13014 Biochemistry2005,44, 13014-13026

Thermodynamic Characterization of the Osmolyte- and Ligand-Folded States of
Bacillus subtilisRibonuclease P Prot€in

Christopher H. Henkels and Terrence G. Oas*

Department of Biochemistry, Box 3711, Duke &émsity Medical Center, Durham, North Carolina 27710
Receied March 11, 2005; Résed Manuscript Recegéd June 27, 2005

ABSTRACT: In Bacillus subtilis P protein is the noncatalytic component of ribonuclease P (RNase P) that
is critical for achieving maximal nuclease activity under physiological conditions. P protein is predominantly
unfolded (D) at neutral pH and low ionic strength; however, it folds upon the addition of sulfate anions
(ligands) as well as the osmolyte trimethylamMexide (TMAO) [Henkels, C. H., Kurz, J. C., Fierke,

C. A, and Oas, T. G. (200Biochemistry 402777-2789]. Since the molecular mechanisms that drive
protein folding for these two solutes are different, CD thermal denaturation studies were employed to
dissect the thermodynamics of protein unfolding from the two folded states. A global fit of the free-
energy of TMAO-folded P protein versus [TMAO] and temperature yiglgg\Hs, andAC; of unfolding

for the poorly populated, unliganded, folded state (N) in the absence of TMAO. These thermodynamic
parameters were used in the fit of the data from the coupled unfolding/ligand dissociation reaction to
obtain the sulfate dissociation constal)(and theAH and AC, of dissociation. These fits yielded a

AC, of protein unfolding of 826+ 23 cal mot! K~* and aAC, of 1554+ 29 cal mot* K1 for the
coupled unfolding and dissociation reaction (N&= D + 2L). The apparent stoichiometry of sulfate
binding is two, so theAC, increment of ligand dissociation is 363 9 cal mol! K~1 per site. Because

N and NL, appear to be structurally similar and therefore similarly solvated using standard biophysical
analyses, we attribute a substantial portion of thiS, increment to an increase in conformational
heterogeneity coincident with the NE= N + 2L transition.

A central dogma in protein science asserts that a unique,out their function. Furthermore, a concurrent disorder-to-
well-defined tertiary structure is essential for protein function order transition occurs for the majority of the IUPs upon
(2). Although this tenet may hold for most proteins, an binding their physiological target6). IUPs therefore are
emerging class of proteins do not abide by this strueture exemplary of proteins whose thermodynamic balance be-
function principle. This group is known as the “natively tween folded and unfolded conformations favors the unfolded
unfolded” or “intrinsically unstructured/disordered” protein state. Thus, the thermodynamic coupling of ligand binding
(IUP)! family and consists of either full-length proteins or to protein folding can be considered an extreme case of
protein domains that do not maintain fixed, compact folded “induced fit" (7). One potential consequence of this ther-
structures when analyzed by various biophysical techniguesmodynamic linkage is the formation of unique interaction
(for reviews, see refd—5). The diversity of biological surfaces as the favorable binding free energy can overcome
functions that IUPs carry out is larg®)( However, they the unfavorable folding free energy to lead to complex
can be classified into five broad functional categories: formation @, 6).
entropic chains, effectors, scavengers, assemblers, and display |, 4qdition to the formation of complementary surfaces
sites @). All of these functional classes, except entropic \yith marginal stability, other possible functional advantages
chains, require the presence of a binding partner to carysr jups have been advanced. These include (i) the regu-
lation of cellular activity via targeted proteolytic degradation
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! Abbreviations: CD, circular dichroism;, concentration at zero  and (v) the ability to bind multiple ligands due to the inherent
enthalpy and entropy; DSC, differential scanning calorimetry; GuanHCI, stryctural plasticity of the intrinsically disordered protein

guanidinium hydrochloride; HSQC, heteronuclear single quantum P PR
coherence; IUP, intrinsically unstructured protein; L or lig, ligand; p21, (10). Although speculative in nature, there are some intrigu

p21-activated kinase; PFG-NMR, pulsed-field gradient nuclear magnepicing thermodynamic implications of these putative IUP
resonance; per, perturbant; pl, isoelectric point; P protein, protein functions. For example, structural adaptivity of the poorly

subunit ofBacillus subtilisriponuclease P; pre-tRNA,' precursor tRNA; populated folded conformations of an IUP implies extensive
RNase P, ribonuclease ®;, reference temperaturéjs, temperature

at zero enthalpy or entropy; TMAO, trimethylamifeoxide; WASP, structural heterogeneity in this thermodynamically unfavored
Wiskott—Aldrich syndrome protein. folded ensemble. Certain ligands and/or stabilizing solutes
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can specifically select particular folded conformations out (28, 29). Therefore, the hydration contributions &6C, of

of this ensemble. Indeed, this situation has been observedany protein whose structure is known can be predic2ayl (
for IUP domains of the signaling proteins WASP and p21 Although these predictions are cast in terms of solvation,
(11) where the observed folded structure is ligand context- nonsolvation contributions taC, are known to exist47,
dependent. 30) and may be implicit inCy, and Cyor.

One RNA-binding IUP that undergoes substantial disorder-  Given that sulfate and TMAO drive P protein refolding
to-order folding transitions upon the addition of various by different molecular mechanisms, a thermodynamic study
solutes is the ribonuclease P protein fr@acillus subtilis was undertaken to determine the&, of the folding transi-

(P protein). P protein is the noncatalytic, highly basic protein tions induced by the two stabilizing perturbants. Since
that is associated with the ribozyme P RNA to form preliminary biophysical data suggest that the two folded
ribonuclease P (RNase P). RNase P is the ubiquitousstates are simila2@), the prediction is that the apparexC,
endoribonuclease responsible for theraturation of precur-  for the two unfolding reactions would be identical or within
sor-tRNA (pre-tRNA) transcripts (for review, see reifg, error. Alternatively, any difference in apparentC, for

13). Although P protein does not contain the catalytic forming the two folded states could imply conformational
components of RNase P, it is essential for in vivo catalysis alterations between the ligand-folded and the osmolyte-folded
(14). Furthermore, P protein has been shown to stabilize P states of P protein. Here, we use CD thermal denaturation
RNA structure {5—17), modulate substrate specificityg), studies of P protein in the presence of stabilizing solute
and enhance the affinity of magnesium ions required for (osmolyte or ligand) to obtain a thermodynamic description
catalysis 19). P protein also enhances RNase P holoen- of temperature-induced unfolding of the ligand-folded and
zyme catalytic efficiency through the direct interaction of the TMAO-folded conformations of P protein, and thereby
the protein with the Sleader sequence of pre-tRNA  the AC, of the two reactions.

(20—22).

