
temperature even in the absence of urea in our standard low-
[salt] buffer (50 mM K+; pH 7.3), data at high KCl
concentrations were included in the global analysis (cf.
Appendix). The resulting linear baseline is also shown in
Figure 1.

FIGURE 1: Thermal unfolding transitions of lacI HTH at representative urea concentrations (25 mM K2HPO4, pH 7.3). Averaged ellipticities
[θ]222 (typically for 3-5 experiments; standard error( 3%) are plotted vs temperature; regression fits were obtained using the two-state
model with a constant∆C°P,obsof unfolding (eqs 10-12; solid black lines) and the indicated baselines for the folded and unfolded states
(dashed lines, cf. Appendix). The urea concentrations are 0 M (b), 2 M (O), 3 M (1), 4 M (3), 5 M (9), 6 M (0), and 8 M ([). Inset
compares the unfolded nonlinear baseline (-) with ellipticities determined for lacI HTH in 9.1 M urea (b) and proteinase K digests of lacI
HTH in the absence of urea (O).
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Our entire set of spectroscopic data for unfolding of this
49 residue HTH is completely consistent with a two-state
thermodynamic model, as shown by the fitted curves in
Figure 1. Individual HTH domains are either completely
folded or completely unfolded at equilibrium, without
detectible populations of intermediates. Each data set was
fit separately to avoid imposing any restrictions on the
functionality of the urea dependence of the thermodynamic
parameters in the fits. Residues of the hinge region (50-
62) exhibit no detectible structure under any conditions
investigated here. In particular no unfolding transition for
the hinge helix is observed, consistent with the conclusion
(42) that this region folds upon binding to operator DNA.
In addition to the downward shift in midpoint temperature
of the thermal transition with increasing urea concentration,
Figure 1 shows that the magnitude of [θ]222

obs at the temper-
ature of its relative minimum decreases with increasingC3.
Even in the absence of urea, the low-temperature data (<25
°C) exhibit a less negative [θ]222

obs than that expected for the
completely folded state of the HTH at these temperatures,
deduced from studies at higher [K+] (see Appendix) and from
estimates based on its amount ofR-helix and other secondary
structure (D.J.F., unpublished). We conclude that a small but
significant fraction of the HTH population (∼6%) is unfolded
even in the absence of urea at the temperature of maximum
stability (TS ) 7.8 ( 1.5 °C, where∆S°obs ) 0). Therefore,
unfolding studies at low [K+], interpreted by the two-state
model using a folded state baseline determined at higher
[K +], directly yield (without extrapolation)∆G°obs for un-
folding over a wide temperature range (4-40 °C) in the
absence of urea.

Results of the representative series of thermal denaturation
experiments (Figure 1), normalized to fraction unfolded, are
shown in Figure 2. The solid curves are fits to the two-state
model of unfolding applied to the data using eqs 10-12;
thermodynamic parameters from these fits are compiled in
Table 1. The fits are extrapolated to lower (experimentally
inaccessible) temperatures to emphasize the influence of cold-
induced unfolding on the shape of the experimental curves.
Although the midpoint temperatures of cold denaturation
(TG

C) are deduced to be substantially below the experimen-

tally accessible temperature range (Figure 3), values ofTH

(where∆H°obs ) 0 andKobs is a minimum) are well defined
by the minima in [θ222

obs] (Figure 1) and in the fraction
unfolded (fU) (Figure 2) in the range 6-10 °C. An increase
in urea concentration destabilizes the folded state of the lacI
HTH at all temperatures, causing both transition temperatures
(TG

H, TG
C) to shift towardTH, therefore reducing the differ-

enceTG
H - TG

C that defines the window of thermal stability
of the folded state.

Figure 3 summarizes the dependence of fitted values of
the high-temperature transition midpointTG

H on urea con-
centration. Also plotted in Figure 3 are predicted values of
the lower transition midpoint temperatureTG

C obtained by
extrapolation, assuming a temperature-independent∆C°P,obs.
Together TG

H and TG
C determine the phase diagram of

conditions where∆G°obs is zero (i.e., where the folded (F)
and unfolded (U) states are equally populated). A mixed
population of these two states exists at equilibrium over a
wide range of urea concentrations and temperature; the

FIGURE 2: Fraction unfolded lacI HTH vs temperature. Data are
from Figure 1, replotted as fraction unfolded (fU) as a function of
temperature. Regression fits to eqs 10-12 for two-state unfolding
are shown. Symbols for different urea concentrations are the same
as in Figure 1.

FIGURE 3: Temperature-urea phase diagram of lacI DBD unfold-
ing. Values ofTG

H (b), TG
C (O), and C1/2 (0) define the phase

boundary at which the folded and unfolded forms of the protein
are equally populated. The shaded region depicts conditions where
the extent of folding is between 10 and 90%. Also shown are the
urea concentration dependences ofTS (1), the temperature of
maximal stability, and ofTH (3), the temperature whereKobs is a
minimum.
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shaded region in Figure 3 denotes the conditions in which
both the folded and unfolded states are at least 10% populated
(i.e., the region where∆G°obs is experimentally well-deter-
mined). With increasing urea concentration, the stability of
the native state of the lacI HTH is reduced at all temperatures;
TG

H decreases andTG
C is predicted to increase with increasing

urea concentration. The two transition temperatures converge
at∼3.5 M urea; above this urea concentration, the unfolded
state is thermodynamically more stable than the folded state
(∆G°obs < 0) at all temperatures.

