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Abstract

Standard methods for measuring free energy of protein unfolding by chemical denaturation require complete
folding at low concentrations of denaturant so that a native baseline can be observed. Alternatively, proteins
that are completely unfolded in the absence of denaturant can be folded by addition of the osmolyte
trimethylamine N-oxide (TMAO), and the unfolding free energy can then be calculated through analysis of
the refolding transition. However, neither chemical denaturation nor osmolyte-induced refolding alone is
sufficient to yield accurate thermodynamic unfolding parameters for partly folded proteins, because neither
method produces both native and denatured baselines in a single transition. Here we combine urea dena-
turation and TMAO stabilization as a means to bring about baseline-resolved structural transitions in partly
folded proteins. For Barnase and the Notch ankyrin domain, which both show two-state equilibrium
unfolding, we found that AG® for unfolding depends linearly on TMAO concentration, and that the sensi-
tivity of AG® to urea (the m-value) is TMAO independent. This second observation confirms that urea and
TMAO exert independent effects on stability over the range of cosolvent concentrations required to bring
about baseline-resolved structural transitions. Thermodynamic parameters calculated using a global fit that
assumes additive, linear dependence of AG° on each cosolvent are similar to those obtained by standard
urea-induced unfolding in the absence of TMAO. Finally, we demonstrate the applicability of this method
to measurement of the free energy of unfolding of a partly folded protein, a fragment of the full-length Notch

ankyrin domain.
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Trimethylamine N-oxide (TMAO) is a naturally occurring
osmolyte that is found in several marine organisms contain-
ing elevated intracellular urea concentrations (Robertson
1966, 1975; Griffith et al. 1974). Numerous studies have
investigated the effect of TMAO on proteins and described
its stabilizing effects (Yancey and Somero 1979; Lin and
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Timasheff 1994; Jaravine et al. 2000). Yancey et al. (1982)
showed, by gel filtration chromatography, that TMAO pro-
motes folding of proteins into more compact forms. They
further showed, by recovery of enzymatic activity, that
TMAO promotes folding to specific, biologically relevant
native states (Yancey et al. 1982). Wang and Bolen (1997)
provided an explanation for the ability of TMAO to promote
specific refolding to the native structure, in which unfavor-
able thermodynamic interactions between TMAO and the
peptide backbone destabilize the denatured state, shifting
equilibrium toward the native state. Preferential interaction
data from Lin and Timasheff (1994) are consistent with this
interpretation, showing the region of solvent near the dena-
tured state of the protein to be rarified in TMAO.

The functional dependence of protein stability on TMAO
has been analyzed in several systems and has led to different
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interpretations. Some studies suggest a linear dependence of
free energy of unfolding on TMAO concentration, analo-
gous to the dependence of unfolding free energy on chemi-
cal denaturants such as urea and guanidine-HCI. For ex-
ample, Zou et al. (2002) showed that transfer free energies
of cyclic dipeptides increase linearly with increasing molar
TMAO concentrations. In addition, Jaravine et al. (2000)
showed that free energies calculated from hydrogen ex-
change measurements on cold-shock protein A vary linearly
with TMAO concentration. However, Lin and Timasheff
(1994) reported a linear dependence on the thermal unfold-
ing midpoint (7,,) of RNase T1 with TMAO molarity. Be-
cause linearity of both 7, and of free energy of unfolding
with a cosolvent can only be simultaneously achieved under
special circumstances (see Appendix), this observation
seems at odds with the linear dependencies of free energy
on TMAO described above. Lin and Timasheff (1994) re-
ported free energies of unfolding of RNase T1 that are not
linear with TMAO concentration. A similar finding was
described by Anjum et al. (2000), who reported a linear
dependence of 7, on osmolyte concentration (glycine, pro-
line, sarcosine, and glycine-betaine) for unfolding of lyso-
zyme, ribonuclease A, cytochrome ¢, and myoglobin, but a
free energy of unfolding that is independent of osmolyte
concentration.

