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ABSTRACT:. Thermodynamic and structural evidence indicates that the DNA binding domdatsrepressor

(lacl) 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 lacl 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 si&hility (
6—10 °C), yields standard-state thermodynamic functionssy,, AHg, AS,s ACp ) over the
temperature range—40 °C and urea concentration ranges0Csz < 6 M. For unfolding the HTHAG .
decreases linearly with increasi@y at all temperatures examined, which directly confirms the validity
of the linear extrapolation method (LEM) to obtain the intrinsic stability of this protein. AtQ%H 7.3

and 50 mM K), both linear extrapolation and extrapolation via the local-bulk domain model (LBDM) to
C3; = 0 yield AGS,.= 1.23+ 0.05 kcal mot?, in agreement with direct measurement (1:24.30 kcal

obs

mol™1). Like AGS,, both AHS, and AS;, decrease linearly with increasin@s; the derivatives with

respect taCz of AGS,, AHS,candTAS, (in cal molt M~1) are—449 + 11, —661+ 90, and—203 +

obs

91 at 25°C, indicating that the effect of urea awGg,is primarily enthalpic. TheACg ,cof unfolding
(0.634 0.05 kcal mot! K1) is not detectibly dependent &@s or temperature. The urea-value of the

lacl HTH (—dAGg,/dCs = 449 + 11 cal mot! M~1 at 25°C) is independent o€ up to at least 6 M.

Use of the LBDM to fit theCs-dependence oAG;, . yields the local-bulk partition coefficient for
accumulation of urea at the protein surface exposed upon denatur&ion: 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 ofitvalues to changes in water accessible surface area upon protein
unfolding. From the correspondence between valueKgfwe 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 decreasernmvalue for the lacl HTH with increasing temperature, together with the
observed reductions in botAHZ,. and AS,, of unfolding with increasing urea concentration,
demonstrate thakp 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 (lachoperator DNA interaction, a  of flanking DNA regions and foldingg, 7) and conforma-
prototype system for regulation of gene expression and onetional adaptability 8—10) of elements of the lacl DNA-
of the most specific proteinDNA interactions, has also been binding interface, formed by the DNA binding domains
a model for biophysical studies of the roles of major coupled (DBD)* of two subunits of the lacl tetramer. Each DBD
conformational changes in both the protein and the DNA in consists of a 49-residue helixurn—helix (HTH) domain
site-specific binding. In addition to the observed0® bend connected to the core protein by-d 3-residue hinge region
observed in the symmetric (SymL) operator DNA),( which is helical in a complex of the DBD with a tight-binding
proposed large scale conformational changes linked tooperator {1, 12) but unfolded in the free DBD7) and in a
operator binding include wrappin@,(3) and looping 4, 5) complex with weak-binding operator variani2{ 13).
Comparative thermodynamic studies of interactions of the

tThis research was supported by NIH Grants GM47022 and lacl tetramer with wild type and variant operato {0)
GM23467. led to the proposals that extensive folding of elements of
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the DBD is coupled to specific binding6X and that (local domain) and the bulk solution is described by a urea
conformational adaptability, including sequence-specific dif- concentration-independent partition coefficiéqt (31).
ferences in the extent of folding, results in different protein ~ To characterize the thermodynamic basis of the marginal
conformations in complexes with different operator se- stability of the lacl HTH and to perform direct experimental
quencesg, 10). Recently, a direct demonstration of operator tests of the LEM and of the application of local-bulk domain
sequence-specific differences in the extent of folding of the model (LBDM) for urea effects, we have quantified the
hinge helices in binding to symmetric and natural operators thermal unfolding transition of this marginally stable HTH
has been obtained from elegant NMR structural characteriza-domain as a function of urea concentration using circular
tion of complexes formed by a cross-linked dimer of the dichroism. Thermal unfolding of the lacl HTH is well
DBD. Protection factors for exchangeable protons in the described thermodynamically as a cooperative two-state
HTH increase from~1( to as large as-1C® upon binding process, which allows an unambiguous determination of its
to SymL (L4); protection factors of exchangeable protons in thermodynamics of denaturation. As observed for some other
the region of the hinge helix are undetectably small in the small proteins andt-helical peptides (e.g34), where both
unbound state and increase +d(® upon SymL binding.  the enthalpy of unfolding at the transition temperatuirg) (
The hinge region is unfolded in the unbound state of the and the increase in water-accessible surface area upon
DBD under all conditions investigated, including low tem- unfolding are small, the lacl HTH exhibits relatively broad
perature and high salt concentration, as confirmed in the thermal and urea-induced unfolding transitions. Because of
present work. The marginal stability of the HTH and the its marginal stability and broad transitiornts,s and AGS,
instability of the hinge helices have been proposed to play of unfolding of lacl HTH are directly measurable at neutral
important roles in operator recognitioh5). Early thermo- pH over a much wider range of urea concentrations and
dynamic studies of stability of the HTH (obtained by limited temperatures than are accessible for most proteins, including
proteolysis of intact tetrameric repressor) provided only 25 °C in the absence of urea. Consequemtild, o Ao
fragmentary and in some cases conflicting information. The andACg .are accurately determined by van't Hoff analy-
present study is a comprehensive thermodynamic investiga-sis. Interpretation of the data using the LBDM for the
tion of thermal unfolding of the lacl HTH over a wide range partitioning of urea between the protein surface and the bulk
of urea concentrations, quantifying both the marginal stability solution yields a quantitative description of the interaction
of this protein domain and the thermodynamic basis of the of urea with the surface exposed upon unfolding.
action of urea as an unfolding solute. Background on Preferential Interaction Coefficients and
The perturbing solute urea has been widely used in studiesthe Local-Bulk Domain Analysis of m-Valudhe general
of intrinsic thermodynamic stabilityAGg,J (16, 17) and thermodynamic result for the dependence of the observed
intrinsic rate constants1g) of folding and unfolding of equilibrium constanKys for two-state unfolding of a protein
proteins and of the differences in stability and cooperativity on the activity &3) of a nonelectrolyte solute such as urea
for site-specific protein mutantsl9, 20), as well as in (present in excess in a three-component system) is the

characterizations of the denatured stdi6, (L9, 21). Ther- following:

modynamic and kinetic analyses require extrapolation of free

energy data from the transition region, which is generally 9N Koo — AT 1
abowe 4 M urea, to zero urea concentration. The most widely dnag Jp T T (1)

used method of extrapolation is the empirical linear extrapo-

lation method (LEM), first proposed by Greene and Pace whereATl, is the stoichiometrically weighted difference in

(22), which assumes a linear dependenceA@, . on the preferential interaction coefficienis,, characterizing interac-

molar concentration of denaturant. For most proteins, the tions of urea with the unfolded and the folded protdil, (

assumption of linearity cannot be tested directly in the = (dms/omy)rpe,,) (27—30). Molal concentrations of the

temperature and pH range of interest. Attempts to investigateprotein and of any buffer or salts (if present) are maintained

the linearity of the extrapolation oAGg, . to zero urea  constant in the derivative in eq 1. Where urea is in excess,

concentration using a second perturbing variable (e.g.,fourth-component effects on this derivative can be neglected,

temperature, pH) have reached different conclusions with as can any possible effects of protein concentratiori’gn

different proteins (linear (e.g23, 24), nonlinear (e.g.25, (D.J.F., unpublished).

26)). Protein unfolding studies have historically expressed urea
In general, am-value for urea (or the corresponding free concentration on the molar scal&sf, on which scale urea

energy derivative for any other nonelectrolyte solute) is most in water behaves relatively ideally{.,~ 1) even at molar

fundamentally and rigorously interpreted in terms of the concentrations35), and have defined thevalue as the

corresponding model-independent difference in thermody- negative of the slope of a plot of the standard free energy

namic preferential interaction coefficientsI() characterizing  changeAGZ,, of unfolding vsC; (36):

the interactions of urea with unfolded and folded sta2&’s-( .