Also plotted in Figure 3 are the characteristic temperatures
TH and TS for this unfolding transition. AtTH, Kobs for
unfolding is a minimum (cf. Table 1). AtTS, ∆G°obs is a
maximum. BothTH and TS increase with increasing urea
concentration. The characteristic temperatureTH is predicted
to increase linearly with increasingC3 because∆H°obs of
unfolding is found to decrease linearly with increasingC3

(see Figure 5 below) and∆C°P,obs of unfolding is indepen-
dent of urea concentration:

The predicted value of this derivative (cf. Figure 5 below)
is dTH/dC3 ) 1.05 ( 0.14 K M-1, in complete agreement
with the data of Figure 3.

The characteristic temperatureTS is predicted to increase
nonlinearly withC3:

BecauseT∆S°obs is not as dependent onC3 as is∆H°obs, TS

is predicted (from Figure 5 below) to be less dependent on
C3 than isTH; over the measured range, eq 17 predicts that
dTS/dC3 ) 0.30( 0.15 K M-1, which is also consistent with
the data of Figure 3. At urea concentrations less than 3.6 M,
TS exceedsTH, as required for the folded state to be
thermodynamically stable:∆G°obs(TS) ) ∆C°P,obs(TS - TH)
> 0. In the vicinity of 3.6 M urea, all four characteristic

FIGURE 4: Isothermal urea-induced unfolding transitions of lacI
DBD. Ellipticity data at temperatures of 3.6°C (b), 12.8°C (O),
22.0°C (1), 25.0°C (3), 31.1°C (9), 40.3°C (0), 49.5°C ([),
and 58.7°C (]) as monitored by CD at 222 nm and converted to
fraction unfolded (fU) as described in the text. Fits to the local bulk
domain model using eq 6 are shown as solid black lines.

dTH

dC3
) - 1

∆C°P,obs
(∂∆H°obs

∂C3
)

T
(16)

dTS

dC3
) -

TS

∆C°P,obs
(∂∆S°obs

∂C3
)

T
(17)

FIGURE 5: Thermodynamics of unfolding as a function of urea
molarity. Panels A-D show the dependence of∆G°obs, ∆H°obs,
T∆S°obs, and∆C°P,obsof denaturation on urea molarity at 25°C. The
dotted line in panel A represents a weighted fit to the LBDM using
eqs 6 and 14-15. Solid lines represent weighted linear least-squares
fits to the data in panels A-C with slopes (∂∆G°obs/∂C3)T)25°C )
-449 ( 11 cal mol-1 M-1, (∂∆H°obs/∂C3)T)25°C ) -661 ( 90 cal
mol-1 M-1, and (∂T∆S°obs/∂C3)T)25°C ) -203( 91 cal mol-1 M-1

for the dependence of∆G°obs, ∆H°obs, and ∆S°obs on urea, respec-
tively. The solid line in D gives the weighted mean value of
∆C°P,obs(630 ( 50 cal mol-1 K-1).
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temperatures become equal (TH ) TS ) TG
H ) TG

S = 7.7 °C).
Above 3.6 M urea,TH exceedsTS, and the folded state is
thermodynamically unstable at all temperatures.

Isothermal Urea-Concentration Dependence of Stability
of the LacI HTH and its Enthalpic and Entropic Components.
Because thermal transition data were taken at the same set
of temperatures (∼3 °C intervals), they can equally well be
represented as isothermal urea titrations at these temperatures.
Figure 4 summarizes that part of our urea-temperature data
set not shown in Figure 1. Like the thermal transitions of
Figure 2, these urea-induced unfolding transitions are very
broad. For typical globular proteins, urea-induced unfolding
at pH 7 is observable only at urea concentrations above 4
M. For the lacI HTH, however, urea-induced unfolding spans
the range of urea concentrations from 0 to∼7 M. Midpoint
urea concentrations,C1/2, of the isothermal urea-induced
unfolding transitions obtained from isothermal fits to the
LBDM (eq 6), are plotted in Figure 3. As expected, values
of C1/2 as a function of temperature, obtained from isothermal
LBDM fits, describe the same stability curve in Figure 3 as
values ofTG

H obtained from fits of thermal transition data to
the constant-∆C°P,obs van’t Hoff equation (eq 12) at each
urea concentration investigated. Thus, the overlap of the urea
unfolding transitions at 3.6 and 12.8°C (Figure 4) is
explained simply by the proximity of these temperatures to
TS.

The urea dependence of∆G°obs at 25 °C is plotted in
Figure 5A. The extreme breadth of the urea-induced unfold-
ing transition (Figure 4) allows∆G°obs to be determined
directly at this temperature from 0 to 6 M urea; ∆G°obs
varies linearly with urea concentration over this range with
a slope (the negative of them-value) of-449( 11 cal mol-1

M-1 (solid line fit in Figure 5A); ∆G°obs is also a linear
function of urea molarity at all other temperatures where this
dependence can be quantified (4-40 °C; cf. Table 2).

The enthalpic and entropic contributions to∆G°obs as a
function of urea molarity and temperature were determined
from analysis ofKobs using eq 12 (withTref ) 25 °C). At 25
°C, in the absence of urea, both∆H°obs (12.4 ( 2.0 kcal
mol-1) andT∆S°obs are positive and large relative to∆G°obs.
Figure 5B,C shows that both∆H°obs and T∆S°obs decrease
linearly with increasing urea molarity at 25°C, with
derivatives (∂∆H°obs/∂C3)T,P ) -661 ( 90 cal mol-1 M-1

and (∂T∆S°obs/∂C3)T,P ) -203( 91 cal mol-1 M-1. Because
∆H°obs decreases more rapidly with increasing urea concen-

tration than T∆S°obs, ∆H°obs and T∆S°obs intersect at the
midpoint urea concentration for unfolding at 25°C (C1/2 of
2.72 ( 0.13 M). Heat capacity changes∆C°P,obs are also
obtained from the regression fit to eq 12. Figure 5D indicates
that ∆C°P,obs is independent of urea concentration within
error, with an average value of 630( 50 cal mol-1 K-1.