The combined effects of TMAO and denaturants on pep-
tides and proteins have been shown to be additive in several
systems. Transfer free energies of amino acid side chains
from water into a mixture of 2 M urea and 1 M TMAO are
approximately equal to the algebraic sums of the individual
transfer free energies from water into 2 M urea alone and
water into 1 M TMAO alone (Wang and Bolen 1997). Ex-
perimentally determined preferential interaction parameters
of urea with protein are independent of TMAO at 0.5, 1.0,
and 2.0 M urea (Lin and Timasheff 1994).

Stabilizing agents such as TMAO can be used to estimate
the stability of unstable proteins. For fully unfolded pro-
teins, TMAO can be titrated in to generate a refolding curve,
and the same linear relationship used to analyze urea and
guanidine denaturation curves can be used to estimate sta-
bility in the absence of TMAO (Baskakov and Bolen 1998).
For partly folded proteins, titration with TMAO yields a
native baseline at high concentrations; however, the dena-
tured state is not sufficiently populated to determine stabil-
ity from the partial refolding curve. Stabilities of partly
folded proteins have been estimated by combining urea or
guanidine denaturation with signal estimates for the native
state using high concentrations of stabilizing agents, such as
ammonium sulfate and glycerol (Shortle et al. 1990). How-
ever, this method requires that the native-state signal be
independent of the concentrations of both the stabilizing and
destabilizing agents.

Here we used a mixed solvent system of urea and TMAO
to determine the stability of partly folded proteins by simul-

taneously adjusting the concentration of both solvents and
by treating the effects of both solvents on the observed
conformational transitions using global analysis. We inves-
tigated the dependence of stability of two well-folded pro-
teins, Barnase and Notch ankyrin domain, on mixtures of
the two solvents. The dependence of the stabilities of these
two proteins on urea and TMAO mixtures justifies the use
of a simple model for the combined effects of these two
cosolvents on protein stability. Finally, we show that this
model can be used to quantify the free energy of unfolding
of a partly folded polypeptide from structural transitions in
the mixed-solvent system.

Results and Discussion

The partial unfolding transition of a four-repeat
fragment of the Notch ankyrin domain

To estimate unfolding free energies from solvent-induced
denaturation, a complete unfolding transition must be ob-
served between two well defined baseline regions. For
Nank4—7%*, urea-induced unfolding produces only a partial
unfolding transition that lacks a native baseline (leftmost
transition in Fig. 1A). Thus, Nank4—7* is only partly folded
even in the absence of urea. Consistent with this, the far-UV
CD signal of Nank4-7% is significantly lower (less nega-
tive) than for the full-length construct (cf. leftmost transi-
tions in Figs. 1A and 2A, respectively).

For two completely unfolded proteins, RCAM-T1 and a
mutant of staphylococcal nuclease (T62P), the addition of
TMAO induces complete refolding (Baskakov and Bolen
1998). As expected, the addition of TMAO to Nank4-7%
appears to result in complete refolding, as evidenced by a
progressive increase in CD signal in the absence of urea to
a plateau value that is similar in magnitude to that seen for
the full-length construct (Fig. 1B). However, owing to the
fact that Nank4-7* is partly folded in the absence of
TMAQO, this induced refolding transition lacks a denatured
baseline. Thus, unlike the fully unfolded proteins described
above, this partial TMAO-induced refolding transition can not
reliably provide estimates of stability, as is also the case with
the partial urea-induced unfolding transition of Nank4—7%.