30). This difference is equivalent (assuming additivity of mvalue— _(3AGobs) _ T(3|” Kobs) @

interactions) to the preferential interaction coefficient of urea - aCs Jrp aCs Jrp

with the subset of protein surface which is exposed on

unfolding 31). Thermodynamic data for interactions of urea In these studies, the concentration of uréz) (greatly

with protein surface and model compounds have beenexceeds the concentrations of protein and of any buffer and

interpreted using various site-binding moded&,(33) and, salt components, which are held constant. Within uncertainty,

most recently, by a local-bulk partitioning model in which the m-value for protein unfolding is independent G§ in

the distribution of urea between the surface of the protein the observable concentration range (which, for typical




2204 Biochemistry, Vol. 42, No. 7, 2003 Felitsky and Record

proteins, coves a 2 Mwindow in the range 49 M urea). displaced to the number of solute molecules present in the
From egs 1 and 2, a model-independent thermodynamiclocal domain). Where the concentration of urea is in vast
relationship between the experimentatvalue and the  excess over that of the biopolymer, as is invariably the case
difference in ureaprotein preferential interaction coefficients  in protein folding studiesys"* is accurately approximated
for unfolded and folded stateA[,..) is obtained 81). Except by ms. The combination of eqs-4 yields the local-bulk
for a relatively small nonideality correction, tmevalue is domain interpretation of the urea-value:
proportional to the quotiemAl’,../Cs.

qu_ all weakly interacting sglutes, including both protein mvalue_ (Kp — 1)03 ASAY
stabilizers (e.g., glycine betaine and other osmolytes) and =
destabilizers (e.g., urea, guanidinium salts), the LBDM RT my(1+ Kp51,3mgm'fl)
provides a quantitative interpretation bf, (characterizing
a solute-biopolymer interaction) aid’,, (characterizing the \wherec] represents the derivative djj/dIn ms (wherey}
effect of solute concentration on a biopolymer process; cf. js the molal scale activity coefficient of urea), ASAs the
eq 1) in terms of the partitioning of the solute between the accessible surface area exposed on unfolding, and the
local domain adjacent to the biopolymer surface and the bulk quantitiesKp, b andS, 5 refer to that surface. For unfolding
solution domain where solute and solvent are unperturbedexperiments in excess urea at constant protein and buffer
by the presence of biopolymeBZ, 37, 38). The local-bulk  concentrations, the concentration scale conversim/(
partition coefficient of the solut&Kp, is defined as the ratio 8C3)T,P in eq 5 can be accurate|y approximated by its value
of the molalities of solute component 3in the local and bulk ina tWO_Component ureavater mixture. (The Corresponding

0
1+ e?)(%j) 5)

domains: molar scale expression was given in Bdf)
ocal The intrinsic stabilityAGg, . of a typical globular protein
m; at 25°C is normally determined by linear extrapolation of
Ke= W ®3) urea denaturation data (LEM) or by nonlinear extrapolation

of thermal denaturation data, typically using a temperature-

) . independentACR .. For a marginally stable protein like
Courtenay et al. 31, 39) recently determined partition a0 |5¢| DBD,AGE,.is also directly determined at 2&. In
coefficients for the interaction of urea with folded (F) and ,qqition. AG®. car

. ) obs CaNn be obtained by integration of urea
unfolded (U) protein surface. Analysis of vapor pressure yanaturation data using the LBDM by combining egs 2 and

osmometry measurements on ur@&SA solutions (6-1 M 5:
urea) yieldedKy ,.,= 1.10 £ 0.04, independent of urea

concentration in this range. Analysis of the proportionality Age = AG° (m,=0) +
of uream-values to theAASA of unfolding reported by obs ob

Myers et al. (1995) yielde&p .= 1.12+ 0.01 at higher
urea concentration. Courtenay et &l1)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 identialalues for
folded and unfolded protein surface by the observation that
the contribution of polar peptide backbone to the water o o .
accessible surface is the samel@%) for both folded and Temperature derivatives #G;,, yield AHg,; AS;,.and
unfolded states. This value & (1.12 + 0.01) indicates ACg o,s0f unfolding. Likewise, the temperature derivatives

that, on average, the local concentration of urea at the surfac®f th.e m—value qnd of the related derivati\ﬁ_}n K°b.9{803

of a typical folded or unfolded protein is #113% higher ~ Provide information about the thermodynamic basis of urea
than its bulk concentration. For the microscopic process of Partitioning in the vicinity of the protein surface area (ASA
transferring urea into the local domain from bulk solution, €XPosed on unfolding. From the equality of second partial
we define a standard free energy chan@g = —RTIn K. derivatives of a function irrespective of order of differentia-
The temperature dependenceKefand AGS then yield the tion with respect to temperature and urea concentration,
enthalpic and entropic contributions to the solute transfer @PPlied 10AGg,s In Kobs AHG,y and ASg

: 1+ e)d
my'RT(Kp — 1)b; ASAY [ a+e) n_f (6)
(14 KpS gmy "my)
Values ofey' as a function of urea molality at temperatures
in the range 240 °C are obtained from the data of Stokes
(35; see Methods for Polynomial Fitting).

process.
In the local-bulk thermodynamic analysis, the preferential omvalug  _ IAS s @)
interaction coefficient,, is most directly related t&p by aT ¢ C; |+

the molal-scale expressio1):

9 [aInK AAHS
L., (Kp — 1)bS ASA (—( °bs) ) i(—‘*’s) 8)
T/C T

- — - 4) 3T\ aC, " RE| oG,
g m1(1+KPSl‘3mg“'kml p) ’

wherebs is the amount of water in the local domain per unit (i(aAHObs) ) = (BACP'OM) = T(i(aA%bs) ) (9)
of biopolymer surface in the absence of solute (expressed am\ 9C5 [ C, Cs Jr aT\ 9C5 | Cs

as water molecules per?R m; = 55.5 mol/kg is the molal

concentration of water, an§| 3 is the cumulative exchange Equations 79 would be exact if a molal concentration scale
stoichiometry (the ratio of the number of water molecules were used for urea; since the partial molar volume of urea
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is somewhat temperature depend&t) (these molar-scale  the same series of temperature stepS (C). Thermal
expressions are approximate, though the correction terms arequilibration after each step was achieved in less than 8 min.

small in the range of interest (D.J.F., unpublished). After equilibration, samples were thermostated at the desired
temperature (within a 0.2 °C instrumental deadband) for
METHODS one minute before readings were taken. Reducing the 0.2