Temperature Dependences of the m-Value and of
(∂ ln Kobs/∂C3)T for Unfolding the lacI HTH; Implications for
Linkages between Temperature and Urea DeriVatiVes of
Thermodynamic Functions of Unfolding.The systematic
temperature dependence of the lacI HTHm-value in the range
of our experiments (4-40 °C) is shown in Figure 6A. Within
the uncertainty, them-value decreases linearly with increas-
ing temperature:

The closely related quantity (∂ln Kobs/∂C3)T ) m-value/RT
is plotted vs temperature in Figure 6B. Within the uncer-
tainty, (∂ln Kobs/∂C3)T also decreases linearly with increasing
temperature:

Nonlinearity in Figure 6A and/or B arising from the fact
that the two derivatives (∂m-value/∂T)C3 and∂(∂ ln Kobs/∂C3)/
∂T cannot both be independent of temperature is not
detectible given the experimental uncertainty, as discussed
below.

Obligate thermodynamic linkages (eqs 7 and 8) relate the
temperature dependences of them-value and of (∂ln Kobs/
∂C3)T to the urea concentration dependences of∆S°obs and
∆H°obs, respectively. At 25°C, from Figure 5C (∂∆S°obs/∂C3)T

) -0.68 ( 0.31 cal mol-1 K-1 M-1. From Figure 6A,
(∂m-value/∂T)C3 ) -1.02 ( 0.22 cal mol-1 K-1 M-1.
Although the uncertainty is rather large, these two derivatives
are equal within error, as required by eq 8. Likewise, from
Figure 5B, at 25°C, (1/RT2)(∂∆H°obs/∂C3)T ) -(3.74 (
0.51)× 10-3 M-1 K-1 and from Figure 6B,∂(∂ ln Kobs/∂C3)/
∂T ) -(4.41( 0.4)× 10-3 M-1 K-1. Within the uncertainty,
these two quantities are equal, as required by eq 7.

Table 2: Temperature Dependence of the Parameters from LEM and LBDM Analysis

LEM LBDM analysis direct

T (°C)
∆G°obs(C3 ) 0)

(cal mol-1)
m-value

(cal mol-1 M-1)
∆G°obs(C3 ) 0)

(cal mol-1) KP

∆G°obs(C3 ) 0)
(cal mol-1)

3.6 1616( 39 481.8( 8.2 1655( 42 1.126( 0.002 1435( 415
6.7 1587( 40 470.0( 8.7 1627( 44 1.120( 0.002 1494( 442
9.7 1567( 44 463.3( 9.6 1593( 46 1.116( 0.002 1502( 409

12.8 1536( 51 458.3( 10.6 1559( 53 1.112( 0.003 1481( 408
15.8 1515( 50 467.6( 10.5 1535( 51 1.113( 0.003 1470( 401
18.9 1476( 81 471.2( 10.8 1492( 83 1.111( 0.003 1398( 374
22.0 1359( 58 466.1( 10.3 1376( 60 1.109( 0.002 1331( 349
25.0 1222( 52 449.0( 10.8 1233( 52 1.103( 0.003 1240( 301
28.1 1135( 74 456.9( 8.8 1146( 75 1.103( 0.002 1114( 253
31.1 937( 47 448.4( 9.2 943( 47 1.099( 0.002 968( 222
34.2 736( 20 437.8( 9.2 745( 20 1.096( 0.002 791( 189
37.3 551( 16 442.5( 9.4 557( 16 1.095( 0.002 603( 150
40.3 337( 13 440.4( 10.5 342( 13 1.094( 0.002 392( 134

(∂m-value
∂T )

C3

) -
∂

∂T(∂∆G°obs

∂C3
)

T

)

1.02( 0.22 cal mol-1 M-1 K-1

∂

∂T(∂ln Kobs

∂C3
)

T

) -(4.41( 0.4)× 10-3 M-1 K-1
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Figure 5D indicates that∆C°P,obs is independent ofC3

within the experimental uncertainty. Interpreted by the
linkage relation (eq 9), if∆C°P,obsis independent ofC3 then
both (∂∆H°obs/∂C3)T and (∂∆S°obs/∂C3)T are independent of
temperature. In this situation, them-value must be a linear
function of temperature (Figure 6A) and the temperature
dependence of (∂ln Kobs/∂C3)T (Figure 6B) is predicted to be
nonlinear. However, experimental uncertainty makes it
impossible to detect small deviations from linearity over the
40 °C temperature range examined in Figure 6A,B. Values
of (∂∆C°P,obs/∂C3)T in the range from-11 to +21 cal mol-1

K-1 M-1 result in insignificant curvature of both panels of
Figure 6; curvature introduced by a stronger urea concentra-
tion dependence of∆C°P,obsshould be apparent outside the
scatter in the data. This conclusion is consistent with the
observation (Figure 5D) that∆C°P,obsis independent of urea
concentration (0-6 M) within uncertainty (∆C°P,obs ) 630
( 50 cal mol-1 K-1) implying that |(∂∆C°P,obs/∂C3)T| does
not exceed 21 cal mol-1 K-1 M-1. We interpret this
negligibly small dependence of∆C°P,obs on C3 to indicate
that the∆ASA of unfolding in urea is independent of urea
concentration and that the accumulation of urea in the vicinity
of protein surface does not significantly affect the interaction
of nonpolar surface with water, which is the dominant
contributor to∆C°P,obs.