One way to accurately determine the stability of partly
folded proteins would be to combine denatured baseline
information from urea-induced unfolding with native base-
line information from TMAO-induced refolding. For
Nank4—7%*, this strategy can produce conformational transi-
tions that include both native and denatured baselines, as
can be seen in the urea-induced unfolding transition in 0.75
M TMAO (Fig. 1, rightmost curve). This denaturation can
be fitted to obtain AG®,,,,_, in 0.75 M TMAO. However,
to obtain a value for the free energy of unfolding in the
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Figure 1. Structural transitions of Nank4—7%, a partly folded protein, in a
mixed urea/TMAO solvent system monitored by circular dichroism at 222
nm. (A) Urea-induced denaturation in increasing TMAO concentrations
(from left to right at 0, 0.125, 0.25, 0.375, 0.5, 0.75 M TMAO). Solid lines
are the result of fitting Equation 4 to the data. (B) CD signal at 222 nm in
various TMAO concentrations in the absence of urea; the solid line is
meant to guide the eye.

absence of TMAO, the dependence of AG° on TMAO and
its sensitivity to urea must be determined and accounted for.

The effect of TMAO on unfolding free energy

To determine the effect of TMAO on the free energy of
unfolding, we measured urea-induced unfolding of Barnase
and Nank1-7* in increasing TMAO concentrations. These
proteins show full, baseline-resolved unfolding transitions
upon urea denaturation in the absence of TMAO (see Fig.
2A,B, leftmost curves); thus they can be used to assess the
effects of TMAO on stability over a range of cosolvent
concentrations. Increasing TMAO concentrations shifted
the urea-induced unfolding transitions of these proteins to
higher urea concentrations, without affecting the apparent
steepness of the transitions.

Free energy of unfolding in the absence of urea was es-
timated using the linear extrapolation method (Equation 2)
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at each TMAO concentration. Free energy values show a
roughly linear dependence on molar TMAO concentration
for both Barnase and Nankl1-7* (Fig. 3, closed symbols).
The sensitivity of unfolding free energy of Nankl-7* is
significantly larger than that of Barnase (Fig. 3, Table 1),
which is consistent with the larger size of Nank1-7*. The
observed linear dependence of unfolding free energy on
TMAO is consistent with the linear dependence seen for
cspA (Jaravine et al. 2000). However, the linear dependence
seen here is at odds with the nonlinear TMAO dependence
of the unfolding free energy of RNase T1 reported by Lin
and Timasheff (1994). Although resolution of this apparent
discrepancy will require additional stability measurements,
we note that in the same study, the free energy of unfolding
also shows a nonlinear dependence on urea (Lin and Ti-
masheff 1994), which is inconsistent with a study of RNase
T1 stability by Pace and coworkers (Thomson et al. 1989).
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Figure 2. Structural transitions of two fully folded proteins in a mixed
urea/TMAO solvent system. (A) Urea denaturation curves (CD at 222 nm)
of Nank1-7* in increasing TMAO concentrations (from left to right: 0,
0.125, 0.25, 0.375, and 0.5 M TMAO). (B) Urea denaturation curves of
Barnase (CD at 230 nm) in increasing TMAO concentrations (from left to
right: 0, 0.2, 0.4, 0.6, 0.8, and 1.0 M TMAO). Solid lines are the result of
fitting Equation 2 to each urea-induced unfolding transition separately.
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Figure 3. Dependence of unfolding free energy (closed symbols) and urea
m-values (open symbols) on TMAO concentration for Nank1-7* (circles)
and Barnase (triangles). Parameters are obtained by fitting urea-induced
unfolding curves in different TMAO concentrations using Equation 2.
Straight lines are the result of linear regression to each parameter. Corre-
lation coefficients from linear fits to unfolding free energies are 0.98 for
Nank1-7* and 0.99 for Barnase.

The effect of TMAO on m,

At concentrations required to bring about structural transi-
tions of proteins, urea and TMAO both make up a signifi-
cant fraction of the solution (Schellman 2002). Thus, mix-
tures of these two cosolvents may be expected to signifi-
cantly alter each other’s effects on protein stability. For
partly folded proteins, where full unfolding transitions can
only be obtained at high concentrations of both cosolvents
(i.e., neither cosolvent brings about a complete structural
transition in the absence of the other), extrapolation to water
requires accounting for potential interaction between cosol-
vents.