°C deadband to 0.1C 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 @2
deadband introduces an uncertainty -6f 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
ized water was used in all experiments. Other chemicals Werey ce made by a thermocouple inserted into one of the cells.
reagent grade. _ __This correction was significant (e.g., 6 at 95°C), with
Purification of the 62 Residue Lac Repressor DNA-BInding the largest corrections occurring at the extremes of the
Domain Escherichia colDH9 cells containing the pGPL temperature range. Data collected from replicate samples
and pEt-3a-HP62 plasmids were obtained from Drs. C. A. pjaced in different positions in the cell holder agreed within
E. M. Spronk and R. L. Kaptein (University of Utrecht). the tolerance expected for replicate samples in the same cell
Expression and purification were performed as described forposition. Cooling the samples to 2C after performing
the 56-residue lacl DBDAQ), except that Sephacryl 100 was  thermal melts to 98C leads to greater than 90% recovery
used in place of Sephadex 50 and SP sepharose was used g$ signal (as judged by both ellipticity at 222 nm and
the cation-exchange resin. Elution of the cation eXChangewavelength scans of the protein from 200 to 260 nm). Signal
colu_mn yielded two significant peaks; the second oi these, recovery is improved to greater than 99% by stopping the
eluting at 0.6 M KCl, is homogeneous 62-mer, as judged thermal melts at 80°C. Repeat melts of these samples
from an overloaded 16.5% Tris-Tricine SBpolyacrylamide  pehaved identically to the initial melts with no alteration in
gel, which showed a single band of approximately 7 kDa the shape or midpoint of the transition curve. Reversibility
molecular mass. Electrospray mass spectroscopy analysis opf yrea denaturation at low temperature was assessed by
the purified 62-mer yielded a molecular weight of 6753.9in gjjyting samples dialyzed against concentrated urea (8.0 or
agreement with that calculated from the sequence. A molarg 1 M) to 1.6-6.0 M urea and comparing the results with
extinction coefficient of 5400 _iVIl at 280 nm (Dr. C.A.E.  samples prepared by addition of urea to samples dialyzed
M. Spronk, personal communication) was used in determin- against buffer. Agreement between these methods indicates
ing concentrations of the 62-residue lacl DBD. that urea denaturation is also greater than 99% reversible.
Preparation of Protein Solutions for CD Studielsacl Buffer-only controls over the entire range of urea concentra-
DBD was dialyzed at least 24 h af€ in tubing of MWCO tions showed no dependence on temperature. Rather than
1000 or 3500 with a single change at 12 h of 2000-fold increase the random noise in the data by subtracting these
excess of 25 mM KHPQ,, pH 7.3 (adjusted using HCl) and  blanks, a small arbitrary-axis offset was included in the
either 0, 8.0, or 9.1 M urea. Extending the dialysis period to baseline fitting to account for day-to-day variations in the
48 h had no significant effect on the CD measurements. At instrument base signal. This offset correction, applied
lower concentrations of ¥iPQ,, the protein precipitated  consistently throughout this study, has no effect on our
upon prolonged dialysis. A stock solution of 2, 4, or 8 M results. Generally, between three and five replicates were
urea and 25 mM KHPQO, was prepared volumetrically —averaged for each set of solution conditions (see Table 1).
immediately before use and adjusted to pH 7.3 using HCI.  To aid in establishing a CD baseline for the unfolded state,
For experiments belo 6 M urea, 10QuL of protein stock exhaustive proteinase K digests of the lacl DBD were
was combined with appropriate amounts of urea stock (e.g.,performed in our standard 25 mM,KPQ, buffer, pH 7.3,
4 M) and KHPQ, dialysis buffer to a total volume of 300 and 1.0 mM CaGl Reaction progress was followed by
uL in 1.0 mm path length stoppered cuvettes. To prepare monitoring ellipticity at 222 nm at 28C until no further
solutions at higher urea concentrations, we took advantagechange in signal was observed. From the number and
of the complete reversibility of unfolding at low temperature distribution of cleavage sites for proteinase K in the lacl HTH
and diluted samples of unfolded lacl DBD in 8.0 or 9.1 M sequence, we predict that no peptide fragment exceeds six
urea buffer with KHPQ, dialysis buffer. Control experiments  residues in length.
for samples prepared by both methods at urea concentrations Calculation of Kys and AGg,, from CD Data Circular
in the range 1.62.0 M and 4-5 M urea gave the same dichroism data at 222 nm were converted to mean residue
unfolding curves within uncertainty. The concentration of ellipticity ([g]ggg) (41), and the fraction f(j) of HTH

K* was 50 mM in all CD studies of urea induced unfolding residues in the unfolded state was calculated from eq 10:
reported here. To stabilize the folded state and establish its

ChemicalsAnhydrous KkHPO, (99.7% pure, FW 174.18),
certified ACS grade KCI (99.9% pure, FW 74.56), and
electrophoresis grade urea49% 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-

baseline (cf. Appendix), the salt concentration was increased 910 — rg1F

_ 101555~ [615

with KCI. V=g = (10)
Circular Dichroism SpectroscopyCircular dichroism [0]225 — [0]220

spectroscopy monitored at 222 nm was performed on an Aviv

62A DS CD spectrometer with a multicell attachment In eq 10, experimentally determined universal baselines
allowing simultaneous heating of five cuvettes. Heating with quadratic and linear temperature dependences for the
curves typically spanned the range -398.4 °C and used post-transition and pre-transition regions, respectively (see
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Table 1: Thermodynamic Parameters Describing the Lacl DBD Unfol

ding Transition at Various Urea Concentrations

at 25°C
ACCl§>,obs Angs AHgbs A%bs
[urea] (M)  #expts (cal moltK™1) Tg (°C) Ts(°C) Tu (°C) (cal mol?) (cal mol?) (cal molrt K™%)
0.0 9 627+ 139 45.6+ 0.2 7.8+ 15 53+ 1.7 12404+ 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+ 660 349+ 2.2
0.8 5 618+ 36 404+ 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+ 689 412+ 2.3
2.0 2 613+ 62 31.2+0.1 6.8+ 0.6 5.7+ 0.6 286+ 53 11853+ 404 388+ 14
2.7 3 642+ 46 248+ 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 113444 328 38.6+ 1.1
35 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 355+54

Results and Appendix) were used to estimate the unfolded
([6]5,,) and folded (pl5,,) ellipticities as a function of
temperature. Because residues-6@ of the connector “hinge
helix” are unfolded under all conditions investigatet®;(
see Appendix), their contribution t@]555 is included in the
folded state baselinedl;,, as well as in the unfolded
baseline {9]‘;22 (Any nonlinearity introduced into the folded

Extrapolation (LEM) and from the Local-Bulk Domain Model
(LBDM). For the LEM analysis, values oAGg,. as a
function of C; at constantT were fit linearly to obtain
AG; {mz = 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

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.

_ (11
o= 4]

e« 11,

(11)

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 fiKyps to the exponential form

obs

4 e

valid where AC; < is independent of temperature. Inclu-
sion of a linear dependence oiC7 ,,on temperature does
not improve the quality of the fits. In eq 17, is an
arbitrary reference temperature (chosen to be@jp and
AH?; and AS); are the fitted values oAHg, . and AS;, . at
Tt. Values of the characteristic temperaturés Ty,
Tq, andTg were calculated fronAH,, AS,, andACS g
Alternatively, the data were fit to obtaiACg s Ts, and
Ty or to obtainACg s T, and AHg,(Tc), the enthalpy
of unfolding atTs. In the latter parametrization, eithé@
or TS was selected for by constrainingH3,(Tc) 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 AGg,, of Unfolding in the Absence of
Urea and the Urea Partition Coefficientdfrom Linear

AHres

AS)ef
RT ' R

R

ACIg,ob Tref
R \T —1-+In

Csmi\_/.l

It

m, (13)

whereV; and Vs are the molar volume of pure water and
the partial molar volume of urea in water in units of L rml
respectively. In applying eq 13, the dependence/obn
Cs; was calculated by fitting a quartic polynomial to litera-
ture values of the apparent partial volume of urdg™,
evaluated assuming, is independent of urea concentration
(35)) and calculatingVs from V5™ by the standard method
(43). In eq 13, neglect of the slight dependenceVefon
Cs; and of the small contributions of protein angHPO,

to the concentration scale conversion together contribute
an error of less than 0.4% to the calculated valuesnef
(D.J.F., unpublished). If the concentration dependendé; of
were neglected, an additional error ef2% would be
introduced.

In applying the LBDM to obtaimAGg, (ms = 0) andKp,
integral eq 6 also requires an expressiondpas a function
of mg at each temperature of interest. Stok&s) tabulated
molal scale activity coefficients of urea in two-component
aqueous solutions as a function of urea concentration at
temperatures in the range-20 °C. For urea concentrations
up to 12 m, values of Iryz' at each temperature are best fit
by a fourth degree polynomial img:

(14)

lny?=§&fﬂs

Effects of temperature (240 °C) on Iny3 are well-fit by
representing the coefficients anda, in eq 14 as a power
series in temperature (K):

a = a1,(0) 4 a1.(1)-|- 4 6,1(2)1-2

i=1,2  (15)
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Ficure 1: Thermal unfolding transitions of lacl HTH at representative urea concentrations (2544M0%, pH 7.3). Averaged ellipticities
[6]222 (typically for 3—5 experiments; standard errér 3%) are plotted vs temperature; regression fits were obtained using the two-state
model with a constanAC} .. of unfolding (eqs 16-12; solid black lines) and the indicated baselines for the folded and unfolded states
(dashed lines, cf. Appendix). The urea concentratiorsGak @), 2 M (O), 3 M (¥), 4 M (v), 5M (m), 6 M (O), and 8 M @). Inset
compares the unfolded nonlinear baseling (ith ellipticities determined for lacl HTH in 9.1 M ure®} and proteinase K digests of lacl
HTH in the absence of ure®j.