DISCUSSION

The lacI DBD as a Model Protein For InVestigating Effects
of Solutes on Unfolding Thermodynamics.At neutral pH and
in the absence of denaturants, both the maximum thermo-
dynamic stability (∆G°obs ) 1.59( 0.05 kcal atTS ) 7.8 (
1.0 °C) and the thermal stability (TG

H ) 45.6 °C) of lacI
HTH are significantly less than those of other globular
proteins. In addition, both the thermal unfolding transition
and the isothermal urea unfolding transitions are very
broad: (dfU/dT)-1 ) 32 °C atTG

H in the absence of urea and
(dfU/dC3)-1 ) 5.3 M atC1/2 and 25°C. BothTH andTS are
in the experimentally accessible range at all urea concentra-
tions investigated. These characteristics are very desirable
for the investigation of solute effects on the thermodynamics

of protein unfolding by van’t Hoff methods becauseKobscan
be determined over wide ranges of temperature and urea
concentration including the temperatureTH whereKobs is a
maximum. In such situations, analysis of the temperature
dependence ofKobs by eqs 11-12 yields accurate values of
∆H°obs, ∆S°obs, and∆C°P,obsas functions of urea concentration
and of the temperature dependence of them-value. These
desirable characteristics result in large part from the small
size of the folding domain (49 residues in the HTH) and the
consequently small amount of buried ASA (3938 Å2).
Thermodynamic investigations have been carried out on a
number of other small proteins which lack disulfide cross-
links and stabilizing ligands, including proteins with largely
beta structure such as Btk (46) andR-spectrin SH3 domains
(47), proteins with both alpha and beta structure (e.g., B1
and B2 domains from protein G (48) and chymotrypsin
inhibitor 2 (49)), and entirely alpha helical homeodomain
(50-52) and phage repressor proteins (53, 54). With the
probable exception of the homeodomain DNA-binding
proteins discussed below, all of these proteins, although only
slightly larger than lacI HTH, are significantly more stable
(both thermodynamically and thermally) than lacI HTH at
neutral pH (cf. Table 3). It is interesting to compare the
stability of lacI HTH to that of DNA-binding domains of
homeodomain and phage repressor proteins that also contain
HTH motifs. While repressor proteins with a five-helix fold
(phage 434 cro protein, monomeric lambda repressor) are
significantly more stable than lacI HTH, homeodomain
proteins such as vnd/NK-1 and MATR2, which like lacI HTH
contain only three helices, have similar thermal stability to
lacI HTH (and most likely similar thermodynamic stability,
although the thermodynamics of unfolding have not been
fully characterized for these latter proteins). The lower
thermodynamic stability of the three-helix HTH domains,
which stems in part from the lower packing efficiency (and
reduced burial of surface area per residue) of these HTH
proteins relative to the five-helix phage proteins, may play
an important functional role by reducing the thermodynamic
cost of conformational adaptation at the protein-operator
interface in recognizing different operator sequences (8-
10, 13).

FIGURE 6: The dependence of them-value (panel A) and (∂ln Kobs/∂C3)T (panel B) on temperature. The weighted linear least-squares
fits in panels A and B have slopes (∂m-value/∂T)C3 ) -1.02( 0.22 cal mol-1 K-1 M-1 and∂/∂T(∂ln Kobs/∂C3)T ) -(4.41( 0.4) × 10-3

M-1 K-1.
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An additional factor contributing to the low stability of
the lacI HTH is the moderately low salt concentration (50
mM K+; phosphate buffer) of our studies. As shown in the
appendix, the stability of lacI HTH increases strongly with
increasing KCl concentration; at 2 M KCl, TG

H ) 80 °C and
regression analysis of the thermal unfolding curve for a two-
state model, assuming that∆C°P,obs is independent of KCl
concentration and temperature, yields an estimate of∆G°obs
of ∼3.8 kcal mol-1 at 25 °C, comparable to other small,
un-cross-linked proteins (cf. Table 3). Hence, charge repul-
sions in the folded state or interactions in the unfolded state
(internal ion pairing or salt bridging) at 50 mM K+ destabilize
the folded state of the lacI HTH by∼2.6 kcal mol-1 relative
to 2 M KCl. A strong salt-dependence of thermal stability
has also been observed in the structurally similar vnd/NK-2
(50) and MATR2 (51) homeodomains.

The small free energy difference between the folded and
unfolded ensembles of the lacI HTH, even at or below 25
°C, means that a measurable fraction of the population
remains in the unfolded state under these conditions and
hence allows direct measurement of the thermodynamics of
unfolding. Moreover, both∆Γµ3 and ∆H°obs are relatively
small, resulting in very broad transitions as a function of
urea concentration and of temperature. In the absence of urea,
∆G°obs for denaturation is experimentally measurable over
more than a 60°C temperature range including both
characteristic temperaturesTH and TS, a feature which is
essential for accurate van’t Hoff determination of the
∆C°P,obs for the process. These properties of the system
allow us to examine the urea concentration dependence of
∆G°obs, ∆H°obs, T∆S°obs, and ∆C°P,obs over wider ranges of
temperature and urea concentrations than are accessible with
other proteins. Hence, the lacI DBD is an ideal model system
for studying the effects of denaturants and other small solutes
that affect protein stability.