We have used fully folded proteins (Barnase and Nank1—
7%*) to evaluate how urea and TMAO influence each other’s
effect on protein stability. For both Barnase and Nank1-7%,
the sensitivity of stability to urea denaturation, m,,,, in
Equation 2, is essentially independent of TMAO concentra-
tion (Fig. 3, open symbols). Based on the definition of
m this observation establishes the following equality:

(and of urea on Mpypp)

urea

urea’

My 9 IAG®
(8[TMA0]) - [a[TMAOJ <a[urea]>m0Lw

3 Jd < IAG® >

- [a[urea] I[TMAO] ureu:lTMAO
IMrpa0

- <a[urea])zo M

The middle relationship results from the independence of
second partial derivatives on the order of differentiation
(this independence is restricted to functions with continuous
second derivatives, as is expected of the cosolvent depen-
dence of the free energy of unfolding). In words, Equation

1 states that because TMAO has no influence on the effect
of urea on protein stability (Fig. 3), urea has no influence on
the effect of TMAO on protein stability. Thus, over the
concentration range explored here (0-1 M TMAO, 0-5 M
urea), these two cosolvents are independent. The indepen-
dent effects of urea and TMAO on the stabilities of Barnase
and Nank 1-7* seen here are consistent with the additivity of
amino acid solubilities in a 2 M urea/l M TMAO mixture
(Wang and Bolen 1997) and are also consistent with the
observation that the preferential interaction coefficient of
urea with RNase T1 is independent of TMAO over the
range 0—-1 M TMAQO/0-2 M urea (Lin and Timasheff 1994).
Other examples of additivity of cosolvents and cosolutes on
stability of macromolecular structures include the additive
effects of a variety of pairs of neutral salts on the 7,, of
collagen (Bello et al. 1956) and the destabilizing effects of
methanol and guanidinium chloride on free energy of ubig-
uitin unfolding (Jourdan and Searle 2001).

Recognition that the cross derivatives in Equation 1 are
zero justifies the use of a model in which unfolding free
energy is linear in both urea and TMAQO molarity (Equation
4). The structural transitions of Nankl-7* and Barnase
in the mixed solvent system are well fitted using Equa-
tion 4 (not shown; root mean square deviation is
0.2x10°deg - cm? - dmole res™'  for Nankl-7* and
0.04x10°deg - cm? - dmole res™ for Barnase). Thermody-
namic parameters obtained from global fitting (AG°y,, and
m,,.,) are in good agreement with those obtained by fitting
urea-induced unfolding transitions in the absence of TMAO
with Equation 2 (leftmost curves, Fig. 2 and Table 1). Using
sensitivity analysis, we find that the thermodynamic param-
eters are determined to within fairly tight confidence inter-
vals (data not shown), which may be partly attributable to
the high coverage of cosolvent space for the two fully
folded proteins.

Based on the quality of the fit of the global model to the
unfolding of Barnase and Nank1-7*, we used the global
model to estimate the stability of Nank4—7%*, which is partly
folded in the absence of urea (see above). The global model
(Equation 4) fits well to the series of Nank4—7* urea un-
folding curves at different TMAO concentrations (Fig. 1A,
solid lines). The value of AG®, ,, determined from the glob-
al fit for Nank4—7* is —0.09 kcal/mole, consistent with the
observation that the CD signal in the absence of both co-
solvents is midway between the native (TMAO) and dena-
tured (urea) baselines. The use of mixed TMAO/urea co-
solvent systems should provide a means to quantify the
stability of partly folded proteins without requiring assump-
tions about native baseline signals.

