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ABSTRACT: This extension of the liquid hydrocarbon model seeks to quantify the thermodynamic contributions
to protein stability from the removal of nonpolar and polar surface from water. Thermodynamic data for
the transfer of hydrocarbons and organic amides from water to the pure liquid phase are analyzed to obtain
contributions to the thermodynamics of folding from the reduction in water-accessible surface area. Although
the removal of nonpolar surface makes the dominant contribution to the standard heat capacity change of
folding (AC,4), here we show that inclusion of the contribution from removal of polar surface allows a
quantitative prediction of AC},4 within the uncertainty of the calorimetrically determined value. Moreover,
analysis of the contribution of polar surface area to the enthalpy of transfer of liquid amides provides a
means of estimating the contributions from changes in nonpolar and polar surface area as well as other
factors to the enthalpy of folding (AH%,4). In addition to estimates of AHY,, this extension of the liquid
hydrocarbon model provides a thermodynamic explanation for the observation [Privalov, P. L., & Khe-
chinashvili, N. N. (1974) J. Mol. Biol. 86, 665-684] that the specific enthalpy of folding (cal g™) of a number
of globular proteins converges to a common value at approximately 383 K. Because amounts of nonpolar
and polar surface area buried by these proteins upon folding are found to be linear functions of molar mass,
estimates of both AC} 4 and AH},y may be obtained given only the molar mass of the protein of interest.
Use of AC},q and AH} 4 in conjunction with a melting temperature (7,) determined under specified solution
conditions allows one to estimate the stability (AGg,) under these conditions at any temperature. Calculated
values of AGY,4 in the range 293-320 K appear generally to agree with those determined by calorimetric
and noncalorimetric methods. This analysis should provide a basis for predicting the stability of proteins
whose structural and thermodynamic properties are similar to those in the data set used for this analysis.
Deviations from these predictions may be interpretable in terms of deviations from the average properties

of the proteins in the data set.

Wlat interactions are responsible for the stability of folded
proteins? Stability is defined thermodynamically as the free
energy difference between the native and denatured states:
AGY,q = G - Gp. A long-term goal of biophysical studies
is the prediction of AGY,4 and its enthalpic and entropic
components for any protein under any conditions (temperature,
pH, etc.) of interest from structural data and thermodynamic
data on model compounds. Both the enthalpic (AHY,q) and
entropic (-TAS?,q) contributions to AG,4 are observed to be
highly temperature-dependent, because folding is characterized
by a large negative, relatively temperature-independent heat
capacity change (AC},q) [cf. reviews by Privalov (1979) and
Privalov and Gill (1988)]. The extreme temperature depen-
dence of the enthalpic and entropic contributions to AG34
complicates any attempt at a molecular interpretation of the
thermodynamics of protein folding based on protein data alone.
To dissect the contributions of individual noncovalent inter-
actions to protein folding, thermodynamic data for the transfer
of small organic compounds from water to a nonaqueous phase
have been utilized [see, for example, Kauzmann (1959),
Tanford (1980), Makhatadze and Privalov (1990), Murphy
et al. (1990), and Privalov and Makhatadze (1990)]. These
data have been combined with changes in water-accessible
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surface area in attempts to predict the stability of the native
state [see, for example, Chothia (1975), Rashin (1984), Ei-
senberg and McLachlan (1986), and Ooi and Oobatake (1988,
1991)]. Quantitative predictions of the thermodynamics of
folding utilizing the free energy (AG%,) and entropy (AS?,) of
transfer require the proper choice of both the standard state
(i.e., concentration scale) and the nonaqueous reference phase
(i.e., whether transfer is from water to a gas, liquid, or solid).
However, quantitative use of the enthalpy (AHY,) and heat
capacity (AC},) of transfer in analyses of the thermodynamics
of folding is essentially independent of the standard-state
convention, although still dependent upon the choice of non-
aqueous phase. The question of the most appropriate standard
state convention for the transfer data (Ben-Naim, 1978;
Tanford, 1980; Sharp et al., 1991a,b) can be circumvented
by working with AHY, and AC}, but not ASS,. If AH},, and
ACY,4 can be estimated from AHT, and ACY, of the appropriate
model compounds, then AG,; and AS,y may be evaluated
as a function of temperature from one accurate determination
of T, for the solution conditions of interest:

AS?old(Tm) = AIl?old(Tm)/Tm (1)

AG(T) = [AHR(THI(1 - T/Ty) +
[AC?old](T_ Tm -Tln T/Tm) (2)

[Equation 2 assumes that AC},,, is independent of temperature
in the range between T, and the temperature T of interest.
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The validity of this assumption has been discussed by Liv-
ingstone et al. (1991).]