Previously, we showed that intrinsically unstructured P EXPERIMENTAL PROCEDURES
protein can be induced to refold in the presence of two ) o ] .
different solvent additives: the osmolyte trimethylamine _ Expression and Purification of P Proteifkecombinant
N-oxide (TMAO) and small molecule ligands such as sulfate B- subtillis RNase P protein was purified as previously
anions R3). The principal driving forces for this folding ~described Z3). Protein purity was determined to be95%
transition are different for the two solutes. TMAO induces BY SDS-PAGE analysis and by analytical HPLC analysis.
P protein folding through the *osmophobic” effec24j The Edelho_ch method as modified by Pace and_ Schmid
arising from an unfavorable interaction between TMAO and (Protocol 1 in ref31) was used to calculate P protein stock
the peptide backbone. In contrast, in sulfate, binding- concentrations. Molar extinction coefficients of 5800, 5600,
competent conformers are selectively stabilized through 5120, and 4800 M cm™ were used at 276, 278, 280, and

ligand binding. Thus, the two types of perturbant may or 282 nm, respectively.
may not populate the same P protein folded state. A principal Protein Sample PreparatiorConcentrated protein solu-
motivation of this study is to determine whether there are tions were prepared by dissolving the lyophilized protein into
appreciable differences in the thermodynamic properties of standard buffer (10 mM sodium cacodylate, pH 7). The
P protein refolded by addition of osmolyte or ligand. In protein stock solutions were then placed in a°€7water
particular, heat capacity differences are of interest becausebath for at least 15 min followed by centrifugation at 15 000
they have been used in the past to detect structural differencegpm for 5 min to pellet any undissolved protein. Edelhoch
in biopolymer reactions. measurements were subsequently used to determine the
The change in heat capacitCy, for protein unfolding protein stock concentration.
has been empirically correlated with the change in the sol- To minimize the effect of pipetting error on protein
vent accessible surface are@\SA, between the unfolded  concentration, P protein was diluted into two perturbant (e.g.,
and the folded conformations (for review, see ref sulfate or TMAO) stocks in standard buffer, one without
26). The primary origin ofAC, for reactions in aqueous perturbant (stock A) and one with a high concentration of
solution has been attributed to the difference in the ex- perturbant (stock B). The protein concentration in the two
tent of surface hydration between reactants and productsperturbant stocks was 10M. The pH of stocks A and B
(27). Moreover, polar and apolar surface exposure to sol- were then adjusted to pH 7 accordingly using either NaOH
vent contribute in opposite manners ALC,; increases in  or cacodylic acid. Special care was taken to ensure that the
apolar surface exposuréd\QASAp) result in positive con-  total amount of cacodylate added never exceed 50 mM,
tributions to AC,, while increases in polar surface ex- particularly in the high TMAO stock buffer, as the cacodylate
posure AASA,) causeAC, to be negative. These contribu-  anion can affect P protein stability above this concentration
tions are empirically additive withASA so thatAC, has (data not shown). In all cases, the change in protein
the form concentration due to addition of acid or base wak5%.
Protein samples containing intermediate concentrations of
1) perturbant were prepared by mixing the appropriate volumes
of stocks A and B; the final volume of these samples was 3
Cappoiare the constants relating apolar and polar surface tomL. For the ligand denaturation surface, stock B contained
heat capacityC,, and Cyo have been parametrized through 10 mM SQ and the series of intermediate sulfate concentra-

AC, = C,y AASA + C - AASA

pol

the correlation between experimentally determinc), for
protein unfolding and the predictedASA from crystal and

tions were 0.05, 0.1, 0.2, 0.3,0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0,
2.0, and 5.0 mM. The high osmolyte stock concentration was

NMR structures and various models for the denatured state2.12 M TMAO with intermediate sample concentrations of
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0.10,0.22,0.32, 0.44, 0.56, 0.66, 0.72, 0.83, 0.91, 1.15, 1.24 liganded state (i.e., N, Ni, NL#, and NL,). The fraction
and 1.44 M TMAO. The TMAO concentration was measured denatured data in the transition region, 0:0%4 ex{T,[per])
using refractive index as described by Bolen and co-workers < 0.95, was further transformed into standard free energy
(32). All samples were thoroughly degassed under vacuum of denaturation AGex(T,[per]), using the equations below
prior to the experiment.

Circular Dichroism (CD) Spectroscop§ar-UV circular AGg,(T.[per]) = —RTIn K (T,[per]) 3
dichroism measurements were carried out on an Aviv model
202 CD spectrophotometer equipped with a stirred thermo- Fa.exdT:[PET])
electric cell holder. The CD signal at 222 nm was fol- KeT[PET]) = (L= FyoufTper) (4)

lowed over a temperature range from 0 to ¥ at 1°C
increments. The protein samples (2.5 mL) were placed in a _ I .
1 cm path length quartz cuvette and allowed to equilibrate KedT.[P€r]) is the equilibrium constant of unfolding at any
at 0°C for at least 20 min prior to denaturation. Previous | &nd [per].
experiments have shown that temperature equilibration OCCUrSp =g LTS
within this waiting period 23). An equilibration time of
30 s and a signal averaging time of 30 s were used during The Effect of Osmolyte and Ligand on the Thermal
the thermal denaturation; the bandwidth was 1 nm, and aDenaturation of RNase P Proteifhe goal of this study
temperature dead band of C.C was used. A typical ther-  was to elucidate the thermodynamic mechanism by which
mal denaturation takes aradird3 h and was previously the solutes TMAO (osmolyte) and sulfate (ligand) stabilize
found to be 96-95% reversible under these experimental RNase P protein. To this end, thermal denaturation experi-
conditions @3). However, some protein aggregation was ments (denaturations) were carried out in the presence of
observed at elevated temperature8Q °C) in the presence  varying amounts of each solute{@.5 M TMAO or 0—10
of the high amounts of TMAOX1.3 M) (C.H.H., unpub- mM sulfate) as monitored by CD at 222 nn®(L22). The
lished results). thermal denaturations of P protein in the presence of
Thermal denaturations of various buffer controls were also increasing amounts of TMAO and sulfate are shown in
performed to account for any temperature dependence in theFigure 1, panels A and B, respectively. At [TMAG]0.22
CD signal of the cuvette, standard buffer, sulfate, and/or M or [SO,] > 0.05 mM, there is a cooperative transition
TMAO. Replicate denaturations of standard buffer alone at leading to a sigmoidal decrease in the observ@ibd, at
various times throughout the surface data collection showedelevated temperatures due to the loss of secondary struc-
very little signal change. Thermal denaturations of standard ture on thermal unfolding. Increasing concentrations of
buffer with 20 mM NaSO, overlapped with the standard either solute (molar for TMAO, and millimolar for sulfate)
buffer alone, so the CD signal from each sulfate-containing shift this transition to higher temperatures (Figure 1).
protein sample was buffer-corrected with the standard buffer Therefore, TMAO or sulfate act to stabilize P protein against
blank signal. There was a slight deviation observed betweenthermal unfolding. Furthermore, at any temperature below
the CD signals arising from the thermal blanks of buffer 50 °C, the addition of progressively higher concentrations
containig 1 M TMAO and that of standard buffer (0 M of either solute produces an isothermal sigmoidal transi-
TMAO) alone. Thus, the average signal frore thhM TMAO tion to stronger P].22 (Figure 1). This transition is due to
and the 1 M TMAO thermal blanks was used to buffer- the induced folding that occurs for the intrinsically dis-
correct the CD signal from osmolyte-containing protein ordered P protein upon the addition of either osmolyte or
thermal denaturations. The final buffer-corrected CD signal ligand 23).
at 222 nm was converted into mean residue ellipticity At low perturbant concentrations {®.22 M for TMAO

([O]222). and G-0.05 mM sulfate), a slight increase i®]»2, (to more
Corversion of CD Signal to Fraction Denaturedg g negative) is observed at extremely low temperatures (Figure
and Standard Gibbs Free Energy of DenaturatidGexp, 1). This downward curvature at low temperatures is not well-