For larger, more stable proteins, destabilizing conditions
such as acidic pH (47, 54) or high denaturant concentrations
(24, 53, 55, 56) are required to allow direct experimental
determination ofKobs at TH. Larger proteins with larger
∆ASAs of unfolding typically exhibit stronger dependences
of ∆G°obs on denaturant concentrations (i.e., largerm-
values, because them-value is proportional to∆ASA (17,
31)) that limit such experiments to a much narrower range
of denaturant concentrations than are accessible with the lacI
HTH. However, in situations in whichTG

C is shifted into the

experimentally accessible temperature range using urea or
another denaturant, the range of temperatures whereKobs is
directly measurable can be very large, even if the range of
denaturant concentrations accessible at fixed temperature is
not. For example, at a urea concentration of 4 M,Kobs for
HPr unfolding is measurable without extrapolation over a
50 °C range in temperature (24), a much wider temperature
range than is normally accessible in typical protein unfolding
experiments and comparable to the temperature range over
which Kobs is directly measurable for lacI HTH at all urea
concentrations.

The Dependence of∆G°obs on Urea Molarity: Direct
Tests of the LEM and LBDM.The marginal stability of the
lacI HTH allows the first direct determination of∆G°obs and
the m-value for unfolding of a globular protein at urea
concentrations between 0 and 6 M atneutral pH and over a
wide temperature range including 25°C. Previously, only
for the unfolding of alanine-basedR-helical peptides were
∆G°obs and them-value determined directly at low urea
concentrations at 25°C and neutral pH. In that study, Scholtz,
Baldwin, and co-workers (34) concluded that the free energy
of helix propagation increased linearly with urea molarity
between 0 and 3.6 M urea. Investigations of the denaturant
(urea or GuHCl) concentration dependence of∆G°obs for
protein unfolding at low denaturant concentration were
performed on more stable proteins than lacI HTH and
therefore required use of either high temperature or low pH
to destabilize the native protein. In general, these studies
observed a linear dependence of∆G°obs on denaturant
concentration under the conditions investigated. However,
extrapolations of these results to 25°C and neutral pH have
been controversial, typically requiring assumptions regarding
the effects of temperature or pH on them-value and/or the
effect of denaturant concentration on the∆C°P,obsof unfold-
ing. For some proteins, these extrapolations predict linearity
of ∆G°obs vs denaturant concentration at 25°C and neutral
pH (e.g., 23, 24); for others, significant curvature and a
denaturant-concentration-dependentm-value are predicted
(e.g.,25, 26, 57).

For globular proteins, the present study of the lacI HTH
provides the first direct test of the LEM at physiological
temperatures and neutral pH. In accord with the result
obtained withR-helical peptides from 0 to 3.6 M urea, we
find that ∆G°obs for unfolding the lacI HTH is a linear
function of the molar scale urea concentration from 0 to 6

Table 3: Thermal and Thermodynamic Stability for a Representative Group of Small Globular Proteins

protein Nres TG
H (°C)

∆H°obs(TG
H)

(kcal mol-1)
∆C°P,obs

(cal K-1 mol-1) TS (°C)
∆G°obs(TS)

(kcal mol-1) pH buffer and salt conc ref

lacI HTH 49 45.6 25.3 0.63 7.8 1.6 7.3 50 mM KPi this study
49 80.0 42.2 0.63 19.0 3.8 50 mM KPi, 2.0 M KCl

protein G B1 56 87.5 61.7 0.62 0.7 7.8 5.4 50 mM NaAc (48)
protein G B2 56 79.4 56.9 0.69 6.2 6.1 5.4 50 mM NaAc
chymotrypsin inhibitor 2 64 73.8 67.0 0.72 -7.8 8.2 3.5 50 mM MES (49)
Btk-SH3 67 74.0 48.0 0.78 17.6 4.0 7.0 30 mM NaPi (46)
R-spectrin SH3 57 65.8 47.1 0.67 2.3 4.6 4.0 10 mM NaAc (47)
monomericλ repressor 80 57.2 68.0 1.44 13.2 4.6 8.0 20 mM KPi, 100 mM NaCl (53)
434 cro protein 71 57.0 46.6 0.98 12.8 3.2 6.0 25 mM KPi, 100 mM KCl (72)
MATR2 HD 72 56.3 32.5 7.0 20 mM NaPi (51)

61.4 41.6 20 mM NaPi, 300 mM NaCl
vnd/NK-2 HD 80 35.8 19.0 7.4 50 mM HEPES (50)

52.0 42.0 50 mM HEPES, 500 mM NaCl
TTF-1 HD 61 42.8 25.4 7.0 10 mM Pi, 100 mM NaF (52)
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M urea. Both these studies argue for the validity of the LEM
to determine intrinsic values of the stability of protein and
peptides. Consistent with our previous conclusion for other
globular proteins (31), them-value/∆ASA ratio for lacI HTH
(0.11) is approximately 25% as large as that calculated for
the Scholtz-Baldwin peptides. The 4-fold largerm-value/
∆ASA ratio for R-helix disruption as compared to protein
unfolding correlates with the calculated 4-fold larger con-
tribution of polar peptide backbone to the∆ASA of unfolding
an alanine-basedR-helix (52 vs 14% for lacI HTH) and
suggests that unfolding in both systems is driven primarily
by accumulation of urea in the vicinity of polar peptide
backbone surface.