BACKGROUND AND MOTIVATION

In our previous work (Spolar et al., 1989; Livingstone et al.,
1991), we found that heat capacity changes for the transfer
of hydrocarbons (AC}, ;) and the folding of proteins (AC}4)
exhibit similar proportionalities to the area of nonpolar surface
removed from exposure to water (4,, for hydrocarbon transfer,
AA,, for protein folding):

hydrocarbons: AC},,, = —(0.32 £ 0.08)4,, cal mol™ K™!
(3)
proteins: AChs = —(0.25 £ 0.03)A4,, cal mol™' K (4)

[Ineq 4, A4, (A?) is the magnitude of the difference between
the water-accessible nonpolar surface areas of the denatured
and native state of the protein. The uncertainties cited rep-
resent two standard deviations (SD).] Consequently, we
proposed that ACY,q could be modeled quantitatively using the
transfer of hydrocarbons from water to the pure liquid phase.
However, a comparison of enthalpies of protein folding
(AHY,4) and enthalpies of transfer of liquid hydrocarbons
(AH?,) has led to criticism of the use of liquid hydrocarbons
as a model system (Murphy et al.,, 1990). [For a recent
comment on this question, see Herzfeld (1991).]

For a process with a temperature-independent heat capacity
change (AC), the enthalpy change AH°(T) at temperature
T may be expressed

AHXT) = (T - Ty*)AC® + AH(Ty*) &)

where Ty* is a convenient reference temperature. [Note that
Ty* in general differs from the previously defined charac-
teristic temperature Ty where AH® = 0 (Baldwin, 1986; Lee,
1991).] For at least some sets of similar compounds (e.g.,
liquid hydrocarbons, solid cyclic diamides) undergoing the
same process, a plot of AH® versus AC® at a given temperature
is observed to be linear, demonstrating the existence of
characteristic temperatures Ty* where AH® is the same for
each compound in the set (Murphy et al., 1990). For the
specific case of transferring hydrocarbons from the infinitely
dilute aqueous solution to the pure liquid phase, Baldwin
(1986) noted that, at Ty* = Ty = 295 £ 5 K, the enthalpy
of transfer (AH, ) is zero:

AHS, (T) = (T = 295)ACk 5p ®)

Consequently, Baldwin proposed that the contribution to
AH3Y, 4 arising from the removal of nonpolar surface from water
(AHYy4,) could be estimated from ACY4

AHR 4 pp(T) = (T = 295)AC pp = (T - 295)AC4 (7)

Spolar et al. (1989) and Livingstone et al. (1991) provided
evidence in support of this proposal (the liquid hydrocarbon
model) based on the similarity of the dependences of ACY,
and AC},4 on nonpolar surface area (cf. eqs 3 and 4).
Using the liquid hydrocarbon model, the enthalpy of protein
folding can be dissected into a contribution from the burial
of nonpolar surface and all other contributions (AHy,,):

AH?old(T) = AH?old,np(T) + AHgther(T) =
(T - 295) AQyq + AHGmeA(T) (8)

Equation 8 predicts that if AHY,,., is independent of temper-
ature, then AH3,y and AC},, are linearly related with a slope
of (T -295). However, a plot of this type shows no correlation
(linear or otherwise) between the molar quantities AHR,, and
AC,4 at 298 K. On the other hand, Murphy et al. (1990)
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demonstrated that specific enthalpy of protein folding (AAf 4,
cal g'!) is a linear function of the specific heat capacity of
protein folding (Acg,4) for a given set of proteins. The slope
of this plot yields the characteristic temperature Ty* = 383
K [cf. Privalov and Khechinashvili (1974)], which is very
different from the liquid hydrocarbon prediction (295 K). On
the basis of this observation, Murphy et al. (1990) concluded
that liquid hydrocarbon transfer data do not adequately model
the thermodynamics of protein folding.

However, another possible explanation for the apparent
discrepancy between the liquid hydrocarbon and protein
folding data is that AHY,.. (eq 8) is temperature-dependent,
i.e., that AC},4 is not entirely determined by the burial of
nonpolar surface but may also include a detectable contribution
from the burial of polar surface. To refine our model of protein
folding based on the transfer of model compounds, we have
investigated whether the removal of polar surface area (A4,)
from water contributes to AC}q and AHY,, and whether its
inclusion can explain the convergence of the specific enthalpies
of denaturation. [Recently, Lee (1991), Doig and Williams
(1991), and Baldwin and Muller (1992) have also addressed
the issues raised by Murphy et al. (1990).]

METHODS

All water-accessible surface areas were calculated as pre-
viously described (Livingstone et al., 1991), using group radii
from Richards (1974). All carbon atoms are considered to
be nonpolar; all nitrogen and oxygen atoms are considered to
be polar. To simplify the notation, the constant-pressure heat
capacity change is designated AC®, and the symbol C5 , in-
dicates the contribution to AC® for process x (transfer, folding)
from changes in water-accessible polar surface.

RESULTS AND DISCUSSION

Choice of Proteins for Analysis

To eliminate the possibility that the apparent discrepancy
between the thermodynamic behaviors of liquid hydrocarbons
and proteins results in part from the choice of proteins in the
data set, we first examined whether the proteins used to test
the applicability of the liquid hydrocarbon model at the level
of ACY,4 (Livingstone et al., 1991) yield the linear relationship
between the specific quantities Ahg )y and Ac},q noted by
Murphy et al. (1990). The proteins shown in Table I were
selected by Livingstone et al. (1991) because both Acj4 and
the high-resolution crystal structure of the native state are
known. With the exception of fragment K4 of plasminogen,
the set of proteins analyzed by Murphy et al. (1990) is entirely
contained in our set. Figure 1 plots Ak, at 298 K for the
proteins of Table I versus Acf;4. Only ribonuclease T, deviates
markedly from a linear relationship. A linear fit of the protein
data excluding ribonuclease T, has a slope of (298 — Ty*) =
-59 + 9 K and an intercept of -9.6 £ 1.2 cal g”I. Hence, for
this set of proteins, Ahg,, of folding has a constant value of
-9.6 £ 1.2 cal g! at Ty* = 357 £ 9 K. Does this property
of Ak}, 4 result from the thermodynamic consequences of re-
moval of polar and nonpolar surface from water upon folding?