The observed protein CD signal®]2;) at any given fit to the linear unfolded baseline model used in this study
temperature and perturbant concentration can be convertedeq 5, see below) and may be due to the formation of an
into the fraction of denatured proteiRg exdT,[per]), using additional conformation of P protein that is favored at
the following equation which is based upon the two-state extremely low temperatures<Q °C). The deviation from

assumption: linearity does not occur in the 20 °C range where the
(@] B.(T.[per]) intermediate thermal denaturations reveal a CD signal
222~ By [Per minima (Figure 1), which is likely to be near the temperature
FyeufT.IpEr) = 2) (Figure 1) Y P

Bo(T.[per]) — By(T.[per]) of maximum stability for P protein. Therefore, the data at
low temperatures and very low perturbant are not included
whereBy p(T,[per]) are the signals arising from the temper- in the surface analysis.
ature- and osmolyte-dependent native and denatured base In the analysis described here, the surfaces depicted in
surfaces, respectively. Results indicate that the native baserigure 1 are subjected to nonlinear least-squares analysis in
surface is well-modeled as a simple baseplane (a three-paramtwo steps. First, the data points corresponding to fully folded
eter equation), while the denatured base surface required arand unfolded protein are selected by inspection to define the
additional cross term (a four-parameter equation) to describecompletely folded and unfolded base surfaces. These data
its coupled temperature and perturbant dependencies (se@oints ultimately determine the®)],2, of the folded and
below). Another assumption in eq 2 is that the CD signal unfolded states at all temperatures and perturbant concentra-
arising from a native ensemble is the same regardless oftions: By(T,[per]) andBp(T,[per]), respectively. The data
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A ) By(T.[per]) = yy(0 °C, 0)+ b' T + b"y[per]  (5)
Bp(T.[per]) = yp(80°C, 0)+ b'y(T)T +

b";[per] + b""T[per] (6)

whereyy(0 °C, 0) is the intercept of the folded base surface
andb"y andbfy are the temperaturd)and perturbant ([per])
slopes of the folded base surface, respectively. Likewise,
yn(80 °C, 0) andb™p andbPy are the intercept and slopes
of unfolded base surface with an additional cross term,
b™P, which is required to adequately fit the unfolded base
surface data (see Figure 1). However, the unfolded base
surface of the TMAO thermal denaturation curves were not
well-fit to eq 6 because an irreproducible systematic error
in the blank cell signal precluded a global fit. Therefore, for
these data, the post-transition region of each thermal
denaturation in the osmolyte-surface was fit to a line to define

-3 2 -1
[9]222)(10 (deg cm” dmol )

07 20 40 60 80 the temperature dependence of the unfolded state (see Table
o 1 of Supporting Information for all best-fit base surface
Temperature ( C) parameters)_
3 In the second step of analysis, the thermal denaturation
B " surfaces are converted to protein stability curvA&d,
4] gﬁwwww vs T plots, 33)) using eqs 2 6. The resulting protein sta-

bility curves for P protein in the presence of increasing
TMAO and sulfate concentrations are shown in Figure 2
panels A and B, respectively. The useful transition re-
gion yields standard free-energy data that range from
approximately+2 to —2 kcal/mol. Outside of this range,
the free-energy uncertainty is very large because the CD
signal differs only slightly from the native or denatured state
signals.

There are several initial observations that can be made
from the data in Figure 2. (i) The stabilizing effect of both
solvent additives on P protein is clearly evident in the shift
of the stability curves fromAGe, < 0 at low solute
concentrations and low temperatures\iGe,, > O at higher
solute concentrations. (ii) The parabolic shape of the stability

-3 2 -1
[9]222X10 (deg cm” dmol ')

-10 . . T T curves at intermediate concentrations of osmolyte (0.4356
0 20 40 60 8o 0.9149 M) or ligand (0.£0.9 mM) is easily recognized
Temperature (UC) thanks to the presence of both high and low temperature
unfolding. Therefore, it is possible to accurately estimate the
FiGURE 1: Far-UV CD thermal denaturations of P protein (i) critical thermodynamic parametersC,, Ts, and AHs (or

at various amounts of (A) TMAO or (B) sulfate. The buffer for  AGg), which are the change in heat capacity of unfolding,

both thermal denaturation surfaces is 10 mM sodium cacodylate, the temperature of maximum stabilit

e y, and the enthalpy (or
pH 7. The TMAO concentrations in panel A are 0.32 ®)(0.44 .
M (O), 0.56 M @), 0.66 M (), 0.72 M (#), 0.83 M (), 0.91 M Gibbs free energy) afts. Each of these three parameters has

(a), 1.15 M (x), 1.24 M (v), and 1.44 M {). The NaSO, a unique effect on different features of the protein stability
concentrations in panel B are 0.1 mi@)( 0.2 mM @), 0.3 mM curve, allowing them to be determined independently. (iii)
(©),0.4mM (1), 0.5 mM (@), 0.6 mM @), 0.7 mM (#), 0.8 mM Qualitative inspection of the two free-energy surfaces shown

(a), 0.9 MM (), 1.0 mM (x), 2.0 mM (¥), and 5.0 mM Q). The ; ; P ;
thermal denaturation data that were used to define the native andIn Figure 2 reveals a systematic difference in curvature,

denatured base surfaces are highlighted in red, while the data thaSUggesting that the globalC, of unfolding for the ligand-
were not used in the surface analysis are in green. The solid linesfolded protein is higher than that for the osmolyte-folded
are simulated from the thermodynamic parameters obtained fromprotein because\C, is the characteristic parameter that

the global fits of the\Ge«(T,[TMAQ]) and AGe(T,[SOi]) surfaces getermines the curvature of the stability curve parabola (i.e.,
(shown in Figure 2) to eqs 18 and 21 respectively; see text for SPAG/OT2 = —ACp/T)

details.
Conformational Stability of Osmolyte-Folded P Protein

chosen to represent the base surfaces are highlighted ifJsing the Linear Free Energy of Interaction Model between
Figure 1 and were identified as linear in either the pre- TMAO and P Protein.The Gibbs-Helmholtz equation
transition and post-transition region of a particular thermal describing the standard free-energy unfolding reaction at any
denaturation. The equations that were used to globally fit of given temperaturehG(T), is

the folded, Bn(T,[per]), and unfolded,Bp(T,[per]), base

surface data are AG(T) = AH(T) — TAYT) (7)
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FiGure 2: The free energy of unfolding\Gexy) as a function of
temperature at various concentrations of (A) TMAO or (B) sulfate.
The data points correspond to those in Figure 1 using the
transformation of eqs-26. The symbols are the same as in Figure
1: the TMAO concentrations in panel A are 0.32 #)(0.44 M

(©), 0.56 M @), 0.66 M (0), 0.72 M (#), 0.83 M ), 0.91 M

(a), .15 M (x), 1.24 M (v), and 1.44 M {) and the NaSQO,
concentrations in panel B are 0.1 mikd)( 0.2 mM @), 0.3 mM
(©),0.4 mM (n), 0.5 mM @), 0.6 mM @), 0.7 mM (#), 0.8 mM

(a), 0.9 MM (), 1.0 mM (x), 2.0 mM (¥), and 5.0 mM ©). (A)

The lines through the data represent the global fit of the entire
TMAO protein stability surface using the unfolding thermodynamic
parameters in Table 1. The best fit protein stability curves containing
0.44,0.66, 0.83, 1.15, and 1.44 M TMAO are shown. (B) The lines
through the data represent the global fit of the entire sulfate protein
stability surface using the unfolding thermodynamic parameters
extrapolatedd 0 M TMAO (AHs, Ts, ACp) in Table 1 and the
thermodynamic parameters for ligand dissociatitaHl §s, ASs, and
AC, i In Table 2 into eq 21. The best-fit protein stability curves
containing 0.1, 0.3, 0.5, 0.7, 0.9, and 2 mM sulfate are shown.

where
AH(T) = AH(T,) + ACp(T -T)
AYT) = AYT,) + (ACpIn(T/TO))

(8)
9)

Henkels and Oas
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Ficure 3: Osmolyte dependence of the free energy of unfolding,
AGexT), at 10 @), 30 @), and 50°C (a).The lines correspond

to the linear least-squares fit to the data where the resulting best-
fit slopes are 3.3t 0.2, 3.5+ 0.2, and 2.5+ 0.1 kcal mott M1

for 10, 30, and 50C, respectively.