Values of these coefficients were obtained by fitting the data COncentration, thermal unfolding experiments were performed
of Stokes 85): a;©® = —1.223+ 0.001,a,) = (6.801+ at urea concentrations from 0 to 9.1 M urea and monitored

0.006)x 1073, &® = (1.001+ 0.001)x 1075, 8, = (7.271 by circular dichroism spectroscopy at 222 nm. Averaged

+0.012)x 1072, 8V = —(3.9494 0.008) x 1074, @ = results of multiple experiments at representative urea con-
(5.952+ 0.013);( 107, as = (5.492+ 0.005) x ’1¢4 a centrations in our standard 50 mM Khosphate buffer (pH
= (1.654+ 0.002) x 10°5. 7.3) are shown in Figure 1. The unfolding transition is

. - . Cm observed to equilibrate rapidly on the experimental time scale
Differentiation of eq 14 with respect to n; to obtaine, allowing for thermal equilibration after eacks° temperature
and subsequent analytic integration of i eg)(1 + step. Data showed no signs of hysteresis, with transition
KeS, amg/m})~ (cf. eq 6) yields an analytic expression for cyrves obtained by scanning up in temperature overlaying
AGgy, as a function ofms which was fit to the data of  those obtained by scanning down. The transition is inde-
Figures 1 and 4 (below) to obtain values AfGg,, of pendent of lacl DBD concentration over the 20-fold range
unfolding in the absence of urea and b for urea  examined (61304M), and 95-100% reversible except at

partitioning at each temperature examined. Valuesbior  the highest temperatures examined, where reversibility was
andS, zwere fixed at 0.11 and 2.7 (cf. r&fl) andAASA = reduced to~90%.

o .
ASAT= 3938 R, calculgted as described below. Temperature-dependent baselines for the folded and
Calculation of Accessible Surface Aréehe native state  nfolded states of the protein were established through a
of the lacl DBD was taken from the first NMR model in the  g|0p3] regression procedure described in the appendix. The
file 1LQC.PDB in the Protein Data Bank (www.rcsb.org).  quadratic function describing the unfolded state as a function
The denatured state was modeled as an extefil&#tin  of temperature agrees closely with data for the lacl HTH
using Insight Il (Biosym Technologies) on an Octane cojiected at 9.1 M urea, demonstrating that the protein is
workstation (Silicon Graphics). Both structures were trun- | ,1¢q1ded at all temperatures at high urea concentrations.
cated after 51 residues because the hinge region is found t0rnormal scans (in 50 mM Kwithout urea) of exhaustive
be unstructured under all conditions examinég) (Water- roteinase K digests of the lacl HTH (predicted lengtie
accessible Sl_Jrface areas o_f these prqtein structures wer esidues) overlay the thermal scans of lacl HTH in 9.1 M
calculated using a_mod|f|cat|on of the Richmond ANAREA (Figure 1, inset), thereby providing further evidence for our
program @4, 45), with a probe radius of 1.4 A and accepted onciusion that the unfolded state baseline is independent

values of the van der Waals radii (setf). of urea concentration. To establish the temperature-dependent
CD baseline for the folded state, not 100% populated at any
RESULTS temperature even in the absence of urea in our standard low-
[salt] buffer (50 mM K%, pH 7.3), data at high KCI
Dependence of Thermal Unfolding of the Lacl HTH on concentrations were included in the global analysis (cf.
Urea ConcentrationTo investigate the thermodynamic basis Appendix). The resulting linear baseline is also shown in
of stability of the lacl HTH and its dependence on urea Figure 1.
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as in Figure 1.
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Our entire set of spectroscopic data for unfolding of this o
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 20 4 :
detectible populations of intermediates. Each data set was

KA

oA

fit separately to avoid imposing any restrictions on the [
functionality of the urea dependence of the thermodynamic I
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 0 ! 2 3 4 5 6

(42) that this region folds upon binding to operator DNA. [urea]

In addition to the downward shift in midpoint temperature Ficure 3: Temperatureurea phase diagram of lacl DBD unfold-

of the thermal transition with increasing urea concentration, ing. Values of TS (®), TS (O), and Cy, (O) define the phase
Figure 1 shows that the magnitude @Hg; at the temper- ~ boundary at which the folded and unfolded forms of the protein
ature of its relative minimum decreases with increasiag are equally populated. The shaded region depicts conditions where

. the extent of folding is between 10 and 90%. Also shown are the
Even in the absence of urea, the low-temperature de28(  yrea concentration dependencesTaf (¥), the temperature of

°C) exhibit a less negative)]25; than that expected for the  maximal stability, and offy; (v), the temperature wheioss s a
completely folded state of the HTH at these temperatures, minimum.

deduced from studies at higher{K(see Appendix) and from
estimates based on its amounbehelix and other secondary
structure (D.J.F., unpublished). We conclude that a small but hereAH®. — Ko e | defi
significant fraction of the HTH population6%) is unfolded (whereAHg,: = 0 andKasis & minimum) are well defined

S . ob: . . .

even in the absence of urea at the temperature of maximumbyftTe minima in 0223 (Fr:gure 1) ando n thg fraction
stability (Ts = 7.8 + 1.5°C, whereAS, = 0). Therefore unto ded () (Flgure 2)in t € rangeﬁlo C. Anincrease
unfolding studies at low [K'] interpretgsd by the two—sta'Ee in urea concentration destabilizes the folded state of the lacl

model using a folded state baseline determined at higherHTH at all temperatures, causing both transition temperatures

)
09 4 0 e
—

"

tally accessible temperature range (Figure 3), valueg,of

[K+], directly yield (without extrapolationAGS,. for un- (T, TS) to shift toward Ty, therefore reducing the differ-
folding over a wide temperature range—@0 °C) in the enceTh — TS that defines the window of thermal stability
absence of urea. of the folded state.

Results of the representative series of thermal denaturation Figure 3 summarizes the dependence of fitted values of
experiments (Figure 1), normalized to fraction unfolded, are the high-temperature transition midpoif§ on urea con-
shown in Figure 2. The solid curves are fits to the two-state centration. Also plotted in Figure 3 are predicted values of
model of unfolding applied to the data using eqs-1@; the lower transition midpoint temperatuil@ obtained by
thermodynamic parameters from these fits are compiled in extrapolation, assuming a temperature-independ€t
Table 1. The fits are extrapolated to lower (experimentally Together TE and Tg determine the phase diagram of
inaccessible) temperatures to emphasize the influence of cold-conditions whereAGS, is zero (i.e., where the folded (F)
induced unfolding on the shape of the experimental curves. and unfolded (U) states are equally populated). A mixed
Although the midpoint temperatures of cold denaturation population of these two states exists at equilibrium over a
(Tg) are deduced to be substantially below the experimen- wide range of urea concentrations and temperature; the
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Ficure 4: Isothermal urea-induced unfolding transitions of lacl
DBD. Ellipticity data at temperatures of 3°€ (®), 12.8°C (O),
22.0°C (v), 25.0°C (v), 31.1°C (m), 40.3°C (O), 49.5°C (),
and 58.7°C (<) as monitored by CD at 222 nm and converted to
fraction unfolded f{;) as described in the text. Fits to the local bulk |
domain model using eq 6 are shown as solid black lines. 10000 -

13000 4

12000

0
obs

11000 4

AH

shaded region in Figure 3 denotes the conditions in which 9000 -
both the folded and unfolded states are at least 10% populated
(i.e., the region wherGg, is experimentally well-deter-
m|ned). With increasing urea concentration, the stability of . —— ; . e —
the native state of the lacl HTH is reduced at all temperatures;
TH decreases aritf 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 12000 4
(AGg,s < 0) at all temperatures. .
Also plotted in Figure 3 are the characteristic temperatures 11000 1 9
D

8000 -

14000 C

13000 4 T

0
obs

TAS,

Ty and Ts for this unfolding transition. AtTy, Kops for }
unfolding is a minimum (cf. Table 1). ATs, AGg,is a 10000
maximum. BothTy and Ts increase with increasing urea
concentration. The characteristic temperafyrés predicted
to increase linearly with increasinGs becauseAHg, . of
unfolding is found to decrease linearly with increasitg
(see Figure 5 below) andCg ,,cof unfolding is indepen- 1000 1
dent of urea concentration:

dT,, 1 [AHg,)
dC;  ACha 9C; |r

9000 -

800 -

(16)