Contribution of Changes in Water- Accessible Polar
Surface Area to Heat Capacity Changes of Transfers of
Organic Amides and Folding of Proteins

Organic Amide Transfer Process (Aqueous — Pure Lig-
uid). Since changes in the water accessibility of the carbonyl
oxygen and the nitrogen of the amide group in the peptide
backbone comprise the majority (~70%) of the change in
polar surface area upon folding a globular protein (Lee &
Richards, 1971; Shrake & Rupley, 1973), we have examined
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Table I: Values of A4y, A4, ACE,q and AC, for Protein Folding

-ACh4° —ACy,"

protein M, (g mal™) Ad,, (A?) ad, (AY (cal mol™' K1) (cal mol™l K1)
trypsin inhibitor 6520 2640 1500 720 £ 110° 635 % 120
parvalbumin B 11500 5485 3550 1100 % 120 1265 & 260
ribonuclease A 13700 5815 4475 1230 = 180 1235 & 290
lysozyme, egg white 14300 6870 4360 1540 £ 190 1590 £ 320
ribonuclease T, 10900 5165 3040 1650 * 2007 1230 &+ 240
ferricytochrome 12300 5540 3300 1730 £ 260 1310 £ 260
staphylococcal nuclease 16800 7880 5860 1820 % 230¢ 1700 % 390
metmyoglobin 17 800 9710 5245 2770 £ 420 2370 £ 440
B-trypsin 23200 11830 8495 2850 + 440 2600 = 580
papain 23400 12755 7325 2920 = 450 3060 £ 590
a-chymotrypsin 25200 14770 7835 3020 £ 500 3630 £ 670
chymotrypsinogen 25700 14550 7275 3800 £ 260/ 3640 £ 650
carbonic anhydrase 28400 15760 9210 3820 £+ 150 3750 £ 730
pepsinogen 40000 23730 11645 6090 = 300 5960 = 1060

4 All heat capacity data are from Privalov and Gill (1988) unless otherwise noted. ® ACY,, = —(0.32 £ 0.04)AA,, + (0.14 % 0.04)A4,. Privalov
(1979). 9Pace and Laurents (1989). ¢Griko et al. (1988). /Hawley (1971).

Table II: Values of A, 4,, AH;, ACY, and ACY, for Transfers of Amides at 298 K

Angb AC?‘.b AQ&ICC
compound Ay? (A% 47 (A (kecal mol™) (cal mol! K1) (cal mol™' K1)
formamide 39.9 122 -0.485 £ 0.002¢ 6.12 £+ 0.24¢ 710 £ 49
N-methylformamide 128 69.9 1.693 £ 0.0014 -9.61 * 0.484 222+ 3.8
N-methylacetamide 182 54.2 3.129 £ 0.005¢ -25.48 £ 0.72¢ -37.9+ 4.2
N-ethylacetamide 217 50.8 3.700 £ 0.005 -38.96 £ 0.96 -47.2 £ 438
N-propylacetamide 247 50.8 3.767 = 0.005 -54.97 = 0.96 ~54.6 £ 5.3
N-isopropylacetamide 250 45.5 4.120 £ 0.005 -54.97 £ 0.96 ~56.0 £ 5.3
N-butylacetamide 277 48.8 3.518 + 0.007¢ —66.92 = 0.344 -62.4 £ 5.9
N-methylpropanamide 216 49.0 3.554 % 0.005 -37.05 £ 0.72 -47.1 £ 4.7
N-methylbutanamide 245 49.0 3.829 £ 0.005 -54.25 = 0.96 ~54.4 £ 53
N,2-dimethylpropanamide 246 432 3.774 £ 0.005 -53.06 = 1.20 -554 %52
N-methylpentanamide 275 47.0 3.592 + 0.005¢ -68.26 + 0.96¢ -622 + 5.8

a Water-accessible surface areas calculated as described by Livingstone et al. (1991). ?Data are from Konicek and Wadsé (1971) unless noted
otherwise. ¢ACY, = =(0.25 £ 0.02)AA4,, + (0.14 + 0.04)A4,. “Data from Skold et al. (1976).
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FIGURE 1: Specific enthalpy of folding (Ahg,q) at 298 K (Table III)

as a function of specific heat capacity of folding (Acf,4) (Table I).