Substituting eqs 8 and 9 into eq 7:

AG(T) = AH(T,) — TAYT,) +
ACKT =T, — (T In(T/T))) (10)

whereAH(T) andAS(T) are the enthalpy and entropy of the
system at a particular temperatireandAH(T,) andAY(T,)
represent the contributions to those thermodynamic param-
eters at the reference temperatufg In the following
analysis, the temperature of maximum stability,(where
AYTs) = 0), is used as the reference temperature so eq 10
reduces to

AG'(T) = AHg + AC)(T — T¢' — (T In(T/Tg))) (11)

where AHs is the enthalpy afls and corresponds to the
maximum free energy (i.eAHs = AGg). We assume that
the Gibbs-Helmholtz equation holds under all buffer condi-
tions, so the primes in eq 11 refer to a particular osmolyte
or sulfate concentration.

The osmolyte dependence®G.y, at several temperatures
is shown in Figure 3. The standard free energy of protein
unfolding appears to change linearly over the intermediate
TMAO concentration range. Thus, the effect of osmolyte
on the denaturation free energy of P protein is modeled using
the linear free-energy relationship:

AG([TMAQ]) (= AG)) = AG(0) — m JTMAQ] (12)

The standard free energy of the protein unfolding in the
absence of osmolyte (0 M TMAO) iAG(0), andmys is the
unfolding free-energy dependence on molar concentrations
of osmolyte. Note that then,s value for the osmolyte is
analogous to themvalues (nye) uUsed to describe the
denaturant dependence of protein stability but has the
opposite sign. Interestingly, the absolute valuenef is
approximately equal to the expected guanidinium chloride
m-value @9) for a protein of P protein’s size (118 amino
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acids), which in tL_"n is tWiC_e the magnitUde for the expected Table 1: Thermodynamic Parameters of Unliganded P Protein
uream-value. This latter finding is important because the ynfolding
observed urea/TMAO concentration ratio for the cells that

; parameter

accumulate both small molecule osmolytes is about 24} ( , oM
As shown by the best-fit lines in Figure 3, the commonly Parameter fit vale TMAO) _ extrapolated valle
used linear extrapolation method (LEM35 36) can be ?Cp gggj;j%ila'}(m‘)“ K™ $Cp gggigf% 043'Km°“ K™
employed to estimate the stability of the protein in the ¢ 543+ 0.003Mm AHs 1864 950 cal moft
absence of osmolyte at various temperatures. h —4.9+ 1.1 kcal mott M1

Figure 3 also shows that the best-fit valuesrgf (slopes s :?-1371 i; ggl' mgﬁ ﬁj m:i
of the lines) are temperature-dependent (see Figure 1 of : : :
Supporting Information for a plot ofn,s vs T based on 2The nonlinear global fit analysis of the data of the osmolyte/

. : S temperature/free energy surface in Figure 2A. There are a total of 418
globally fitted parameters). This observation indicates that points within the surface. The best fit parameters as well as the resulting

osmolyte affects the thermodynamic parameters of P proteinstandard errors from the nonlinear least-squares analysis are given.

unfolding. One simple model that describes the influence of ® Extrapolation 6 0 M TMAO was carried out using the following

small molecule solutes on the thermodynamic parameters ofrelationships: ()AC, (0 M TMAO) = AC, — ¢(0 — Cus); (i) eq 19;

unfolding is the linear free energy of interaction model 2 (i) AHs= AG(Ts, 0 M TMAO). Errors were propagated according
. . to Bevington 83).

originally proposed by Schellman and co-workers. This

model predicts a linear dependence of enthalpy, entropy, and

using eq 18 to determine the reference poinis@ndCys);
AH' = AH(0) — h[TMAOQ] (13) h, s, andc; andAC,. The temperature of maximum stability
in the absence of osmolyt&d) can be calculated from these
AS = AS0) — §TMAQ] (14) parameters as follows:
AC, = AC,(0) — c[TMAO] (15) Tg = T,ee SICACHCre) (19)

The parameter$, s, and c are the slopes of the linear

relationships between enthalpy. entropy, and heat capacityTable 1 displays the results of the global fitting analysis.
: ' ’ Consistent with our previous observatio23)( these ther-
of unfolding and [TMAOQO]. These parameters can also be " X

d 1o d ibe th d d f the f modynamic parameters describe an unfavorable folding
used to describe the temperature dependence of the fregq i in the absence of osmolyte or ligand. The latter state
energy of the osmolyteprotein interactionmy,,

also represents a high-energy state along the coupled protein
o I folding, ligand binding pathway. The standard free energy

MM =h=Ts+c(T=To = (TIN(M7T))  (6) ot ynfolding is—1.9+ 1.0 kealimol at 11.8C (Ts at 0 M

TMAO), —2.1 + 1.1 kcal/mol at 25°C, —2.8 + 1.1 kcal/

mol at 37°C, and—5.1+ 1.1 kcal/mol at 6C¢°C. It should

be noted that the uncertainties WG(T) are quite large

because proper error propagati8B)(results in amplification

of the uncertainties iMG when extrapolating fronCys to

0 M TMAGO. In contrast, the heat capacity change for this

transition, which is 826t 32 cal mot! K71, is quite accu-

rately determined because it is not strongly TMAO-de-

The linear free-energy relationship between protein stability
and TMAO concentration allows a global fit of the entire
TMAO/temperature/protein stability surface data (Figure 2A)
to ultimately determine the parameters that describe the
osmolyte and temperature dependence of P protein stability
in the absence of bound ligand. The generalized equation
representing the free energy of the protein at any point within
the temperatureosmolyte surface is obtained through the

e ) pendent.
combination of egs 10, 12, and 16: Conformational Stability of Ligand-Folded P Protein and
AG(T,[TMAOQ]) = AH(T,) — TAS(T,) + Evidence for a Significant Contribution of Sulfate Binding

to the GlobalAC,. Sulfate-induced folding of P protein is a

ACKT — T, = (TIn(T/Ty))) — m(MITMAQ] (17) tightly coupled process involving the linked equilibria of