The linear dependence of∆G°obs on urea concentration in
the molar range (Figure 5A), with no evidence of curvature
or saturation at the highest urea concentration examined, is
indicative of a favorable weak preferential interaction
between urea and the exposed protein surface (31). Site
binding models (in which∆Nurea independent sites for urea
with binding constantKureaare exposed upon unfolding) can
account for this observed linearity; the dependence of
∆G°obs on urea predicted by these models,∆∆G°obs )
-∆NureaRT ln(1 + Kureaaurea), can be approximated by the
linear term in a Taylor series expansion in the limit of
very weak binding, i.e.,∆G°obs is a linear function of
urea activity (∆∆G°obs ) -∆NureaRTKureaaurea). Solvent ex-
change binding models show a similar limiting behavior
(34, 58). Such an interpretation is not very informative
as one cannot independently determine the site binding
constant and number of sites but only their product.
Furthermore, since a plot of∆G°obs vs urea concentration
shows no evidence of saturation even at high solute
concentrations, no justification exists for treating the inter-
action of urea with protein surface as a stoichiometric
binding process. Therefore, we interpret our results in the
context of the LBDM (31, 37, 38), which treats the
interaction of urea with protein surface as a local accumu-
lation of urea relative to its bulk concentration. Previous
work from this laboratory (31) found that the LBDM yielded
a near-linear dependence of∆G°obs on C3 over the range of
urea concentrations examined here if the local-bulk urea
partition coefficient (KP) and stoichiometry of urea-H2O
exchange at the protein surface (S1,3) are independent of
urea concentration. Indeed, the local-bulk thermodynamic
analysis provides a quantitative fit to the urea-induced
unfolding data (dotted line in Figure 5A), thereby pro-
viding direct experimental justification for the use of the
LEM and the assumption of a urea-concentration-independent
m-value.

For the surface exposed on unfolding the lacI HTH, the
urea local-bulk partition coefficient,KP, is found to be 1.103
( 0.002 at 25°C, in close agreement with the value obtained
by a global analysis of protein folding data, 1.12( 0.01
(31), and with the value for native protein surface, 1.10(
0.04 (39). Thus, according to this model, the average
concentration of urea in the local domain surrounding that
surface of the protein exposed on unfolding is only slightly
greater than its concentration in bulk solution (a ratio of 1.1),
yet this slight accumulation completely explains the phe-
nomenon of urea-induced unfolding.

Temperature Dependence of the m-Value: Interpretation
Using Linkage Relations and the Local-Bulk Domain Model.

We find that them-value and the related quantity∂ ln Kobs/
∂C3 for unfolding of the lacI HTH with urea bothdecrease
with increasing temperature (cf. Figure 6). The data of
Nicholson and Scholtz (24) for unfolding of HPr protein are
consistent with this behavior. This small but significant
temperature-dependence of them-value is most fundamen-
tally interpreted using linkage relationships (eqs 7-8), which
are general and model-independent thermodynamic results.
From eqs 7-8, it can be seen that them-value must depend
on temperature whenever∆S°obs depends on urea concen-
tration, while the derivative∂ln Kobs/∂C3 must depend on
temperature whenever∆H°obs depends on urea concentra-
tion. Hence, the reductions inm-value and in∂ ln Kobs/∂C3

with increasing temperature for the unfolding of lacI HTH
and HPr most fundamentally reflect the unfavorable entropy
change and favorable enthalpy change, respectively, associ-
ated with accumulation of urea in the vicinity of that protein
surface exposed upon unfolding. Previous thermodynamic
studies of the interactions of urea with protein surface also
concluded that these weak interactions are enthalpically
driven and opposed by an unfavorable entropy of interaction
(24, 59, 60).

The LBDM interpretation of them-value (eq 5) indicates
three possible origins of its observed temperature depen-
dence: the partition coefficientKP, the amount of water in
the local domain (B°1 ) b°1 ASAU′) and/or the urea activity
coefficient derivativeε3

m. From the data of Stokes (35),
analyzed by eqs 14-15, we conclude thatε3

m increases
significantly with increasing temperature; the increase in (1
+ ε3

m) over the temperature range 4-40 °C is half as large
in magnitude as the observed decrease inm-value over this
temperature. This temperature dependence is incorporated
in the LBDM analysis described below. In the absence of
any information regarding the temperature dependence of
the amount of local water (B°1), which could result from
temperature dependences of ASAU′ and/orb°1, we propose
that the temperature dependence of them-value (corrected
for that of ε3

m) indicates a temperature dependence of the
local-bulk partition coefficient of urea (KP).

Values ofKP in the range 3.6 to 40.3°C were obtained
from fits of eq 6 to experimental data for∆G°obs as a
function of ε3

m (see Methods). Fitted values ofKP are
compiled in Table 2 and plotted vs temperature in Figure 7.
A van’t Hoff plot of ln Kobsvs reciprocal Kelvin temperature
(Figure 7 inset) is linear, indicating that the enthalpy of
partitioning is independent of temperature. From nonlinear
fitting of the temperature dependence ofKP (Figure 7),
assuming that the enthalpy and entropy of partitioning are
independent of temperature, we find that accumulation of
urea in the vicinity of the lacI DBD surface exposed upon
unfolding, to the extent that the average surface concentra-
tion exceeds the bulk by 10.3% at 25°C, is enthalpically
driven (∆H°P ) -131 ( 6 cal mol-1) with a smaller
unfavorable entropic term (∆S°P ) -0.24 ( 0.02 eu).
Interpretation of the reported dependence of∆H°obs and
∆S°obs on urea concentration for HPr (24) in the context of
the local bulk domain model yields values of∆H°obs and
∆S°obs that are within the uncertainty of our results for lacI
HTH.