The solid line corresponds to the least-squares fit of the data and

conforms to the equation Ak = —(9.6 £ 1.2 cal g) - (59 £ 9

K)Actyq

the relationship between the change in polar surface area and
the observed heat capacity change for the transfer of various
organic amides from water to the pure liquid phase. Table
IT shows all available pairs of calorimetrically determined
values of AC}, and AHY, for the transfer of amides from the
infinitely dilute aqueous solution to the pure liquid phase, along
with the calculated values of the water-accessible nonpolar
(A, and polar (4,) surface areas of each compound. Analysis
of analogous transfer data for nonpolar liquid hydrocarbons
indicates that ACY, ,, is directly proportional to A,, (cf. eq 3)
(Livingstone et al., 1991). We therefore asked whether gen-

eralization of this relationship to include a contribution from
polar surface area (4,,) would fit the organic amide transfer
data. We assume that contributions to AC}, from polar and
nonpolar surface are additive and that each is proportional to
the relevant water-accessible surface area. The least-squares
fitting program NONLIN (Johnson & Frasier, 1985) was used
to fit ACY, as a function of A4,, and 4

AC?‘. = AC?r,np + ACg"p = atrAnp + btrAp (9)

The values of a,, and b,, and their 67% confidence intervals
from this fit are a,, = —0.25 (-0.27, —0.23) cal mol™! K~! A2
and b, = 0.14 (0.11, 0.18) cal mol™! K! A2, Calculated heat
capacity changes, ACY,. = —0.254,, + 0.144,, for individual
organic amides are plotted versus the experimental AC}, in
Figure 2. The solid line in Figure 2 has a unit slope and a
zero intercept, representing perfect agreement between cal-
culated and observed values. Though the data may exhibit
some systematic deviations from this line, we consider the fit
to be reasonable, given the assumptions of the analysis and
the fact that the data set is limited in the amount of variability
in A,. In addition, the coefficient a, = (JACY;/8A4,) 4, = —0.25
% 0.04 cal mol™! K™ A2 from this fit agrees within two
standard deviations with that obtained for compounds com-
posed only of nonpolar surface [a,, = —(0.32 % 0.08) cal mol™!
K-! A2 Livingstone et al., 1991]. For organic amides, the
above analysis indicates that the contribution to AC}, from
burial of polar surface (per A2) is approximately 60% as large
and has the opposite sign as that from burial of nonpolar
surface.

Protein Folding. Calculations of the amounts of water-
accessible polar and nonpolar surface area buried upon folding
of single-domain globular proteins (cf. Table I) indicate that
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FIGURE 2: Calculated heat capacity change (ACY,.) from Table II
for the process of transferring amides from the infinitely dilute solution
to the pure liquid state plotted versus the observed standard heat
capacity change (AC},). Error bars represent two standard deviations.
Perfect agreement between the observed and calculated values is
represented by the solid line, which has a slope of 1 and a y-intercept
of 0.

~40% of the total change in water-accessible surface area
(AA4q) is polar (A4,) whereas ~60% is nonpolar (A4,,). If
the organic amide transfer data serve as a useful model for
heat capacity effects in protein folding, then the contributions
to AC},q from burial of nonpolar and polar surface (ACE,q4p
and AC}yq4,) should fit the following generalization of eq 9:

AC?old = A('?old,ﬂp + AC’.‘f)old,p + ACgther (10)

where ACgnp = GroiadAnp and ACRq, = beAA, and where
@54q and by should be the same within error as the corre-
sponding coefficients evaluated from transfer data (eqs 3 and
9). In order to evaluate @y, bryg, and AC;.,, values of AC 4,
AA,,, and A4, for all single-domain proteins for which cal-
orimetric and structural data are available (compiled in Table
I) were fit to eq 10. Values of by, and ACYy,, Were either
allowed to float along with ag,q or were fixed at zero; the
relative quality of the various fits was determined by com-
paring the reduced chi-squared term (x?) for each fit. If the
data are assumed to follow a normal Gaussian distribution,
then the closer x?2 is to one, the better the fit approximates
the data (Snedecor & Cochran, 1980; Press et al., 1986).
Using this criterion, the worst fit of these data corresponds
to setting b4 equal to zero for which x2 = 1.369. The best
fit of the data occurs when ACY,, is set to zero, for which x?
= 1.033. The values of a;,q and b,y from this best fit and
their corresponding 67% confidence intervals are agy = —0.33
(-0.41, -0.26) cal mol! K™' A2 and by = 0.16 (0.034, 0.28)
cal mol™! K™! A-2, These values agree within error with those
obtained from the analysis of model amide and hydrocarbon
transfer data. Moreover, they are consistent with our previous
analysis of ACY4 as a function of A4, (cf. eq 4), because A4,
and AA, are proportional to one another and to A4y for the
proteins in the data set in Table I. A4, = (0.59 £ 0.08)A4,,
= (0.38 £ 0.03)AA4y. Therefore, for these proteins eq 10 may
be rewritten

Ac?old = _0.33AAnp + 0.16AAP
ACh ~ [-0.33 + 0.59(0.16)]Ad,, ~ -024A4,, (1)

Equation 11 agrees with our previous observation that AC}, 4
= —(0.25 = 0.03)A4,, (Livingstone et al., 1991). The burial
of nonpolar surface is the dominant contributor to AC},q. The
relationship between A4, and AA4,, for protein folding allows
the entire effect to be parameterized in terms of A4, with
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FIGURE 3: Comparison of the observed standard heat capacity change

for the process of folding (ACY,,) the proteins shown in Table I with

the heat capacity change calculated from the equation ACY,, =

—0.32AA4,, + 0.14AA4, (®). Error bars represent one standard de-

viation. Tﬁe solid line represents perfect agreement between calculated
and observed values.

a proportionality constant which is the same within error as
that of the liquid hydrocarbon data.