) ) protein folding and specific anion ligand binding. Given

Eq 17 has a total of eight thermodynamic parameters. TO that anion-induced folding is a two-state proce2d)(the

minimize the number of floating parameters, the point on only populations that are observed in the transition re-
the surface where the standard free energy, enthalpy, andjion of a given thermal denaturation are the unliganded/
entropy of denaturation are zero can be chosen for the nfolded and the liganded/folded states. Thus, it is not
reference temperature and osmolyte concentration, referredpossime to uniquely assign the thermodynamics of protein
to hereafter a3us andCys. In general, this pointis near the  fo|ding and of ligand binding from the sulfate free-energy
midpoint of both the thermal and osmolyte transitions, where denaturation surface (Figure 2B) alone. In the following
AG can be most accurately estimated. When this referenceanawsis, the parameters derived from the osmolyte-in-

point is used, the final global fitting equation simplifies to  gyced protein stability curves (Table 1) are used to determine
_ the folding thermodynamicsAHs, Ts, and AC) in the
AG(T,[TMAQ]) = (h — TH[TMAC]* + (Acp+ absence of ligand. Since the thermodynamics of P pro-
T tein folding in the absence of either TMAO or sulfate can
C[TMAOI){T— Tys — (T IN[=— 18 S
[ ] ){ HS ( (THS))} (18) be assumed to be the same, the parameters defining the
folding process under these conditions are held fixed, while
where [TMAO]* = [TMAQ] — Cys. The entire TMAO free- those that describe the thermodynamics of binding (see
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below) are allowed to float. This strategy has been used by a6 2. Thermodynamic Parameters of Sulfate Dissociation from
us previously to extract the intrinsic binding constant of |iganded P Protein

sulfate and other related anions to P protein af@G723)

. . L parametey fit value
and is now extended to determine the binding constant at AH 224 % 150 cal motL M=
- . dis -

any temperature within the ligand free-energy surface shown ASi 218405 cal mot! K-1 M-1
in Figure 2B. o N AC, s 363+ 9 calmol 1K1 M2

The apparent overall equilibrium constant describing the Kq (25°C) 44.64 2.3uM
linked protein unfolding and ligand dissociation process is Ka(37°C) 68.4+ 3.5uM
23 Kq (60°C) 288+ 17uM

2 The parameters defining the temperature dependerni€g ofHgis,
Kapp([”g]) =Ky/(1+ Kd_l[lig]) n (20) ASyis, andAC, gis were determined through nonlinear fit of the sulfate/

temperature/free energy data (shown in Figure 2B, 494 points) to eq

. . I . 21. The parameters defining the protein unfolding thermodynamics
whereKy is the unfolding equilibrium constantin the absence (Ac_ ¢ AHg) were fixed to the values given in Table 1. The bestfit

of ligand, [lig] is the concentration of free ligand (§0and values and the resulting standard error from the nonlinear least-squares
Kq is the intrinsic dissociation constant for thre anion global fitting analysis are shown. The intrinsic sulfate dissociation
binding sites assuming the ligand binding sites are indepen-constants were calculated at the displayed temperatures using eq 22
dent and have the same affinity. The corresponding apparent/th the appropriate propagated errors.

free energy of the coupled protein unfolding, ligand dis-

sociation process is allowed to float in a preliminary nonlinear least-squares fit
) ) of the ligand/temperature/protein stability surface data. The
AG, (T.[lig]) = —RTIn(K,, T [lig])) = best-fitn was determined to be 1.8% 0.02 sulfate mole-

AG(T) + nRTIn(1 + K, Ylig]) (21) cules with insignificant cross-correlation to the parameters
describing the thermodynamics of ligand dissociation (data

WhereAG(T) is the unfo|ding free energy of the protein in not ShOWn). This result is in agreement with our preViOUS
the absence of sulfate. The second term in eq 21 de-finding that the number of pyrophosphate binding sites that
scribes the energetic effect of ligand dissociation on the induce folding is two under stoichiometric binding con-
global stability of the system. This term differs from the ditions £3). The current results indicate that this conclusion
free energy of dissociation in simple binding reactions, €xtends to sulfate, which does not bind stoichiometrically
which has the same form but lacks the addition of 1 to to P protein under our conditions. Table 2 shows the re-
KqYlig]. The difference between the coupled and un- Sults of thg global fitting analysis of the sulfat_e free-e_ne_rgy
coupled binding reactions is that at [lig} Kq the binding ~ Surface (Figure 2B), where the number of ligand binding
contribution to the free energy of the folding/binding reac- Sites was fixed to two. These parameters are the same within
tion is zero, whereas the free energy of a simple associ-€ITor to those when is allowed to float (data not shown).
ation reaction becomes strongly positive. In all samples The best-fit parameters in Tables 1 and 2 were used to
containing sulfate, the ligand concentration is at least 10- 9enerate the stability curves shown with the experimental
fold larger than the experimental protein concentration; data in Figure 2B. The best-fit values indicate a modest
therefore, the total and free sulfate concentrations were temperature dependence of the sulfate dissociation constant
assumed to be the same in the analysis. The conformationai the physiological temperature range #523 uM at 25
stability of P protein in the absence of sulfate has the form °C, 68+ 34 uM at 37°C, 288+ 138uM at 60°C), but it

of eq 11, and the parameteraHs, Ts, andAC,) defining  fises sharply at temperatures above°@0(see Supporting
unliganded P protein are given in Table 1. The temperature Information, Figure 2). An exothermic enthalpy of dissocia-
dependence of the sulfate dissociation constant can betion is found over most of the observed temperature region

ascertained through its relationship to the dissociation free in the surface AHqs > 0 whenT > 13°C; i.e., Thadis ~ 13
energy,AGyis. °C), which may be due to favorable ionic interactions

between the bound sulfate ions and the positively charged P
Ky(T) = (exp{ —AG4(T)/RT})/1000 (22) protein surface.

A large value ofAC, s is required to fit the increased
AGy((T) = AHy(To) — TAS;(T,) + curvature found in the sulfate-induced stability curves relative
AC, 4T — T, — (T In(T/Ty))) (23) to the TMAO-induced curves (Figure 2). In accordance with
global fit analysis (Table 2), the dissociation of a sulfate
whereAHgis, ASiis, andAC, gis are the enthalpy, entropy, and  results in a heat capacity change of 363 cal th&l™t M1
heat capacity changes associated with dissociation at theper site. However, it is not obvious how this relatively large
reference temperatuiie. The dissociation constantin eq 22 value of AC, 4is contributes to the enhanced curvature for
is defined in units of millimoles of ligand, and a favorable the sulfate stability curves from the global fitting equation
free energy of dissociatiodGgis < 0) contributes a negative  (eq 21). To understand the contribution of the ligand binding
free energy to the coupled unfolding/dissociation process, parametersAHgis, ASis, ACp di9 ON the apparent globaAC,
which is consistent with the formalism established in the for the coupled unfoldingligand dissociation reaction,
previous section. AC, ap{T,[lig]), the experimental stability curves generated
The equation used to globally fit the sulfate free-energy at various sulfate concentrations in Figure 2B were fit to eq
surface is obtained by substituting egs 22 and 23 into eq 21.11. In this case, the primes reflect the thermodynamic values
The fitted parameters arAHgs, ASys, and AC,qis The evaluated at a particular ligand concentration. The resulting
number of ligand binding sites), was also a parameter fit AC,appvalues at each sulfate concentration are shown in
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Ficure 4: The global heat capacity difference for the coupled
protein unfolding and ligand dissociation reactidC, »5, has an
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apparent ligand dependence as well as a temperature dependence.

The AC, appis defined as-TO?AG/OT?, whereAG = AG(T,[SO4)),
the global fitting equation for the ligand-bound protein free energy
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ence between the extrapolated valuedg}, for the osmo-
lyte-folded and the ligand-folded conformational states of P
protein.