The effects of urea on the solubilities of model compounds
that mimic various protein functional groups have been
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extensively reported in the literature (61-66). Recently,
phase equilibrium perturbation calorimetry has been used to
directly measure the effects of urea on enthalpies of
dissolution in saturated solutions of various diketopiperazines
(67). Although these data can be interpreted in terms of
preferential interactions and the local-bulk model, a quantita-
tive comparison must take into account the different con-
straints on the system (constant chemical potential of the
model compound, rather than constant concentration) and
potential effects from self-interactions of the model com-
pound at the higher concentrations used in these studies. We
are currently investigating the assumptions involved in such
a comparison in the context of the local bulk domain model
(Felitsky et al., in progress).

The alternative interpretation of the temperature depen-
dence of them-value in terms of a temperature-dependent
hydration or ASA cannot be ruled out. An increase in local
structural fluctuations with increasing temperature would
increase the average surface exposure of both the folded and
unfolded ensembles. However, only if such a thermal
expansion were more significant in the folded state, leading
to an overall net decrease in∆ASA ) ASAU′ of unfolding,
could this effect contribute significantly to the observed
behavior of them-value as a function of temperature. Effects
of pH on uream-values have previously been interpreted in
terms of an increase in∆ASA with decreasing pH (68, 69)
but may also involve effects similar to those discussed above,
including any pH dependence of theε3

m and of the urea
partition coefficientKP and/or a urea-concentration depen-
dence of protein pKa values.

Obtaining the Intrinsic∆C°P,obsof Unfolding from Analy-
sis of ∆H°obs(TG

H) as a Function of TG
H, Varied Using Urea

Concentration.Because of the difficulty in determining
∆C°P,obsof protein unfolding directly from the difference in
pre- and post-transition baselines in differential scanning
calorimetry experiments,∆C°P,obs has often been estimated
from the slope of a plot of∆H°obs(TG

H) vs TG
H, where theTG

H is
shifted by altering the concentration of a denaturant such as
pH or urea. However, if∆H°obs varies with the concentra-
tion of the chemical perturbant, estimates of∆C°P,obsusing
this method will be systematically in error. In calorimetric

studies using pH to perturbTG
H, the enthalpic contribution to

∆H°obs from protonation has been internally compensated
using buffer matching of protonation enthalpies (70). No
analogous compensation is possible for enthalpic effects of
urea and other cosolvent denaturants, so they have been little
used in this regard. In what follows, we use our lacI HTH
thermodynamic data to conclude that even for a cosolvent
such as urea where the perturbing effect is largely enthalpic,
the dependence of the transition enthalpy,∆H°obs(TG

H), on
the transition temperatureTG

H (perturbed using urea con-
centration) provides a reasonable estimate of the intrinsic∆
C°P,obsof unfolding.

At any specified temperature, values of∆H°obs in the
absence of urea can be obtained from∆H°obs(TG

H) by inte-
grating overC3:

For lacI HTH, evaluation of the integral is straightforward
because the derivative (∂∆H°obs/∂C3)T is independent of both
C3 (see Figure 5) and temperature. The latter conclusion
follows from the linkage relation of eq 9 and the finding
(Figure 5) that∆C°P,obs is independent ofC3, within the
experimental uncertainty.

Figure 8 plots values of the van’t Hoff unfolding transition
enthalpy∆H°obs(TG

H) (closed circles) and values of∆H°obs at
the same series of temperatures corrected to zero urea
concentration (i.e.,∆H°obs(T ) TG

H, C3 ) 0)) (open circles)
as a function of transition temperatureTG

H perturbed using
urea concentration. Both plots are linear with experimental
uncertainty, and intersect at theTG

H in the absence of urea.
The linearity of the plot of∆H°obs(T ) TG

H, C3 ) 0) vs
temperature provides additional evidence that∆C°P,obs is
independent of temperature in the range examined. The

FIGURE 7: Temperature dependence of the local bulk partition
coefficient of urea (KP). The continuous line represents a van’t Hoff
fit to the data assuming∆HP does not depend on temperature.
Inset: Van’t Hoff plot of lnKP vs 1/T (K).

FIGURE 8: The dependence of∆H°obs on temperature. Solid circles
are values of∆H°obs(TG

H) plotted as a function ofTG
H. Open circles

are calculated values of∆H°obs at the same temperature but in the
absence of urea obtained from∆H°obs(TG

H) using eq 19.

∆H°obs(T ) TG
H, C3 ) 0)

) ∆H°obs(TG
H, C3) - ∫o

C3(∂∆H°obs

∂C3
)

T)TGH
∂C3

) ∆H°obs(TG
H, C3) - C3(∂∆H°obs

∂C3
)

T)25°C
(19)
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slopes of these plots only differ by 12%, indicating that the
quantity d∆H°obs(TG

H)/dTG
H, obtained using urea as the per-

turbant, yields an estimate of∆C°P,obs accurate to within
10-15%, comparable to that with which∆C°P,obsis usually
determined.