0
P,obs

AC

The predicted value of this derivative (cf. Figure 5 below) [ T
is dT/dCs = 1.05+ 0.14 K M™%, in complete agreement 600 1 I 1t

9

—o—

—a—
——
——

——

with the data of Figure 3.
The characteristic temperatufe is predicted to increase
nonlinearly withCs:

dTS_ Ts [0ASS
aC,~ " ACod G, v

—ae
[ER—

(17) [urea) (M)

Ficure 5: Thermodynamics of unfolding as a function of urea

molarity. Panels A-D show the dependence &Gg,, AHg,
BecauseTA%bS is not as dependent ob; as isAHg,, T TAS}ps andACy ,50f denaturation on urea molarity at 26. The

is predlqted (from Figure 5 below) to be less depen_dent 0N dotted line in panel A represents a weighted fit to the LBDM using
Cs than isTy; over the measured range, eq 17 predicts that egs 6 and 1415. Solid lines represent weighted linear least-squares

dTgdC; = 0.30+ 0.15 K M™%, which is also consistent with ~ fits to the data in p?nelsl AC with slopes §AGG,JICs)=25c =
the data of Figure 3. At urea concentrations less than 3.6 M, ~449% 11 cal mof* M™%, (8AHg,J0Cs)r—ssc = —661 £ 90 cal

mol~1 M~1, and GTAsngIBC3)T_250 = —203+ 91 cal moft M1
Ts exceedsTy, as required for the folded state to be for the dependence ahG:. AHS.. andAS,. on urea, respec-

thermodynamically stableAGg(Ts) = ACP ,,{Ts — Th) tively. The solid line in D gives the weighted mean value of
> 0. In the vicinity of 3.6 M urea, all four characteristic =~ ACg (6304 50 cal mot? K1)
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Table 2: Temperature Dependence of the Parameters from LEM and LBDM Analysis

LEM LBDM analysis direct
AGg,{Cs = 0) m-value AG3p{Cs = 0) AG3,{Cs = 0)

T(°C) (cal mol?) (cal molF* M) (cal mol?) Kp (cal mol™)

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+ 81 471.24+10.8 1492+ 83 1.111+ 0.003 1398+ 374

22.0 1359+ 58 466.1+ 10.3 1376+ 60 1.109+ 0.002 13314 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+ 47 448.44+ 9.2 943+ 47 1.099+ 0.002 968+ 222

34.2 736+ 20 437.8+9.2 745+ 20 1.096+ 0.002 7914 189

37.3 551+ 16 4425+ 9.4 557+ 16 1.095+ 0.002 603+ 150

40.3 337+ 13 440.44+ 10.5 342+ 13 1.094+ 0.002 392+ 134
temperatures become equal= Ts = Tg = Té =7.7°C). tration than TAS,, AHZ,. and TAS intersect at the

Above 3.6 M ureaTy exceedsTs, and the folded state is midpoint urea concentration for unfolding at 26 (Cy; of

thermodynamically unstable at all temperatures. 2.72 &+ 0.13 M). Heat capacity changesC; . are also

Isothermal Urea-Concentration Dependence of Stability obtained from the regression fit to eq 12. Figure 5D indicates
of the Lacl HTH and its Enthalpic and Entropic Components. that AC7 < is independent of urea concentration within
Because thermal transition data were taken at the same seerror, with an average value of 63050 cal mof! K™%,
of temperatures<3 °C intervals), they can equally well be Temperature Dependences of the m-Value and of
represented as isothermal urea titrations at these temperature$dIn Kqopnd9Cs)r for Unfolding the lacl HTH; Implications for
Figure 4 summarizes that part of our urdamperature data  Linkages between Temperature and Urea Datives of
set not shown in Figure 1. Like the thermal transitions of Thermodynamic Functions of Unfoldinghe systematic
Figure 2, these urea-induced unfolding transitions are very temperature dependence of the lacl HT#alue in the range
broad. For typical globular proteins, urea-induced unfolding of our experiments (440 °C) is shown in Figure 6A. Within
at pH 7 is observable only at urea concentrations above 4the uncertainty, thervalue decreases linearly with increas-
M. For the lacl HTH, however, urea-induced unfolding spans ing temperature:
the range of urea concentrations from 0@ M. Midpoint
urea concentrationszy,, of the isothermal urea-induced (8mvalue) _ 9 (8AG8bs)

C.

unfolding transitions obtained from isothermal fits to the oT T aC; |1 o

LBDM (eq 6), are plotted in Figure 3. As expected, values

of Cy, as a function of temperature, obtained from isothermal 1.02+0.22 calmol*M ' K™*

LBDM fits, describe the same stability curve in Figure 3 as

values ofT, obtained from fits of thermal transition data to T s

the constantACS ., van't Hoff equation (eq 12) at each is plotted vs temperature in Figure 6B. Within the uncer-

urea concentration investigated. Thus, the overlap of the urea@nty. (0In Kopd0C5)r also decreases linearly with increasing

unfolding transitions at 3.6 and 12.8C (Figure 4) is  emperature:

explained simply by the proximity of these temperatures to

Ts. —
The urea dependence &Gy, . at 25 °C is plotted in aT

Figure 5A. The extreme breadth of the urea-induced unfold-

ing transition (Figure 4) allows\Gg,, to be determined  Nonlinearity in Figure 6A and/or B arising from the fact

The closely related quantitylfi KopddCs)r = m-valueRT

S

) = —(4.41+0.4)x 10°*M 'K
.

3 [AnK,,

directly at this temperature from ®@t6 M urea; AG that the two derivativesi(n-valuedT)c, andd(dIn Kopd 9Cs)/
varies linearly with urea concentration over this range with 9T cannot both be independent of temperature is not
a slope (the negative of ttm-value) of—449+ 11 cal mot? detectible given the experimental uncertainty, as discussed

M~ (solid line fit in Figure 5A); AGg, is also a linear  below.
function of urea molarity at all other temperatures where this  Obligate thermodynamic linkages (eqs 7 and 8) relate the
dependence can be quantified-40 °C; cf. Table 2). temperature dependences of tmevalue and of §in Kopd

The enthalpic and entropic contributions Ad5], . as a dCs)r to the urea concentration dependenced\&f,, and

function of urea molarity and temperature were determined AHg,, respectively. At 28C, from Figure 5C §AS;,J9Cs)t

from analysis oKopsUsing eq 12 (withT et = 25 °C). At 25 = —0.68 + 0.31 cal mot! Kt M™% From Figure 6A,
°C, in the absence of urea, bottHg, . (12.4 £ 2.0 kcal (dm-valuebT)c, = —1.02 £ 0.22 cal mot! K ML
mol~1) andTAS;,, are positive and large relative G2, Although the uncertainty is rather large, these two derivatives