DISCUSSION

CD Thermal Denaturation Surfaces #&i Folding and
Ligand Binding Thermodynamics of an IUPo understand
the molecular interactions responsible for the structure of a
protein, an accurate determination of the unfolding thermo-
dynamics is required in addition to a high-resolution structure
model. Indeed, given the relative success of the field of
structural energetics to predict protein binding free energies
(reviewed in ref38), cooperative folding units3Q), and
amide hydrogen exchange protection facte§ @1l), it is
possible to relate structural changes to thermodynamics. One
of the most reliable structure/thermodynamic correlations is
betweenAC, and AASA. Thus, the determination atC,
can provide structural clues to the alterations upon thermal
unfolding. Unfortunately, elevated temperatures lead to little
or no change in structure for the IUP class of proteins, as
gssayed by biophysical techniqu&s 42).

To get an estimate of the folding thermodynamics of an
IUP, the protein must be stabilized in some manner so that

surface shown in eq 21. The lines represent the predicted depeng cooperative thermal unfolding transition can be observed.

dence ofAC2PPat 11.8°C (solid line,Ts of P protein in the absence
of TMAO), 25 °C, (dashed line), and 3T (dotted line) using the
best-fit parameters for unfolding (Table 1) and ligand binding (Table
2). The data points represent the resultitg, values when the
individual protein stability curves in Figure 2B are fit to the Gibbs
Helmholtz equation (eq 11).

Two different solvent additives that act upon the protein in
differing ways can achieve such stabilization for P protein
(Figure 1). The resulting stability curves (Figure 2) arise from
a temperature-dependent conformational free energy of a
protein @3), which is a function of the conformational
enthalpy, entropy, and heat capacity (eq 10). The temperature

Figure 4. The equation that describes the sulfate dependenc%ependence of these thermodynamic properties can be

of ACpappis
AC, T .lligl) = —T(O’°AG, (T [ligl)/ 6T?) (24)

substitutingAG,pp as defined in eq 21 and evaluating the
derivative

AC, odT.[lig]) =
AC, +{ 2Ky ligl/(L + Ky lig]) HAC, s+
(AHgs + AC, 5T — T)Z((1 + Ky lig)) RT)] (25)

This equation is plotted fof = 11.8, 25, and 37C in Figure

4. Intriguingly, the apparemiC, for the coupled unfolding/
ligand dissociation reaction is strongly ligand concentration-
and temperature-dependent. In the absence of liga@glapp
starts at 826 cal mot K~ and rises to a standard state (1
M) AC, app0f 1554 cal mot! K—%; the standard state value
is roughly equivalent tAAC, + 2AC, 4is Because the last
term in eq 25 is small compared £&C, gis ACp appdisplays
the shape of a binding curve for two independent binding

calculated from three parameter$s, AHs, andAC,, each

of which controls the shape of the stability curve in a unique
manner (see Figure 3 in rdB). In this study, we determined
the stability curves for two folded forms of P protein over a
wide range of stabilities attained through addition of either
TMAO (osmolyte) or NaSQ, (ligand). This method results

in a CD thermal denaturation surface where both temperature
and buffer additive concentration are the independent axes,
while the CD signal is the dependent axis. To the best of
our knowledge, this is the first time that an intrinsically
unstructured protein has been analyzed via CD thermal
denaturation surfaces with an osmolyte to elicit stability
curves.

Accurate determination of the parameters that define the
stability curve, particularhAC,, requires the observation of
both heat and cold denaturation within the experimentally
accessible transition regioB7). The stability curves shown
in Figure 2 clearly display both heat and cold denaturation
within this free-energy window in the presence of either the
renaturant TMAO or the ligand sulfate. There are several
assumptions implicit in this analysis. First, the two unfolded