The general thermodynamic relationship between the
experimentally determined derivative d∆H°obs(TG

H)/dTG
H, and

the ∆C°P,obsof denaturation is:

Equation 20 quantifies the expectation that a hypothetical
denaturant which affects primarily the∆S°obs of unfolding,
so that|(∂∆H°obs/∂C3)T| , |dTG

H/dC3|, would be optimal to
use to estimate∆C°P,obs from d∆H°obs(TG

H)/dTG
H. For lacI

HTH, even though∆H°obs of unfolding decreases signifi-
cantly with increasing urea concentration ((∂∆H°obs/∂C3)T )
-661( 90 cal mol-1 M-1), the contribution of this term to
the difference between∆H°obs(TG

H) and∆H°obs(T)TG
H,C3)0)

(eq 19) and to the difference between d∆H°obs(TG
H)/dTG

H and
∆C°P,obs (eq 20) is relatively small. Studies of guanidinium
chloride unfolding (55) and sarcosine stabilization (71) of
proteins also report dependences of∆H°obs on C3 for these
solutes that, through eq 19 and 20, would give small
corrections to d∆H°obs(TG

H)/dTG
H as an estimate of the intrin-

sic ∆C°P,obs. We conclude that∆C°P,obs can generally be
estimated from plots of∆H°obs(TG

H) vs TG
H to within the 10-

15% error to which it is normally determined. However,
curvature in such plots may not indicate a temperature
dependent∆C°P,obssince dTG

H/dC3 (cf. eq 20) is a function of
urea concentration and (∂∆H°obs/∂C3)T may, in general,
depend on temperature for other solutes or systems.

CONCLUSIONS

The marginal thermodynamic and thermal stability of the
lacI HTH have allowed us to characterize the urea concentra-
tion dependence of∆G°obs, ∆H°obs, T∆S°obs, and∆C°P,obsover

wider ranges of temperature and urea concentrations than
are accessible for most protein systems. We find that our
entire data set is consistent with the widely used linear
extrapolation model (LEM) and can be well interpreted using
the local-bulk domain model (LBDM). We also demonstrate
the fundamental role of linkage relationships in interpreting
many of the measurable thermodynamic quantities discussed
herein including the observed negative temperature depen-
dence of them-value, which reflects the unfavorable
dependence of∆S°obs on urea concentration. This type of
extended data set on the thermodynamics of unfolding for a
small globular protein should prove valuable in testing and
analysis of semiempirical and theoretical models based on
urea effects on solubility, calorimetry, and other model
system data; it further provides an experimental data set on
a small protein which should be more tractable in compu-
tational studies of these interactions. The same properties
that make lacI HTH valuable in analyzing urea induced
denaturation make it a favorable model system for studying
the effects of other solutes on protein unfolding. Studies of
this type are in progress to characterize the interaction of
Hofmeister ions, osmolytes, and crowding agents with protein
surface, which will provide insight into the enthalpic and
entropic components of these interactions.
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APPENDIX

The interpretation of spectroscopic measurements of
denaturation necessitates the selection of baselines represent-

FIGURE 9: Thermal unfolding transitions of lacI HTH at different KCl concentrations (25 mM K2HPO4, pH 7.3). Averaged ellipticities
[θ]222 are plotted vs temperature. The KCl concentrations are 0 M (b), 0.4 M (O), 0.8 M (1), 1.2 M (3), 1.6 M (9) and 2 M (0). Inset:
plot of [θ]222 vs KCl concentration at 25°C.

d∆H°obs(TG
H)

dTG
H

) ∆C°P,obs+
(∂∆H°obs/∂C3)T

dTG
H/dC3

(20)
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ing the folded and unfolded states of the protein. Since
thermal transitions of proteins and peptides are broad, these
baselines generally have to be extrapolated over a large
portion of the experimental temperature range. To accurately
establish these baselines, we have used KCl and urea
concentrations as variables to shift the thermal transition of
the lacI HTH over a 90°C range of temperatures. The
universal CD baseline for the unfolded state of lacI HTH is
well established from thermal scans at high urea concentra-
tions (cf. Figure 1, inset). In this appendix, the CD signal
for the folded state of the lacI DBD is established by
examining thermal scans over a range of KCl concentrations.

Figure 9 shows a series of thermal unfolding data over
the range of KCl concentrations investigated. Above∼80
°C, data at all KCl concentrations examined approach the
same post-transition baseline as that observed in the urea
studies in Figure 1. Addition of KCl strongly stabilizes the
native state of the protein, shiftingTG

H to higher tempera-
tures with increasing KCl concentration. Above∼0.8 M KCl,
values of [θ]222 in the pretransition region increase linearly
with increasing temperature but are independent of KCl (and
urea; data not shown) concentration and therefore allow us
to establish a universal native state baseline for this protein.
From 0.05 to 0.8 M K+, the apparent baseline decreases with
increasing salt concentration (Figure 9, inset), indicating that
deviations from this universal baseline at lower KCl con-
centrations (and in the presence of urea; cf Figure 1) result
from an observable equilibrium population of unfolded
protein molecules.

The pretransition and post-transition baselines established
by the data in Figures 1 and 9 are well-modeled by empirical
linear and quadratic curves, respectively:

The parametersRi were determined by globally fitting data
at all urea and KCl concentrations examined, with a separate
set of eqs A1 for each set of solution conditions but a single
set of values for the parametersRi. A linear temperature
dependence of the pretransition baseline for lacI HTH, with
little or no dependence on urea concentration, is consistent
with observations on a wide variety of other proteins (24,
46, 47, 55). Almost without exception, a linear temperature
dependence of the post-transition baseline has also been
assumed in previous studies. In the present study, the post-
transition baseline is obtained over a much wider temperature
range, demonstrating the need for a quadratic fit.
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