Materials and methods

Protein expression and purification

Nank1-7* contains seven tandem ankyrin repeat sequences (Zwei-
fel and Barrick 2001a). The construct investigated here contains
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Table 1. Thermodynamic parameters calculated from linear extrapolation of urea denaturation and from global analysis of structural

transitions in mixtures of urea and TMAO

Linear fit" Global fit®
AG®y20 Myrea AG°20 Myreq Myrpa0
0, (kcal - mole™) (kcal - mole™ - M) (kcal - mole™) (kcal - mole™ - M™1) (kcal - mole™ - M™1)
Nank1-7* 256 6.55+0.13 (n = 4) 2.76 £ 0.09 6.31 2.75 -6.52
Barnase 110 7.58+0.11 (n = 4) 1.84 £ 0.02 7.95 1.55 -1.66

a
Dpeg

is the number of residues. For the Notch ankyrin domain, only 207 of these residues are likely to participate in the unfolding transition, because the

first sequence repeat appears to be disordered (Bradley and Barrick 2002; Zweifel and Barrick).
® The linear fit is from urea-induced unfolding transitions in the absence of TMAO. Errors are standard deviations on parameters from n independent melts

(given in parentheses).
¢ In the global fit, Eq. 4 was fit to the unfolding transitions in Fig. 2.

an N-terminal His, tag, and has the two internal cysteines substi-
tuted by serines. A shorter construct containing the four C-terminal
sequence repeats (Nank4—7%) was subcloned using PCR, and con-
tains a C-terminal Hisg tag. Recombinant DNA methods used to
generate these constructs were essentially as in (Zweifel and Bar-
rick 2001a).

Notch ankyrin polypeptides were expressed in E. coli strain
BL21(DE3) as in (Zweifel and Barrick 2001a). Cells were lysed
using a French Press (SLM-Aminco) and were clarified by cen-
trifugation at 31,000g. Whereas most of the Nank1-7* polypeptide
remained in the supernatant following lysis, Nank4—7* partitioned
into the pellet and was purified by solubilization in urea; antipro-
tease cocktail (Sigma, P8465) was included, per the manufactur-
er’s instructions, to prevent degradation of this partly folded poly-
peptide. Notch ankyrin polypeptides were purified as in (Zweifel
and Barrick 2001a), with the following modifications: (1) The lysis
buffer consisted of 50 mM Tris®HCl and 300 mM NaCl, pH 8.0,
and (2) the final dialysis buffer was 25 mM Tris®HCI, pH 8.0.

Barnase was expressed from pMT1022, a construct provided by
Dr. Robert W. Hartley (National Institutes of Health, Bethesda,
MD). pMT1022 is a derivative of pMT441 (Okorokov et al. 1994),
differing by three point mutations: Two of these mutations disrupt
the HindIII sites in the lambda repressor gene, and a third mutation
results in a Pro to Gly substitution in the phoA signal sequence (at
position —10 from the Barnase Alal); this Pro to Gly substitution
yields uniformly processed Barnase lacking the phoA signal se-
quence. To purify Barnase, cells were resuspended in 50 mM
sodium acetate, pH 4.5, (30 mL per L of culture) in the presence
of protease inhibitors and were then lysed using a French press.
The cleared lysate was diluted with an equal volume of the lysis
buffer and then loaded onto an SP Sepharose Fast-Flow column
(Amersham Biosciences AB) equilibrated in the same buffer. Bar-
nase was eluted with a linear gradient to 1.5 M ammonium acetate,
pH 8.0. Fractions containing Barnase were pooled, concentrated,
and chromatographed on a Sephacryl S300 gel filtration column
(Amersham Biosciences AB) in 25 mM Tris® HCI and 150 mM
NaCl, pH 8.0. Fractions containing Barnase (~99% pure) were
pooled, concentrated, and stored at —80°C. Proper signal-sequence
processing was confirmed by mass spectrometry.