sites. ThusAC, appiS an observable parameter that can be states, the high-temperature denatured state at all perturbant
used to monitor the fraction of folded P protein bound to concentrations and the cold denatured state observed at
the sulfate ligand. The apparent temperature dependence ointermediate osmolyte/ligand are treated as thermodynami-
AC, appis primarily due to the fact that the intrinsic binding cally the same state. This assumption is based on previous
constant is temperature-dependent as shown in Table 2. Overfindings that the thermodynamic properties of native proteins
all, AC, appincreases approximately 88% in the progression are consistent regardless of denaturing perturbant (reviewed
from the unliganded N conformation to the folded conforma- in ref 44). The second assumption is that the thermal
tion in the presence of standard state concentrations of ligandunfolding transition can be described as a two-state process
(NL2, 1 M SQy). For this reason, there is a significant differ- throughout the perturbant-temperature free-energy surface
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and involves only two thermodynamic ensembles, referred the same magnitude as the predictedalue of guanidine
to here as the native and denatured states. chloride for a protein of P protein’s size using the correlation
Despite these assumptions, there are several advantagesf Myers et al. 29). Thus, this osmolyte is a very strong
of using CD denaturation surfaces to determine thermody- renaturant for P protein folding.
namic parameters: (i) the low required protein concentrations There are two limiting ways to energetically stabilize the
minimize aggregation, (i) the relatively high degree of unfolded form of an IUP (eq 7). An unusually low folding
reversibility for this technique, and (iii) constant pH avoids enthalpy AH) coupled with a typical folding entropic energy
any pH-dependent effects. The principal disadvantage of this(TAS) can achieve this result. Alternatively, an uncharac-
technique is that the enthalpy and heat capacity are derivecdteristically highTASthat overwhelms a representative folding
from the first and second derivatives of the protein stability AH will also yield the same phenomenon. Since the
curve and are not directly measured observable. Recently,unfolding thermodynamics of P protein are monitored only
DSC has been used to estimate the absolute heat capacity ah the presence of osmolyte, the affect of TMAO upon the
unfolded protein fragments, which, when combined with a apparent enthalpy, entropy, and heat capacity must be
calculation of the absolute heat capacity of the fully solvated determined in order to reveal the thermodynamic basis of P
unfolded state, yields thAC, of natively disordered frag-  protein’s tendency to unfold in the absence of ligand. In our
ments 45, 46). However, this method requires that the analysis, we use the linear free-energy interaction model (eqs
protein is monomeric at concentration$0 uM; this is not 12—-16) to calculate the thermodynamic parameters of P
the case for unliganded, unfolded P protein as assayed byprotein stability in the absence of osmolyte (Table 1). Thus,
PFG-NMR experiments (C.H.H. and T.G.O., unpublished the enthalpic and entropic contributions to the unfolding free
observations). Therefore, CD thermal denaturation studiesenergy of the ligand-free N~ D transition can be determined
serve as the most appropriate technique to study the thermabnd are shown in Figure 5A. In the absence of osmolyte at
unfolding transition of P protein when stabilized by TMAO 25 °C, the free energy of folding is 2.1 kcal/mol, which is
or ligand. the result of a favorable folding enthalpy 0.1 kcal/mol
Unliganded, Folded P Protein (N) Has a LessuJeaable that is too small to offset the large positive contribution (11.2
Enthalpy and a LowerAC, of Unfolding Than Stable kcal/mol) arising from a folding-associated loss in entropy.
Proteins Its Sizeln low ionic strength buffer, P protein’s  Using the empirical correlations reported by Murphy and
lowest energy conformation is best characterized as pre-Robertson (Table 5 in réf8), we expect a 118-residue stable
dominantly unfolded. The addition of anionic ligands causes protein might have a folding free energy of abeth kcal/
a major structural rearrangement coincident with a transition mol due to a favorable enthalpy of—25 kcal/mol that
to a state whose CD spectrum is consistent with the mixed outweighs the unfavorable entropic contribution~0 kcal/
o/f conformation observed in crystallographic and NMR mol at 25°C. Since this estimate is twice our measured value,
studies 47—49). Experimental evidence suggests that this the low stability of N must be due primarily to a low enthalpy
ligand-induced transition is two-state so that the only of folding, which is much lower than that for stable proteins.
conformational ensembles that are observed are the unli-One likely cause for low folding enthalpy is the presumed
ganded, denatured (D) and the liganded, native;jiStates. increase in charge density concomitant with the folding of a
Therefore, the unliganded, native (N) ensemble is a poorly highly basic protein (pk 10.2, net charge of17 at pH 7
populated high-energy statgd) along the coupled, folding  (59)). Indeed, a common characteristic of IUPs is a high
binding pathway. We previously determined the free energy mean net charge and low mean net hydrophobi&g).(
of N relative to D by extrapolating TMAO renaturation Interestingly, theAC, of TMAO-induced folding of P
curves b 0 M osmolyte 23). Here, we further dissect the protein atCys is 890 cal mot! K=%; a value significantly
energetic basis for the disfavored N conformation into lower than the prediction based on the surface exposure of
enthalpic and entropic components. In a broader context,the native structure of P protein (see below). Significantly
high-energy conformations can represent active/activateddepressedC, values have been reported for proteins in the
conformations of enzymes or protein receptors that are poorly presence of molar concentrations of osmoly®g 62) as
populated in the absence of their substrate/ligand. In par-well as stabilizing carboxylic salts68). An intriguing
ticular, so-called “induced-fit” binding is an example of a explanation for the reduction @C; in the presence of these
process where such high-energy conformations play a keysolvent additives arises from the observation that denatured
role. proteins have been found to be more compact in the presence
P protein has a stability of-2.1 kcal/mol, which corre-  of molar quantities of osmolytes64). Therefore, the
sponds to a mole fraction of 2.8% for the unliganded N state compaction of the denatured statae to the presence of
at 25°C in 10 mM sodium cacodylate buffer (pH 7). Figure osmolytemay result in the lowerNASA between the end
3 demonstrates that the observed free energ$efy) is a states in the thermal unfolding transition of Figure 2A.
linear function of [TMAOQ] with a slope defined as,s. The Although this is an interesting explanation, the following
empirical linear relationship between osmolyte concentration observations do not support this hypothesis. MA@ of 826
and protein stability has been observéd)(or assumed  cal molt K-1is an extrapolationat0 M TMAO as described
elsewhere §2—54) and has been rationalized theoretically by the linear free-energy relationship (eq 15); therefore, the
(55). Alternative nonlinear models for the free-energy effect of solute on either end state is removed. Additionally,
interaction between osmolyte/denaturant and protein haveif there is preferential compaction of the denatured state
been described(, 56—58), but the linear free-energy model relative to the native state and this effect is concentration-
is the simplest model to fit the data. Another intriguing dependent, then the prediction would be flatter free-energy
finding is that the magnitude afys is quite large,—3320 curves as the concentration of TMAO increases. Experimen-
cal mol! M~ at 25°C. This value is of opposite sign and tally, this phenomenon is not observed (Figure 2A), rather
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12 40 2 the best-fit parameters describing the dissociation thermo-
dynamics along with the intrinsic sulfate dissociation con-
30 stant. Not surprisingly, the sulfate binding constant is several
orders of magnitude weaker than that determined for P RNA,
-20 its in vivo binding partner 15, 65).

The thermodynamic parameters that define the temperature
dependence of intrinsic binding constants reveal the energetic
contributions of the P proteinsulfate ion interaction. The
large temperature dependence of both the enthalpy and the
entropy (due to a largAC, qi9 leads to a change in driving
force over the physiological temperature range. As depicted
in Figure 5B, the free energy of association is entirely
P --20 entropic afTy qis (13 °C), while it is entirely enthalpic afs gis
-2 AG (29.3 °C), the temperature of maximum intrinsic affinity.

N—D r-30 Below this temperature range, association is driven by a
-4 favorable entropy change, whereas abové@Qassociation
0 ;A A 2% 0 A 60'40 is driven by a fa\_/orable enthqlpy change. In general, a
o favorable association enthalpy is observed over the physi-
Temperature ("C) ological temperature range and constitutes the larger energetic

12 40 contribution toward the stabilization of the high-energy N
B AGNL2—>N state of P protein when ligand binds. Thus, the unusually
30 low enthalpy of the folding to the unliganded conformation
of P protein is compensated by the enthalpy gained upon
ligand binding. One likely contribution to this enthalpy gain
is formation of salt bridges between the sulfate ions and the
basic side chains of P protein, which would have their own
favorable enthalpy while also neutralizing enthalpically
unfavorable chargecharge repulsion. Other potential con-
tributions to a favorable enthalpy include the hydration of
charged or polar group2¥%), or hydrogen bond formation
(66) as a result of ligand binding. Furthermore, a favorable
enthalpy is commonly observed in other charged macromo-
24 lecular associations such as proteidNA interactions; that
-30 is, Thbing ~ 6—20 °C (67, 68).

The increase in the curvature of the stability curves caused
by addition of sulfate suggests that there is a significe@
associated with ligand binding (Figure 2). For sulfate binding
to P protein, the best-fihC, 4is is 363 cal mot! K™ M1
FiGURE5: (A) Dissecting the free energy of unfolding of the-N for the dissociation reaction for each ligand site. The
D transition,AGn-p, into its enlthalpic and entropic components. extrapolated\C, sppat 25°C under standard state conditions

The conformational stability AGy-—p) of P protein, and the (1 \ sulfate) is 1554 cal mot K1, which corresponds to

contributions of enthalpyXH) and entropy { TAS) are shown over : of i : :
the given temperature range—<60 °C). Ts, the temperature of approximately an 88% increase in the, relative to the

maximum stability, and, the temperature wher&H is zero, are high-energy N state. Because the apparent heat capacity
11.8 and 14.0C, respectively. (B) Breakdown of the free energy change for the coupled folding/binding reaction depends on
of sulfate dissociationAGnio—n, into enthalpic and entropic  the fraction of protein molecules with ligand bou¥iC, app
components. The lines representing the temperature dependencey ligand- and temperature-dependent as described by eq 25

of the dissociation free energy, enthalpy, and entrapy &l are . - S
analogous to those in panel Ay g and Ts gsare calculated to be (Figure 4). Another interesting finding is that th&, values

13.0 and 29.3C, respectively. The bold solid line represents the N the saturated portions of the binding isotherms ([ligand]
apparent conformational stability of P protein in the presence of 1 > 5 mM sulfate) are abowtC, + 2AC,, gis, Or 1554 cal mot?