Figure 3 demonstrates the quality of agreement between the
liquid hydrocarbon/amide transfer data and protein folding
data by plotting the predicted heat capacity change (AC%,;.)
of protein folding versus the observed heat capacity change
(AC,q), using the value of a,, from the liquid hydrocarbon
data and b, from the organic amide transfer data' (uncer-
tainties are =1 SD):

AC?:alc =
~(0.32 % 0.04)Ad,, + (0.14 £0.04)AA, cal mol! K-!
(12)

We recognize that the uncertainty in by is sufficiently large
that b;,; may be negligibly small and that the aforementioned
proportionality between A4, and AA,, of folding for our data
set reduces the number of independent variables and hence
introduces a source of ambiguity into the analysis. However,
given the agreement shown in Figure 3, we propose that (1)
changes in water-accessible polar surface contribute to ACYy
and (2) transfers of model organic amides and hydrocarbons
from water to the pure liquid phase provide useful quantitative
models of the heat capacity change in protein folding. This
refinement appears warranted since the original liquid hy-
drocarbon model does not explain the observed convergence
of the specific enthalpies of folding at Ty*, as noted by
Baldwin (1986). (However, see Added in Proof.) In what
follows, we propose a means of estimating both surface-

! To examine whether any systematic difference exists between the
values of @, and b, obtained from the independent analyses of the amide
data set in Table II and the hydrocarbon data set in Livingstone et al.
(1991), the two data sets were combined and fit to eq 10 using NONLIN.
The values of a,,, b,;, and ACuy,, from this fit are a,, = —0.28 (-0.22,
—0.34) cal mol™! K™ A2 b, = 0.09 (0.05, 0.22) cal mol™! K A% AC e
= 8.8 (-11, 28) cal mol™! K™'. These values of a,, and b, agree within
uncertainty with those from the independent analyses and with those
from the analysis of the protein data set. There is no systematic dif-
ference between a,, for the two model compound data sets. In addition,
ACypher is zero within uncertainty, consistent with our simplifying as-
sumption that the contributions to AC}, from changes in water-accessible
nonpolar and polar surface are additive and that these account for the
entire AC},.. Equation 12 is written using the values from the independent
analyses of the hydrocarbons (a,) and amides (b,;) rather than the above
parameters from the composite fit, because the two data sets have sig-
nificantly different associated uncertainties. However, the conclusions
of this analysis are insensitive to the exact values of these coefficients.
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FIGURE 4: Polar contribution (AHY, ,) to the observed enthalpy of

p

transfer of amides from the infinitely dilute solution to the pure liquid
phase as a function of ACY, ,, where ACY, |, = 0.144,,

area-dependent and intrinsic polar contributions to the en-
thalpy of folding from organic amide transfer data.

Analysis of the Contributions of Polar Surface Area to
the Enthalpy of Transfer of Liquid Amides

In the liquid hydrocarbon model, the nonpolar contribution
to the enthalpy of transfer (AHY, ;) is estimated by eq 6, where
AC,p = —0.3244,, (Livingstone et al,, 1991). Does an
analogous expression exist for estimating the polar contribution
to the enthalpy of transfer? If so, then the polar contribution
(AHY, ;) to AHY, should be linearly related to the polar con-
tribution (ACY, ) to AC, (cf. eq 9). Values of AH, ; for the
transfer of organic amides were evaluated from experimental
values of AH, at 298 K:

AHY, (298) = AHG(298) — AHY, ,(298) (13)

where AHY ,(298) is obtained from eq 6. A plot of
AHY, (298) versus ACY, ,, where AC, , = 0.144, for these
compounds (cf. eq 9) is shown in Figure 4 and yields the
following linear least-squares fit:

AHY, (298) =
(298 - 735 £ 1)ACY, , + 6.820 £ 0.001 kcal mol™! (14)

tr,p

(The small associated uncertainties in eq 14 are omitted
subsequently.) Equation 14 demonstrates that the polar
contribution to the enthalpy of transfer of the organic amides
is a linear function of the polar contribution to the heat ca-
pacity of transfer, with a characteristic temperature Ty* =
735 K, at which temperature AHY, ,(735) = 6.82 kcal mol™
for all organic amides. This also is the value of AHY, ; for
organic amides in the limit of zero polar surface area (Lee,
1991) and hence corresponds to an intrinsic polar contribution
to the enthalpy of transfer of the amide group (AH\;}) which
is independent of polar surface area. Consequently eq 14 may
be rewritten as

AHY, (298) = (298 - 735)ACT,, + AHEL  (15)

Use of Transfer Data To Estimate The Molar Enthalpy
AHY%,, of Protein Folding

We propose that eq 15 may be applied to protein folding
(and to other processes) to estimate the thermodynamic con-
sequences of changes in the water-accessible polar surface area
of amide groups at 298 K:

AHY,4,(298) = 0.14(298 - 735)A4, + n ot p (16)

where 7 is the number of amide groups buried and nAHif‘;}d,p
is the surface-area-independent (i.e., intrinsic) and tempera-
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ture-independent contribution of an amide group to the polar
part of the enthalpy of folding. More generally, at any tem-
perature T

AHYq (T) = 0.14(T - 735)Ad, + nAHE,,  (17)

Since a surface-area-independent quantity such as }Q}d,p is
likely to be process dependent (i.e., AHY, = AHm,), we
propose that the model organic amide and hydrocarbon
transfer data be utilized to estimate the contributions to AHg 4
which depend upon temperature and surface area and that
protein folding data be used to estimate AH}‘;}d’p. [This ap-
proach is similar to that taken by Ooi and Qobatake (1988),
although not explicitly stated by them.] If the liquid
amide/hydrocarbon model of protein unfolding is appropriate,
then the net enthalpy of folding at any temperature T is given
by

AHR(T) = .
(T = 295)AQ4np + (T = 735)ACQ%yq,, + nAHY

AHR(T) = .
~0.32(T - 295)Ad,, + 0.14(T - T35)A4, + nAHEY

(13)

Contributions to AHg,4(298) from the burial of nonpolar
surface [-0.32(298 - 295)A4,,] and polar surface [0.14(298
- 735)AA,] are collected in Table ITI. At 298 K the con-
tribution from burial of polar surface is large and negative,
and the sum of the polar and nonpolar contributions is much
larger in magnitude than the observed value of AHg;4. Sub-
tracting them from AHY,y yields a large positive residual en-
thalpy change nAHY; .. Lee and Richards (1971) determined
accessibilities of the amide nitrogen and the carbonyl oxygen
in the folded state of several representative proteins. Their
results indicate that nearly all of the amide backbone is buried
upon folding. In this case, nAH}‘},{d,p corresponds to an enthalpy
increase AHy, ~ 2 kcal/mol of backbone amide groups
buried upon folding (cf. Table III).

One possible interpretation of AH}’;}d,p is provided by studies
of the number of hydrogen bonds existing in native proteins.
Work by Chothia (1975) and Privalov (1979) indicates that
each amino acid residue makes an average of only 0.75-1
hydrogen bond in the native state. For the amide backbone,
Baker and Hubbard (1984) find that approximately 12% of
the carbonyl oxygens and amide nitrogens do not form any
hydrogen bonds and that 53% of the carbonyl oxygens form
only one hydrogen bond. Given the lack of steric constraint
of the denatured state relative to the native state and the
presence of water solvating the chain, it is plausible that the
carbonyl oxygen and amide nitrogen participate in more hy-
drogen bonds in the denatured state. It is not known how the
free energy of formation of these compares with that of the
water-water hydrogen bonds they would replace. We propose
that AH{}y , represents the difference in quality and quantity
of hydrogen bonds made in the native and denatured states.
Ideally, one would like to model the hydrogen-bonding con-
tribution to protein folding using accurate thermodynamic
measurements made on well-designed model systems. Con-
clusions based on experiments designed by Klotz and co-
workers (Klotz & Franzen, 1962; Klotz & Farnham, 1968;
Kreshek & Klotz, 1969) to measure the free energy of forming
a hydrogen bond between N-methylacetamides in various
solvents are ambiguous and have been subject to reinterpre-
tation (Roseman, 1988). Although the question of whether
hydrogen bonds contribute to protein stability and how much
they contribute is controversial, our analysis indicates that the
enthalpic contribution from hydrogen bonding may favor
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Table III: Values of AH},q and Calculated Contributions from Burial of Nonpolar and Polar Surface at 298 K¢

contributions to AH},4

polar
intrinsic (surface

surface area

protein AHY b nonpolar® dependent? area independent)® AHE
trypsin inhibitor 26/ -2.54 -91.8 68.3 1.2
parvalbumin B -32.5 -5.26 -214 187 1.7
ribonuclease A -67.0 -5.58 -274 212 1.7
lysozyme, egg white -60.0 -6.59 -267 213 1.7
ferricytochrome -16.7 -5.32 -202 191 1.8
staphylococcal nuclease -35.8¢ -1.57 -358 330 2.3
metmyoglobin -1.49 -9.32 -321 330 2.2
B-trypsin -65.8 -11.4 -519 465 2.1
papain —45.2 -12.2 —-448 415 2.0
a-chymotrypsin -66.0 -14.2 -479 427 1.8
chymotrypsinogen -35.6% -14.0 —445 423 1.7
carbonic anhydrase -48.2 -15.1 -563 530 2.1
pepsinogen =22.7 -22.8 =712 712 19

a All entries are in units of kcal mol™. ®Values of AHY,4 at 298 K are from Privalov and Gill (1988) unless otherwise noted. ¢Nonpolar contri-

bution = -0.32(298 - 295)AA4,,,.