Equilibrium denaturations

Urea-induced denaturations were performed in an Aviv 62A DS
Spectropolarimeter (Aviv Associates) as described (Zweifel and
Barrick 2001b). All denaturations were performed in 25 mM
Tris®HCI, pH 8.0. For the Notch ankyrin polypeptides, unfolding
transitions were measured at 15°C and monitored by circular di-
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chroism (CD) at 222 nm, a wavelength at which a-helical structure
can be quantified. For Barnase, unfolding transitions were mea-
sured at 25°C and monitored by CD at 230 nm. The CD signal for
Barnase at 230 nm has contributions from both secondary structure
and from the large number of aromatic side chains in this protein
(Vuilleumier et al. 1993). At higher TMAO concentrations, equili-
bration times were increased (from 500 to 900 sec) to compensate
for increased relaxation times. Ultrapure urea (Amresco) was
treated with mixed-bed resin (AG501-X8, Biorad Laboratories) for
1 h and subsequently filtered. Tris® HCI was added to 25 mM, the
pH was adjusted to 8.0, and the final urea concentration was de-
termined by refractometry (Pace 1986). TMAO (ICN Biomedicals)
was dissolved directly into buffer, and the pH was adjusted to 8.0
with HClL.

Data analysis

For Barnase and Nank1-7%, free energies of unfolding in the ab-
sence of urea (AG®(,,.,—0) and sensitivities of unfolding free
energies to urea (m,,,,) were estimated from urea-induced unfold-
ing transitions at fixed TMAO concentrations using the linear ex-
trapolation method (Pace 1986; Santoro and Bolen 1988). In this
model, free energy of unfolding is assumed to vary linearly with
urea molarity:

AGo(urea) = AGoureu:O - mureu[urea] (2)

Ky, is the unfolding equilibrium constant ([D]/[N]) and is related to
the free energy of unfolding as AG® = —RTInKy,. The dependence
of the unfolding equilibrium constant on urea is obtained by sub-
stituting Equation 2 into an exponential rearrangement of Equation
3. The observed CD signal, Y, is a population-weighted average
of the signal of each state, Y, and Y,

1 K,
Yops=InYn+/pYp= (1 +KU> Yy+ (1 +KU> Yp 3)

where fy and f, are the fraction of protein in the native and de-
natured states, respectively. Y,, and Y, are treated as linear func-
tions of urea concentration. Equation 3 was fitted to urea unfolding
transitions using nonlinear least-squares optimization with the pro-
gram Kaleidagraph 3.0 (Synergy Software) to determine
AG®,,u—0 and m along with the four baseline parameters.

urea’
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The combined effects of urea and TMAO on unfolding free
energies were modeled as being linear in both cosolvents.

A(;c'(ureul,TMAO) = A(;OH20 - murea[urea] - mTMAO[TMAo] (4)

The linear dependence of free energy of unfolding on TMAO
molarity is justified in experiments presented below. Equation 4
was globally fitted to unfolding transitions in mixtures of urea and
TMAO (using Nonlin for Macintosh; Brenstein 1989) to yield the
free energy of unfolding in the absence of both cosolvents.
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Appendix

The relationship between the influence of a cosolvent
on T, and on the free energy of unfolding

Both 7,, and AG® for protein unfolding reactions are measures of
protein stability, and thus the sensitivity of these two parameters to
the addition of a cosolvent represents the difference in the ther-
modynamic interaction of the cosolvent with the native and dena-
tured ensembles. However, due to the relationship between 7, and
AG®°, and to the complicated temperature dependence of protein
stability (Privalov and Khechinashvili 1974; Privalov 1979; Beck-
tel and Schellman 1987; Schellman 2002), the particular functional
dependence of 7, on cosolvent puts restrictions on the functional
dependence of AG® on cosolvent, and vice versa. In this appendix,
that relationship is examined from the perspective of the effect of
an assumed linear relation between 7, and cosolvent concentration
on the cosolvent dependence of AG® (Lin and Timasheff 1994).
Approaching the problem from the other side, that is, examining
the effects of an assumed linear relationship between AG° and
cosolvent concentration on the cosolvent dependence of 7, leads
to the same conclusion.