Figure 5B,C shows that botAHZ, . and TAS;,, decrease  are equal within error, as required by eq 8. Likewise, from
linearly with increasing urea molarity at 25C, with Figure 5B, at 25°C, (1RT?)(dAHZ,JICs)r = —(3.74 +
derivatives §AHZ, J0Cs)rp = —661 + 90 cal mott M1 0.51) x 103 M-t K tand from Figure 6B(dIn Kopd dC3)/
and OTAS, J0C3)rp= —203+ 91 cal mott M~%. Because 9T = —(4.41+ 0.4) x 1073 M~ K~L. Within the uncertainty,
AH¢, . decreases more rapidly with increasing urea concen-these two quantities are equal, as required by eq 7.
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FiGure 6: The dependence of the-value (panel A) andan Kq,ddCs)r (panel B) on temperature. The weighted linear least-squares
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Figure 5D indicates thafhCg . is independent ofC; of protein unfolding by van’t Hoff methods becausg,scan
within the experimental uncertainty. Interpreted by the be determined over wide ranges of temperature and urea
linkage relation (eq 9), iNCg ,cis independent o€; then concentration including the temperatufg whereKgps is a
both (@AHg,JdC3)r and PAS,JdCs)r are independent of  maximum. In such situations, analysis of the temperature
temperature. In this situation, thm-value must be a linear  dependence df,,sby eqs 1112 yields accurate values of
function of temperature (Figure 6A) and the temperature AHS ; AS;,; andAC; .as functions of urea concentration
dependence ob(n KonddCs)t (Figure 6B) is predicted to be  and of the temperature dependence of irgalue. These
nonlinear. However, experimental uncertainty makes it desirable characteristics result in large part from the small
impossible to detect small deviations from linearity over the size of the folding domain (49 residues in the HTH) and the
40 °C temperature range examined in Figure 6A,B. Values consequently small amount of buried ASA (3938).A
of (dAC3 ,,{dC3)r in the range from-11 to+21 cal mot* Thermodynamic investigations have been carried out on a
K1 M~ result in insignificant curvature of both panels of number of other small proteins which lack disulfide cross-
Figure 6; curvature introduced by a stronger urea concentra-links and stabilizing ligands, including proteins with largely
tion dependence oAC; ,,sshould be apparent outside the beta structure such as Bt€f) anda-spectrin SH3 domains
scatter in the data. This conclusion is consistent with the (47), proteins with both alpha and beta structure (e.g., B1
observation (Figure 5D) tha&Cp s independent of urea  and B2 domains from protein G4§) and chymotrypsin
concentration (66 M) within uncertainty AC7 = 630 inhibitor 2 (49)), and entirely alpha helical homeodomain
+ 50 cal mof! K™) implying that |(ACS ,,{0C3)7| does  (50—-52) and phage repressor proteirg3(54). With the
not exceed 21 cal mot K™ M™% We interpret this  probable exception of the homeodomain DNA-binding
negligibly small dependence &C; ,,son Cs to indicate proteins discussed below, all of these proteins, although only
that theAASA of unfolding in urea is independent of urea slightly larger than lacl HTH, are significantly more stable
concentration and that the accumulation of urea in the vicinity (both thermodynamically and thermally) than lacl HTH at
of protein surface does not significantly affect the interaction neutral pH (cf. Table 3). It is interesting to compare the
of nonpolar surface with water, which is the dominant stability of lacl HTH to that of DNA-binding domains of

contributor toACg homeodomain and phage repressor proteins that also contain
HTH motifs. While repressor proteins with a five-helix fold
DISCUSSION (phage 434 cro protein, monomeric lambda repressor) are

significantly more stable than lacl HTH, homeodomain
The lacl DBD as a Model Protein For bestigating Effects  proteins such as vnd/NK-1 and MAR, which like lacl HTH

of Solutes on Unfolding Thermodynamiésneutral pH and  contain only three helices, have similar thermal stability to
in the absence of denaturants, both the maximum thermo-|acl HTH (and most likely similar thermodynamic stability,
dynamic stability AGg,,= 1.59+ 0.05 kcal affs = 7.8+ although the thermodynamics of unfolding have not been
1.0 °C) and the thermal stabilityT{ = 45.6 °C) of lacl fully characterized for these latter proteins). The lower
HTH are significantly less than those of other globular thermodynamic stability of the three-helix HTH domains,
proteins. In addition, both the thermal unfolding transition which stems in part from the lower packing efficiency (and
and the isothermal urea unfolding transitions are very reduced burial of surface area per residue) of these HTH
broad: (dy/dT)"*=32°C atTg in the absence of urea and proteins relative to the five-helix phage proteins, may play
(dfy/dC3)~t = 5.3 M atCy; and 25°C. Both Ty andTs are an important functional role by reducing the thermodynamic
in the experimentally accessible range at all urea concentra-cost of conformational adaptation at the protein-operator
tions investigated. These characteristics are very desirableinterface in recognizing different operator sequenés (
for the investigation of solute effects on the thermodynamics 10, 13).
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Table 3: Thermal and Thermodynamic Stability for a Representative Group of Small Globular Proteins

AHZ(TE) AC3 obs AG3{Ts)
protein Nes TH(°C) (kcal molY) (calK2mol) Ts(°C) (kcal moly) pH buffer and salt conc ref
lacl HTH 49 45.6 25.3 0.63 7.8 1.6 7.3 50 mM KP this study
49 80.0 42.2 0.63 19.0 3.8 50 mM KR.0 M KClI
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 NaP (46)
o-spectrin SH3 57 65.8 47.1 0.67 2.3 4.6 4.0 10 mM NaAc 47) (
monomericl repressor 80 57.2 68.0 1.44 13.2 4.6 8.0 20 mM,KBO mM NacCl 63
434 cro protein 71 57.0 46.6 0.98 12.8 3.2 6.0 25 mM,KB0 mM KCI 72
MAT a2 HD 72 56.3 325 7.0 20 mM NaP (51
61.4 41.6 20 mM NafR300 mM NacCl
vnd/NK-2 HD 80 35.8 19.0 7.4 50 mM HEPES 5Q)
52.0 42.0 50 mM HEPES, 500 mM NacCl
TTF-1 HD 61 42.8 25.4 7.0 10 mM Pi, 100 mM NaF 52

An additional factor contributing to the low stability of experimentally accessible temperature range using urea or
the lacl HTH is the moderately low salt concentration (50 another denaturant, the range of temperatures WKgkes
mM K*; phosphate buffer) of our studies. As shown in the directly measurable can be very large, even if the range of
appendix, the stability of lacl HTH increases strongly with denaturant concentrations accessible at fixed temperature is
increasing KCI concentrationf @ M KCI, TH = 80 °C and not. For example, at a urea concentration of 4Ky for
regression analysis of the thermal unfolding curve for a two- HPr unfolding is measurable without extrapolation over a
state model, assuming thatC? ... is independent of KCI 50 °C range in temperatur@4), a much wider temperature
concentration and temperature, yields an estimat&Gff, range than is normally accessible in typical protein unfolding
of ~3.8 kcal mot?! at 25°C, comparable to other small, experiments and comparable to the temperature range over
un-cross-linked proteins (cf. Table 3). Hence, charge repul- which Ko is directly measurable for lacl HTH at all urea
sions in the folded state or interactions in the unfolded state concentrations.
(internal ion pairing or salt bridging) at 50 mMKlestabilize The Dependence oAGZ,, on Urea Molarity: Direct
the folded state of the lacl HTH by2.6 kcal mot™? relative Tests of the LEM and LBDNM.he marginal stability of the
to 2 M KCI. A strong salt-dependence of thermal stability lacl HTH allows the first direct determination &fGg,and
has also been observed in the structurally similar vnd/NK-2 the mrvalue for unfolding of a globular protein at urea
(50) and MATa2 (51) homeodomains. concentrations between 0&6 M atneutral pH and over a

The small free energy difference between the folded and wide temperature range including 2&. Previously, only
unfolded ensembles of the lacl HTH, even at or below 25 for the unfolding of alanine-baseathelical peptides were
°C, means that a measurable fraction of the population AGy,, and themvalue determined directly at low urea
remains in the unfolded state under these conditions andconcentrations at 25C and neutral pH. In that study, Scholtz,
hence allows direct measurement of the thermodynamics ofBaldwin, and co-workers34) concluded that the free energy
unfolding. Moreover, bothAl,, and AHZ,, are relatively of helix propagation increased linearly with urea molarity
small, resulting in very broad transitions as a function of between 0 and 3.6 M urea. Investigations of the denaturant
urea concentration and of temperature. In the absence of urea(urea or GuHCI) concentration dependenceAds;,, for
AGy, for denaturation is experimentally measurable over protein unfolding at low denaturant concentration were
more than a 60°C temperature range including both performed on more stable proteins than lacl HTH and
characteristic temperaturé3; and Ts, a feature which is  therefore required use of either high temperature or low pH
essential for accurate van't Hoff determination of the to destabilize the native protein. In general, these studies
ACE s for the process. These properties of the system observed a linear dependence AfGg,; on denaturant
allow us to examine the urea concentration dependence ofconcentration under the conditions investigated. However,
AGgps AHg,s TASs and ACE ,c over wider ranges of  extrapolations of these results to 25 and neutral pH have
temperature and urea concentrations than are accessible witheen controversial, typically requiring assumptions regarding
other proteins. Hence, the lacl DBD is an ideal model system the effects of temperature or pH on threvalue and/or the
for studying the effects of denaturants and other small soluteseffect of denaturant concentration on theg . of unfold-
that affect protein stability. ing. For some proteins, these extrapolations predict linearity