A

F-10

AG (kcal/mol)
o
(low/eoy) SV1- ‘HV

AG (kcal/mol)
(jowy/[eoy) SV1- ‘HV

T T T T T -40
0 10 20 30 40 50 60

Temperature (°C)

M ligand. K=, which is well-predicted by the structure-based relation-
ship of eq 1 (see below).

the opposite is observed as the TMAO dependenc®Q@yf The Large Difference in Heat Capacity between N and

¢, is =117 cal mof* K™t M~* (Table 2). NL, Is Not Exclusiely Due to Burial of Surface Aredhe

An Enthalpic Ligand Binding Reaction Compensates for correlation betweeAC, andAASA remains one of the most
Low Enthalpy of High-Energy Intermediate Formation. useful relationships in the field of structural energets, (
Visual comparison of the stability curves for P protein in 26, 28). Assuming an extended chain solvent accessibility
the presence of sulfate reveals a greater curvature than wasor the unfolded state5Q), the unfoldingAC; of any protein
observed in the presence of TMAO (Figure 2). This whose structure is known can be predicted using eq 1.
observation provides strong qualitative evidence thatiBg Christensen and co-workers have solved the crystal structure
of the unfolding and sulfate dissociation reaction is signifi- of theB. subtilisP protein 47) (pdb file 1A6F) used in this
cantly larger than théC, of the unfolding reaction alone. study. COREX 40) was used to calculate the ASA of the
Using the folding parameters in Table 1, we show in Table folded and unfolded states givifgASA values of 6854 A
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and 4520 A for the apolar and polar surface, respectively. ion observed in th&. subtilisP protein crystal structurd{)
Thus, theAC, of unfolding P protein is predicted to be is coordinated by three residues (H3, R9, and R68), two of
between 1.5 and 1.9 kcal méIK ! depending upon which ~ which are in the N-terminal region. Interestingly, the
heat capacity coefficient constants are usgg).( analogous N-terminal region &. aureusP protein is not

A primary goal of this study was to discern from th&, well-constrained in the solution structure, which was solved
values of P protein refolded in either TMAO or sulfate in a buffer containing a weak affinity Clion (48). Thus, if
whether there are structural differences in the two folded it is assumed that the N-terminal region (liberally defined
forms. An interesting conundrum arises when one comparesas A2-D15; B. subtilis numbering) is unfolded in the
the extrapolated\C, values for P protein refolded in 2 M absence of sulfate, the osmolyte-folded protein would expose
TMAO and 20 mM sulfate using the parameters from Table an additional~1238 & of protein surface, 714 Aapolar
1 and Table 2, respectively. The apparAd, for P protein surface, and 524Rpolar surface relative to the liganded
refolded h 2 M osmolyte is 1060 cal mot K1, while the protein. The predicted increase in unfolding, upon the
value for P protein refolded in ligand is1552 cal mof? release of sulfate is only 1590 cal mot! K~%. There-
K~1; this yields aAC, ratio of ~0.68. In accordance with ~ fore, the observed increase iC, of unfolding between
the correlation betweeAC, andAASA, osmolyte-folded P osmolyte-folded and ligand-folded P protein500 cal mot*
protein would be predicted to bury two-thirds of the total K1) cannot be entirely accounted for by this putative induced
protein surface area that is buried in the sulfate-refolded conformational change.
protein. However, it is not likely that 32% of the protein Other potential positive contributions C, 4, Of the
surface (or 38 residues) is solvated in the osmolyte-folded coupled protein unfolding-ligand dissociation reaction have
form while not in the ligand-folded form given the spectral been proposed. These include electrostatic contributions to
similarities of the far- and near-UV CD and HSQC spectra the heat capacityAC,®, (79) which could arise from
between the two conformation23). Additional evidence protein—ion association at elevated sulfate concentrations or
for the similarity of accessible surface area of the two folded the dehydration of solvent iong%), such as cacodylate,
forms of P protein comes from its sensitivity to osmolyte. sulfate, or acetate that bind nonspecifically to the basic highly
The denaturantrvalue is strongly correlated with tReASA basic P protein upon unfolding. However, these contributions
of chemical denaturatior2@). Furthermore, Bolen and co- would be relatively insignificant €100 cal mot! K1)
workers have shown that TMAO can counteract destabiliza- compared to the largAC, difference between osmolyte-
tion of urea in an independent and additive manner where folded and ligand-folded P protein.
the protein stability is unaffected when the counteracting The only other previously proposed mechanism for ad-
solvents are at an approximate 2:1 urea/TMAO molar ratio ditional contribution toAC, is a “tightening of the soft
(32). This observation is consistent with the average TMAO/ vibrational modes” 30) of the protein, ligand, or water
uream-value ratio observed of 1.7 for Barnase and the molecules. Ladbury and co-workers have further adapted this
Notch ankyrin domain0). Urea denaturation of P protein idea to suggest that regions that restrict the motion of water
refolded in 20 mM NgSO, gave anmyen value of 1990+ molecules upon the burial of stereospecific polar interaction
50 cal molt M~1 at 25°C (data not shown). Multiplying  surfaces could have a significant effect on the measured heat
this value by—1.7 gives a predictenh,s value of—3400 cal capacity 67, 80). The latter interpretation that the trapping
mol~* M~1 for the NL, <= D transition. The observeahs of water can lead to significant heat capacity effects is also
for the N<> D transition at 25°C is —3300 cal mof* M~ supported by recent lattice modeR1). An analysis ofB.
indicating that folding of unliganded N buries 97% of the subtilis crystal structure reveals that there are 10 assigned
area buried in N Taken together with the spectroscopic H,O molecules, one of which was proposed to represent the
data, these observations suggest that unliganded N hasecond sulfate (D 500). Unfortunately, there is no exten-
structure and solvent accessibility very similar to that obNL  sive buried water-mediated hydrogen-bonding network around
Therefore, other explanations must be pursued to accounthe assigned and/or presumed sulfate anions. Furthermore,

for this largeAC, discrepancy. the water molecules appear to be well-distributed throughout
Despite the structural similarities of the unliganded and the surface of the protein. However, the possibility of
liganded native forms, the unfoldingC, of N is 826 cal additional bound waters in ligand-folded P protein that are

mol~t K~1, while that of NL, is 1554 cal moi* K™% One absent in the osmolyte-folded protein cannot be excluded.
obvious difference between the two folded conformations  Further investigation is required to ascertain whether the
is the presence of the bound sulfate anions. However, the“stiffening” of vibrational modes in the protein, ligand, or
amount of protein surface buried per sulfate is about 100 A water provides an adequate molecular representation of the
(71), most of which buries polar side chain groups. This difference in theAC, value between the two folded states.

process is predicted to decrease rather than incre@seg,, Regardless of mechanism, we attribute a large portion of
Significant disparities between experimemal, andAC, the difference in theAC, of the two folded states to

predicted from surface area estimates for ligand associationdifferences in the conformational heterogeneity of the two

reactions have been observed in many Dikotein 67, ensembles arising from differences in the soft vibrational

72—74) and proteir-ligand (75, 76) interactions. In some  modes (506-800 cn1?) between N and Ni. Specifically, a
cases, the inclusion of an “induced-fit” conformational AC, increment may arise if the presumed high-frequency
change of the protein, which results in additional surface conformational fluctuations in N are dampened/stiffened
burial, is sufficient to account for thAC, deficit (77, 78) upon binding ligand; thus, NLwould be more tightly

or at least come closer to the experimemda, (75). By packed, or less liquidlike, than N. Recently, such evidence
analogy, we searched for a region on P protein that may for the presence of conformational heterogeneity has been
add buried protein surface upon sulfate binding. One sulfate proposed for the native state ensemble of ubiquiip).(
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