We will represent the assumed linear relation between 7, and
cosolvent molarity [x] (urea, guanidine, TMAO, or glycine, for
example) as

Tm@x = Tm,x:O + OL[X] (Al)

where T, ._, is the value of T,, in the absence of cosolvent, and
o is a constant, independent of both [x] and 7. What are the
consequences of this relationship on the cosolvent dependence of
the free energy of unfolding? At each denaturant concentration,
there will be a temperature midpoint (referred to as 7, q,, to em-
phasize that this is the midpoint temperature obtained at a particu-
lar cosolvent concentration; this point in [x/, 7 space is equivalent
to the cosolvent concentration midpoint obtained at a given tem-
perature), and at this paired [x/, T value,

AG° (x)=AH,

@) = T,10.(x)AS",

m@x

(x)=0 (A2)

Tnex

where the 7, subscript indicates that energies and entropies are
evaluated at the 7, value that is obtained at a given [x]. The (x)
term serves to indicate that each thermodynamic function likely
has a dependence on the denaturant concentration, [x]. It should be
recognized that because of the effects of cosolvent on stability,
Equation A2 is equal to zero not at a single 7,,,, but at a range of
temperatures and cosolvent concentrations at which the native and
denatured ensembles have equal populations. These values map to
a line (a straight line, if Equation A1 applies) in the [x/, T plane at
which AG°=0.

The assumed linear dependence of 7,, on denaturant concentra-
tion (Equation A1) can be rearranged and substituted into Equation
A2, leading to

AH®;, o () =T, (x)AS

m@x

(x) = (Tm,)c:o + 0(l:x])ASOT

m@x

(x)
(A3)

Tnex

This equation puts restrictions on the cosolvent dependencies of
AH®,,, @, and AS®;, .. For instance, if AS®;,, o, is linear in [x],
AH®,,, @, Will show a second-order dependence.

The consequences of Equation A3 on the free energy of unfold-
ing at temperatures other than 7, can be evaluated by considering
the explicit temperature dependence of AG°, AH°, and AS®. In the
simplest case dependence, AH° and AS° are independent of tem-
perature (AC,=0; thus, for a given value of [x/, AH®;,,@,(x) and
AS°;,,@.(X) apply at temperatures other than 7,,)

AG°(x,T) = AH°;, (x) — TAS®;, (x)
= (T, 0+ a[xDAS?s (x) — TAS®7 (x)  (A4)

Equation A4 shows an explicit linear dependence of AG® on co-
solvent molarity as long as AS°;,,».(x) is independent of cosol-
vent. In other words, linear cosolvent dependencies of 7,, and AG®
can both be accommodated as long as AH®;,, . is linear in [x]
(with slope and intercept equal to aAS°;,, @, and T, ,, respec-
tively), and AS°;,, . is independent of [x] (as is required by
Equation A3, if AH®;,,@, is to be linear).

Consideration of the effect of [x] on AG° in Equation A4 is
useful because the relationship is simple, but the restriction that
AC, =0 limits its application to a narrow range of temperature (at
best). In a more appropriate expression, AC,, is treated as a non-
zero value that is independent of temperature (Privalov and
Khechinashvili 1974; Privalov 1979; Becktel and Schellman 1987,
Schellman 2002):

AG°(x,T) = AH°,

m@x

() + AC,(NT = T,y02)
— TAS°,

T
@ ¥) = TAC, ,,(x)ln( Tm@)
= (Tym0 — A[xDASy,  (x) + AC,(x)
(T=T,,—o—alx]) = TAS®; . (x)