4Polar-surface-area dependent contribution = 0.14(298 ~ 735)A4,. Intrinsic polar contribution = nAH .

fPrivalov (1979). £Griko et al. (1988) AHawley (1971). ‘Mateo and Privalov (1981).
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FIGURE 5: Change in the water-accessible nonpolar surface area A4,
(@) and the change in the water-accessible polar surface area AA
(©) accompanying the folding of the proteins in Table I asa function
of molar mass. Lines represent least-squares fits (cf. eqs 19-20 in
the text).

protein unfolding, as suggested by Dill (1990).

Convergence of Specific Enthalpies of Folding (Ah,,)
The observation that the specific enthalpy of folding Ahg,4
has a constant value of ~—9.6 cal g! at 357 K for this protein
data set led us to examine the dependences of AAnp, AAP, and
nAH®, ,p on molar mass (M;). For the set of proteins in Table
» Ay, AA,, and nAH}old p (cf. Figures 5 and 6) are all linear
functlons of molar mass in the range of interest (6500—40 000

g mol™):

AA,, = (0.636 + 0.018)M, - (2120 = 380) A? (19)
AA, = (0.309 * 0.018)M, — (40 + 380) A?  (20)

nAH®E, , = (0.019 £ 0.001)M, - (36 £ 19) kcal mol™!
(1)

The sum of eqs 19-20 for the change in total surface area
(AAr) upon folding differs in functional form from that re-
ported by Chothia (1975) and Miller et al. (1987). However,
we find that their data can be adequately fit as a linear
function of molar mass with coefficients which agree with the
sum of eqs 19-20 (data not shown). In the limit of large molar
mass, eq 21 is consistent with the observation in Table III that
AH}O,dp =~ 2 kcal/mol of buried backbone amide groups.
From eqs 18-21, we obtain a prediction for the dependence
of the specific enthalpy of folding on molar mass and tem-

800
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5
£
K [ ]
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a
-2
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I
2 200}
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FIGURE 6: Contribution to AH},4 from intrinsic factors upon burial
of amide groups (nAH‘ﬁ,,d ) (Table III) as a function of molar mass.
Line represents linear least -squares fit (cf. eq 21 in the text).

perature, quantitatively applicable to proteins for which eqs
12 and 19-21 are accurate.

Ahg(T) = AR (T) /M, =
~0.161T + 47.24 + 672.8T/M, - 232010/ M, cal g"!
(22)

where round-off is avoided to preserve the significance of the
calculated Ahg,q. Equation 22 predicts that AA ,(T) will be
a constant at the temperature where the inverse molar mass
terms cancel (i.e., where 672.8T = 232010 or T = 345 K).
At 345 K, Ahlyq = AHY /M, = -8.3 cal g7!. This result,
which is derived from transfer data for liquid hydrocarbons
and amides as well as from protein folding data, agrees rea-
sonably well with that obtained by extrapolation of the ex-
perimental data: AHY, /M, =-9.6% 12calg'at357x9
K.

Predictive Value of Relationships Based on Model
Compound Transfer Data

Enthalpy and Heat Capacity. Table IV provides an inde-
pendent test of the validity of this liquid hydrocarbon/amide
model by comparing values of AC},q and AH%,4 calculated
using eqs 12, 19, 20, and 22 with those measured calorimet-
rically for proteins not in the data set in Table I. These
proteins are not included in Table I because they lack a
high-resolution crystal structure. Proteins chosen for inclusion
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Table IV: Comparison of Calorimetric Values of AHZ;4(T) and AC}yy with Those Calculated Using the Liquid Hydrocarbon/Amide Transfer
Model

-AH4" ~AHG, -ACH,* -AC,
protein M, (gmol™) T (K) (kcal mol™) (kcal mol™) (calmol' K1)  (cal mol"' K1)
Ac-Y(AEAAKA);F-NH,* 4682 314 43.2 36.3 ND 71.6
GHI1 tryptic fragment of histone H1°¢ 8590 332.65 44 62 1100 710
GHS tryptic fragment of histone H5° 8903 336.15 51 67 1060 760
fragment K4 of plasminogen? 9640 316 51£3 54 955+ 170 875
hydrophilic fragment of cytochrome bs¢ 10933 378 130 127 1460 £ 220 1080
\ repressor/
N-terminal domain 10125 322 63 62 ND 950
C-terminal domain 15977 346 140 135 ND 1890

aError is =1 SD; ND, not determined. ?Scholtz et al. (1991). Tiktopulo et al. (1982). ¢Novokhatny et al. (1984). ¢Pfeil and Bendzko (1980).
fPabo et al. (1979).

Table V. Representative Comparisons of Protein Stability (AG,y) with That Predicted from Molar Mass (M,) and T,,°

noncalorimetric calorimetric predicted
-AG(T) -AGHu(T) -AGY,
M, (g mol™') pH T, (K) (kcal mol™) T, (K) (kcal mol™) (kcal mol™)
RNase A 13690 2.8 315.75% 4,33 (298.05)* 315.15¢ 4.42 (298.05)° 3.0
lysozyme, egg white 14320 7.0 ND 14.2 (298.15)4 353.15¢ 14.5 £ 0.8 (298.15)° 13.2
staphylococcal nuclease 16 800 7.0 326.45 6.1 (293.15Y 324.85% 5.33 (293.15)¢ 6.4
lysozyme, T4 phage 18 700 3.0 329.80* 2.35 (320.00)* 326.71¢ 2.27 (320.00)* 2.2
a-chymotrypsin 25200 4.0 ND 10.8 (298.15) 330.25% 11.6 = 0.5 (298.15)° 10.1
11.7 (298.15)

pepsinogen 40000 6.5 ND 6.5 (298.15) 337.65™ 15.7 (298.15)™ 20.2

7.6 (298.15)
11.7 (298.15)!