For larger, more stable proteins, destabilizing conditions of AG;,, vs denaturant concentration at 26 and neutral
such as acidic pHA({7, 54) or high denaturant concentrations pH (e.g.,23, 24); for others, significant curvature and a
(24, 53, 55, 56) are required to allow direct experimental denaturant-concentration-dependemvalue are predicted
determination ofK,ps at Ty. Larger proteins with larger  (e.g.,25, 26, 57).
AASAs of unfolding typically exhibit stronger dependences  For globular proteins, the present study of the lacl HTH
of AGZ,, on denaturant concentrations (i.e., larger provides the first direct test of the LEM at physiological
values, because the-value is proportional tAAASA (17, temperatures and neutral pH. In accord with the result
31)) that limit such experiments to a much narrower range obtained witha-helical peptides from 0 to 3.6 M urea, we
of denaturant concentrations than are accessible with the lackind that AG,. for unfolding the lacl HTH is a linear

obs
HTH. However, in situations in whici is shifted into the  function of the molar scale urea concentration from 0 to 6
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M urea. Both these studies argue for the validity of the LEM We find that them-value and the related quantityn Kopd
to determine intrinsic values of the stability of protein and 9C; for unfolding of the lacl HTH with urea botbecrease
peptides. Consistent with our previous conclusion for other with increasing temperature (cf. Figure 6). The data of
globular proteins31), them-valueAASA ratio for lacl HTH Nicholson and Scholt24) for unfolding of HPr protein are
(0.11) is approximately 25% as large as that calculated for consistent with this behavior. This small but significant
the Scholtz-Baldwin peptides. The 4-fold largervalue/ temperature-dependence of timevalue is most fundamen-
AASA ratio for a-helix disruption as compared to protein tally interpreted using linkage relationships (es8J, which
unfolding correlates with the calculated 4-fold larger con- are general and model-independent thermodynamic results.
tribution of polar peptide backbone to thé\SA of unfolding From eqgs 78, it can be seen that the-value must depend
an alanine-based-helix (52 vs 14% for lacl HTH) and  on temperature wheneve&xS;,, depends on urea concen-
suggests that unfolding in both systems is driven primarily tration, while the derivativeélln Ko,ddCs must depend on
by accumulation of urea in the vicinity of polar peptide temperature whenevekH;, . depends on urea concentra-
backbone surface. tion. Hence, the reductions im-value and indIn Kopd9Cs

The linear dependence &G, on urea concentration in  with increasing temperature for the unfolding of lacl HTH
the molar range (Figure 5A), with no evidence of curvature and HPr most fundamentally reflect the unfavorable entropy
or saturation at the highest urea concentration examined, ischange and favorable enthalpy change, respectively, associ-
indicative of a favorable weak preferential interaction ated with accumulation of urea in the vicinity of that protein
between urea and the exposed protein surf&i. Site surface exposed upon unfolding. Previous thermodynamic
binding models (in whiclANyeaindependent sites for urea  studies of the interactions of urea with protein surface also
with binding constanKeaare exposed upon unfolding) can concluded that these weak interactions are enthalpically
account for this observed linearity; the dependence of driven and opposed by an unfavorable entropy of interaction
AGZ on urea predicted by these modeAAGS = (24, 59, 60).

obs obs

—ANueRTIN(1 + Kyreured, Can be approximated by the  The LBDM interpretation of then-value (eq 5) indicates
linear term in a Taylor series expansion in the limit of three possible origins of its observed temperature depen-
very weak binding, i.e. AGg, is a linear function of  dence: the partition coefficients, the amount of water in
urea activity AAGg,s = —ANueRTKuredured. Solvent ex-  the local domain B = b? ASAY) and/or the urea activity
change binding models show a similar limiting behavior gefficient derivativee?. From the data of Stokes3%),

(34, 58). Such an interpretation is not very mf_ormqtlv_e analyzed by egs 1415, we conclude that]' increases

as one cannot independently determine the site bindinggjgnificantly with increasing temperature; the increase in (1
constant and _number of sites but only their pro_duct. + ¢7) over the temperature range-40 °C is half as large
Furthermore, since a plot AhGg,, vs urea concentration magnitude as the observed decreasgrvalue over this
shows no. ewdenqe c.)f. sr?\turatlpn even at' high §o|ute temperature. This temperature dependence is incorporated
concentrations, no justification exists for treating the inter- in the LBDM analysis described below. In the absence of
action of urea with proein sur_face as a st0|ch|ometr|c any information regarding the temperature dependence of
binding process. Therefore, we interpret our results in the the amount of local waterBe), which could result from
context of the LBD.M 0L ‘.9’7' 38), which treats the temperature dependences of ASAnd/orbg, we propose
interaction of urea with protein surface as a local accumu- that the temperature dependence of tirgalue (corrected

lation of urea relative to its bulk concentration. Previous for that of € indicat i t d d f th
work from this laboratory31) found that the LBDM yielded or that of €;) Indicates a temperature dependence ot the
local-bulk partition coefficient of ureakp).

a near-linear dependence A, on C; over the range of i i
urea concentrations examined here if the local-bulk urea Values ofKp in the range 3.6 to 40.3C were obtained
partition coefficient Kp) and stoichiometry of ureaH,O from fits of eq 6 to experimental data foAGg,s as a
exchange at the protein surfac §) are independent of ~ function of €3 (see Methods). Fitted values dfs are
urea concentration. Indeed, the local-bulk thermodynamic compiled in Table 2 and plotted vs temperature in Figure 7.
analysis provides a quantitative fit to the urea-induced A van't Hoff plot of In Kopsvs reciprocal Kelvin temperature
unfolding data (dotted line in Figure 5A), thereby pro- (Figure 7 inset) is linear, indicating that the enthalpy of
viding direct experimental justification for the use of the partitioning is independent of temperature. From nonlinear
LEM and the assumption of a urea-concentration-independenffitting of the temperature dependence K# (Figure 7),
mvalue. assuming that the enthalpy and entropy of partitioning are

For the surface exposed on unfolding the lacl HTH, the independent of temperature, we find that accumulation of
urea local-bulk partition coefficienKp, is found to be 1.103  urea in the vicinity of the lacl DBD surface exposed upon
+ 0.002 at 25°C, in close agreement with the value obtained unfolding, to the extent that the average surface concentra-
by a global analysis of protein folding data, 1.320.01 tion exceeds the bulk by 10.3% at 28, is enthalpically
(31), and with the value for native protein surface, 140  driven AHZ = —131 + 6 cal mol") with a smaller
0.04 9). Thus, according to this model, the average unfavorable entropic termA& = —0.24 + 0.02 eu).
concentration of urea in the local domain surrounding that Interpretation of the reported dependence Afig, and
surface of the protein exposed on unfolding is only slightly AS,s on urea concentration for HP24) in the context of
greater than its concentration in bulk solution (a ratio of 1.1), the local bulk domain model yields values aHg,, and
yet this slight accumulation completely explains the phe- AS)sthat are within the uncertainty of our results for lacl
nomenon of urea-induced unfolding. HTH.