- TACP@‘”“(m

(A5)
Note that Equation A5 is complicated by the fact that 7,4, which
serves as a reference temperature in integration of the Gibbs-
Helmholtz equation to yield Equation AS, varies implicitly with
denaturant concentration, as do the temperatures at which the con-
stants of integration (AH®;,,e, and AS°;, .,) are evaluated. In
contrast to Equation A4, the free energy of unfolding in Equation
AS is nonlinear in cosolvent concentration as a result of the loga-
rithmic term, even in the absence of explicit cosolvent dependen-
cies of AH®;,,@.0 AS°7,e. and AC,,. If, as before, AH®;,,, o, de-
pends linearly on cosolvent molarity (so that AS°;,, . is indepen-
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dent of cosolvent by Equation A3)* and AC, is independent of
cosolvent, AG® will have a linear-log dependence on [x] (first and
fourth terms, respectively, in Equation AS5). If ACp is also treated
as linear in [x], AG® will have a quadratic-log dependence on [x]
(second and fourth terms, respectively). The same functional de-
pendence results from a linear variation of AS°® on [x]. Together,
consideration of Equations A4 and A5 shows that 7,, and AG® can
be simultaneously linear in /x] only if AC,, is zero and AS°;,, e, is
independent of cosolvent, thus imparting a linear dependence of
AH®,,@, on cosolvent (Equation A3). Because AC,, for denatur-
ation of globular proteins is non-zero, this condition cannot be
formally met; that is, AG° and T, cannot simultaneously show
linear dependences in cosolvent. However, over narrow ranges of
temperature, AG° may appear to be roughly linear in 7 (i.e., show-
ing a dependence approximated by Equation A4), especially for
proteins where AC,, is small (typically small proteins; Myers et al.
1995). Under such conditions, AG° and T,, both appear to be
linear in [x], so long as AH®;,, @, and AS°;, . are linear in and
independent of denaturant, respectively.

Several studies have examined the effects of cosolvents on AH®,
AS°, and AC, for protein unfolding (Pfeil and Privalov 1976;
Makhatadaze and Privalov 1992; Agashe and Udgaonkar 1995;
DeKoster and Robertson 1997; Zweifel and Barrick 2002). Ma-
khatadze and Privalov (1992) examined the thermodynamics of
interaction of urea and guanidine with native and denatured pro-
teins and found significant effects of these cosolvents on both
enthalpy and entropy of interaction. These observations are quali-
tatively consistent with calorimetric studies of the interaction of
diketopiperazines with urea (Zou et al. 1998): Urea shows a fa-
vorable enthalpy of interaction, and an unfavorable entropy of
interaction with the peptide unit. Analogous studies of the inter-
action between diketopiperazines and TMAO show that both en-
thalpies and entropies of interaction are significant (Zou et al.
2002). In a study of the effects of temperature and urea on the
unfolding of HPr, Nicholson and Scholtz (1996) estimated the
entropy and enthalpy of unfolding to decrease in a roughly linear
manner with increasing urea concentrations. As the dependence of
AG?® of unfolding of HPr on denaturant was found to be linear over
a wide range of temperature and urea, these denaturant dependen-
cies would indicate a nonlinear dependence of 7,, on urea, as can
be seen in Table 2 of the Nicholson and Scholtz (1996) report.
Similar results were found in studies of Barstar (Agashe and Udga-
onkar 1995). Recent studies on the urea dependence of the stability
of the Notch ankyrin domain show a nonlinear dependence of AC,
on denaturant concentration, which would also argue against a
linear relationship between T,, and urea (Zweifel and Barrick
2002). Thus, both model compound and stability studies indicate
that, at least for denaturants such as urea, either 7,, or AG° should
show a nonlinear dependence on denaturant concentration. The
widely observed linear dependence of AG® on denaturants such as
urea and guanidine (Greene and Pace 1974; Thomson et al. 1989;
Santoro and Bolen 1992; Agashe and Udgaonkar 1995; Nicholson
and Scholtz 1996) argues against a linear dependence of 7,, on
denaturants. The linear dependence of AG® on TMAO observed
for proteins in the present study suggests that 7, should show a

m

nonlinear dependence on TMAO concentration, although a more

3Because in Equation AS, AC, is assumed to be non-zero, the value of
AH®,,, @, 18 expected to vary with [x], simply because the temperature at
which it is evaluated (7,,e,) varies with [x] as assumed in Equation Al.
Even if AH® does not depend on [x] at a fixed temperature, AH,,q, Will
show an [x] dependence because of its temperature dependence through
AC,.
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detailed study of the effects of TMAO on thermal denaturation of
these proteins would help clarify the issue.
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