Temperature Dependence of the m-Value: Interpretation The effects of urea on the solubilities of model compounds
Using Linkage Relations and the Local-Bulk Domain Model. that mimic various protein functional groups have been
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FiGUrRe 7: Temperature dependence of the local bulk partiton FIGURE8: The dependence afHg, on temperature. Solid circles
coefficient of ureaKp). The continuous line represents a van't Hoff ~ are values ofAHg,(Tg) plotted as a function ofg. Open circles
fit to the data assuming\Hp does not depend on temperature. are calculated values @H3, at the same temperature but in the
Inset: Van't Hoff plot of InKp vs 1/T (K). absence of urea obtained fraftH3, (TH) using eq 19.

extensively reported in the literaturé1-66). Recently, gy gies using pH to pertuftf, the enthalpic contribution to

hase equilibrium perturbation calorimetry has been used to 4 o . .
girectly qmeasure Fihe effects of urea {)n enthalpies of AHgy from protonation has been internally compensated

dissolution in saturated soluti f various diketopi =" using buffer matching of protonation enthalpié®)( No
ISsolution In saturated solutions of various diketopiperazines analogous compensation is possible for enthalpic effects of
(67). Although these data can be interpreted in terms of

S ) .~ urea and other cosolvent denaturants, so they have been little
preferential interactions and the local-bulk model, a quantita- | 5oy i, this regard. In what follows, we use our lacl HTH
tive comparison must take into account the d|ffer_ent con- thermodynamic data to conclude that even for a cosolvent
straints on the system (constant chemical potenna}l of the such as urea where the perturbing effect is largely enthalpic,
model compound, rather than constant concentration) and

Y o H
potential effects from self-interactions of the model com- the dependence of the transition enthalpy;,{Te), on

pound at the higher concentrations used in these studies. Wéhe ”a!"s'“O” tgmperatur@G (perturbgd using urea con-
are currently investigating the assumptions involved in such ceontratlon) prov ides a reasonable estimate of the intriisic
a comparison in the context of the local bulk domain model p.ops OF Unfolding. o
(Felitsky et al., in progress). At any specified temperature, values AaH;, . in the

obs
The alternative interpretation of the temperature depen- 2PS€nce of urea can be obtained fraHG,{Te) by inte-
dence of themvalue in terms of a temperature-dependent 9rating overCs:
hydration or ASA cannot be ruled ow&n increase in local
structural fluctuations with increasing temperature would AHZ(T = Tg, C; = 0)

increase the average surface exposure of both the folded and " cs[OAHGLs
unfolded ensembles. However, only if such a thermal = AHZ(TE, Cy) — C. aCy
expansion were more significant in the folded state, leading 3 JT=TeH

to an overall net decrease MASA = ASAY' of unfolding, IAHZ,

could this effect contribute significantly to the observed = AHng(TH, Cy — Cs(—os) (29)

behavior of them-value as a function of temperature. Effects 9C; Jr=25c

of pH on uream-values have previously been interpreted in

terms of an increase INASA with decreasing pHE8, 69) For lacl HTH, evaluation of the integral is straightforward

but may also involve effects similar to those discussed above, because the derivativeAHg,/9Cs)r is independent of both

including any pH dependence of th& and of the urea Cs (see Figure 5)_ and temperature. The latter conclqswn

partition coefficientKe and/or a urea-concentration depen- follows from the linkage relation of eq 9 and the finding

dence of protein K, values. (Flgur.e 5) thatAC;yob_S is independent ofCs, within the
Obtaining the IntrinsicAC ,,.of Unfolding from Analy- ~ €Xperimental uncertainty. . y

sis of AHS,(TH) as a Function of % Varied Using Urea Figure 8 plots Xalues of thg van’t Hoff unfolding transition

Concentration.Because of the difficulty in determining €nthalpyAHg,(Tg) (closed circles) and values afHg, at

ACS ., Of protein unfolding directly from the difference in the same series of temperatHures corrected to zero urea

pre- and post-transition baselines in differential scanning concentration (i.e.AH3,(T = Tg, C3 = 0)) (open circles)

calorimetry experimentsACy ,,chas often been estimated as a function of transition temperatufg perturbed using

from the slope of a plot oAHS, (TH) vs TH, where theT! is urea concentration. Both plots are linear with experimental

shifted by altering the concentration of a denaturant such asuncertainty, and intersect at tfig in the absence of urea.

pH or urea. However, iAHZ,( varies with the concentra-  The linearity of the plot of AHS (T = Tg, C3 = 0) vs

tion of the chemical perturbant, estimatesA€; s using temperature provides additional evidence tdEp . is

this method will be systematically in error. In calorimetric independent of temperature in the range examined. The
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Ficure 9: Thermal unfolding transitions of lacl HTH at different KCI concentrations (25 mMRO,, pH 7.3). Averaged ellipticities
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plot of [0]222 vs KCI concentration at 25C.

slopes of these plots only differ by 12%, indicating that the wider ranges of temperature and urea concentrations than
quantity d&Hng(Tg)/dTH, obtained using urea as the per- are accessible for most protein systems. We find that our
turbant, yields an estimate afCg ;¢ accurate to within  entire data set is consistent with the widely used linear
10-15%, comparable to that with whichCg, ,sis usually extrapolation model (LEM) and can be well interpreted using
determined. the local-bulk domain model (LBDM). We also demonstrate
The general thermodynamic relationship between the the fundamental role of linkage relationships in interpreting
experimentally determined derivative\HS, S(Tg)/dTH, and many of the measurable thermodynamic quantities discussed

the AC} .. Of denaturation is: herein including the observed negative temperature depen-
’ dence of them-value, which reflects the unfavorable
dAHng(Tg) (0AHZ,J0C,)+ dependence oAS,, on urea concentrayion. This type of
— AR st (20) extended data set on the thermodynamics of unfolding for a
dTg dTg/dC, small globular protein should prove valuable in testing and

. N ) ~analysis of semiempirical and theoretical models based on
Equation 20 quantifies the expectation that a hypothetical yrea effects on solubility, calorimetry, and other model

denaturant which affects primarily th&S;, of unfolding,  system data; it further provides an experimental data set on
so that|(JAHZ,JdCs)7| < |dTG/dCs|, would be optimal to  a small protein which should be more tractable in compu-
use to estimateACg ¢ from dAHS (TH)/dTH. For lacl tational studies of these interactions. The same properties
HTH, even thoughAHZ, . of unfolding decreases signifi- that make lacl HTH valuable in analyzing urea induced
cantly with increasing urea concentratioaA{g,J9Cs)r = denaturation make it a favorable model system for studying

—661+ 90 cal mol't M), the contribution of thistermto  the effects of other solutes on protein unfolding. Studies of
the difference betweefHS, (TH) andAHS, (T=T4, C,=0) this type are in progress to characterize the interaction of
(eq 19) and to the difference betweenk, (To)/dTy and Hofmeister ions, osmolytes, and crowding agents with protein
AC3 4ns(eq 20) is relatively small. Studies of guanidinium surface, which will provide insight into the enthalpic and
chloride unfolding 65) and sarcosine stabilizatioff ) of entropic components of these interactions.

proteins also report dependencesAdfy, . on Cs for these

solutes that, through eq 19 and 20, would give small ACKNOWLEDGMENT
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CONCLUSIONS
APPENDIX

The marginal thermodynamic and thermal stability of the
lacl HTH have allowed us to characterize the urea concentra- The interpretation of spectroscopic measurements of
tion dependence AAGg,, AHG,o TAS; andAC;  over denaturation necessitates the selection of baselines represent-
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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 KCI| and urea
concentrations as variables to shift the thermal transition of
the lacl HTH over a 90°C range of temperatures. The
universal CD baseline for the unfolded state of lacl 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 lacl DBD is established by
examining thermal scans over a range of KCI concentrations.

Figure 9 shows a series of thermal unfolding data over
the range of KCI concentrations investigated. Abov@0
°C, data at all KCI concentrations examined approach the
same post-transition baseline as that observed in the ureal3-
studies in Figure 1. Addition of KCI strongly stabilizes the
native state of the protein, shiftin‘dg to higher tempera-
tures with increasing KCI concentration. Abov®.8 M KCl,
values of P]2z2 in the pretransition region increase linearly
with increasing temperature but are independent of KCI (and 16,
urea; data not shown) concentration and therefore allow us 17.
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 19.
deviations from this universal baseline at lower KCI con- 20.
centrations (and in the presence of urea; cf Figure 1) result 21.
from an observable equilibrium population of unfolded 5o
protein molecules.

The pretransition and post-transition baselines established 23-
by the data in Figures 1 and 9 are well-modeled by empirical ,,
linear and quadratic curves, respectively:

~o o A

[oe]

10.

12.

14.

15.

18.

25.

(01522 I 26

S 0t ) 27

222 28

(61555 (A %0
=1+ ay(T — 25°C) + (T — 25°C)’

[0] 222
32,
33,
34,

The parameters; were determined by globally fitting data

at all urea and KCI concentrations examined, with a separate
set of eqs Al for each set of solution conditions but a single
set of values for the parametess A linear temperature
dependence of the pretransition baseline for lacl HTH, with 37
little or no dependence on urea concentration, is consistent
with observations on a wide variety of other protei@g, (

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- 40.
transition baseline is obtained over a much wider temperature
range, demonstrating the need for a quadratic fit.

35.

39.
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