9 Abbreviation: ND, not determined. Equations 2, 12, 19, 20, and 22 and the calorimetrically determined value of T, were used to calculate
AG .. *Pace and Laurents (1989). ¢Privalov et al. (1973). 4Salahuddin and Tanford (1970). ¢Pfeil and Privalov (1976). /Shortle et al. (1988).
&Griko et al. (1988). #Hawkes et al. (1984). ‘Connelly et al. (1991). /Pfeil (1986). *Privalov and Khechinashvili (1974). ‘Ahmad and McPhie

(1978). ™Privalov et al. (1981).

in Table IV are ones for which the ratio of the calorimetric
AH3Y, to the van’t Hoff AHY, 4 is approximately 1, indicating
that folding of these proteins is a two-state transition. (We
are not aware of other single-domain proteins which satisfy
the above criteria for inclusion in Table IV.) All values of
AC,. and AHY,,. in Table IV are predicted solely from molar
mass. For a protein with a M, of 20000 g mol™!, propagation
of the uncertainties in eqs 12 and 19-20 gives a relative un-
certainty of £24% in ACY,.. For comparison, the typical error
on a calorimetrically measured ACY,4 ranges from 5% to 20%
(Becktel & Schellman, 1987; Pace & Laurents, 1989). The
relative uncertainties associated with the nonpolar, polar, and
intrinsic contributions to AHY,4 are each ~20%, but propa-
gation of these uncertainties yields a relative uncertainty in
AHY,. (~85%) which far exceeds the experimental uncer-
tainty in AH},q (~5%) (Becktel & Schellman, 1987; Pace &
Laurents, 1989). Using the average experimental uncertainty
as a criterion, AHY,,. for the last four proteins in Table IV
appears to agree with AHg, 4, whereas the values of AHY,, for
the tryptic fragments of histones H1 and H5 do not, and the
value of AHY,, for the peptide appears marginally acceptable.
The successful use of M, to obtain quantitative estimates of
ACY, and AHY,4 ultimately depends on whether the protein
of interest obeys eqs 12 and 19-21. Consequently, the lack
of agreement between prediction and experiment for the hi-
stone fragments may indicate that either the surface area—
thermodynamic relationships and/or the surface area—molar
mass relationships do not describe these proteins.

Free Energy. Given an accurate estimate of Hj,y and
ACY, 4, 2 single determination of T, for a single-domain protein
of known molecular mass allows one to predict AGY,q as a
function of temperature for the solution conditions of that
measurement (cf. eq 2). For purposes of illustration, Table
V compares representative values of AGY,4 for single-domain
globular proteins whose stability has been determined both

by titration with chemical denaturants and by calorimetry
under the same solution conditions with those calculated using
egs 2, 12, 19, 20, and 22 and the calorimetric value of T, The
proteins in Table V span a wide range of molar masses and
stabilities as well as the range of values of nAH}’;{d,p (cf. Table
III). Since measurements of AGY4 as a function of denaturant
concentration and subsequent extrapolations to determine
AGYyq in the absence of denaturant have an associated un-
certainty of approximately £15% (Pace, 1975), we conclude
that, for the proteins in Table V, this method provides ac-
ceptable estimates of protein stability. A detailed comparison
of values of AG},y determined using calorimetry, denaturant
titration, and/or van’t Hoff analysis with those calculated by
the present method is beyond the scope of this paper. A large
data set for such a comparison is reviewed by Pfiel (1986).
Deviation from the predicted thermodynamic behavior which
may be observed for other proteins should in principle be
interpretable in terms of deviations from the average structural
(eqs 19-21) and/or thermodynamic (eq 12) properties of the
proteins considered here. In particular, we find that calculated
values of AG},4 for both heme proteins in our data set differ
by ~35 kcal mol™! from the calorimetric values. These dis-
crepancies appear to result from inaccurate estimates of AHY, 4
using eq 22. In addition, given that the model’s usefulness is
limited to proteins which obey the “average” behavior of the
data set analyzed here, it is almost certainly not applicable
to analyses of the thermodynamic differences between wild-
type and mutant proteins. The model and analyses developed
here seek to identify and predict the major contributions to
the thermodynamics of protein folding from removal of polar
and nonpolar surface from water.

CONCLUSION

Although the change in water-accessible nonpolar surface
area makes the dominant contribution to AC{,4, we propose
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that changes in the water-accessibility of the peptide backbone
also contribute to this fundamental determinant of the large
temperature dependences of the enthalpy and entropy of
folding. This refinement of our previous analysis (Spolar et
al., 1989; Livingstone et al., 1991) allows the following con-
clusions to be drawn: (1) transfers of both polar and nonpolar
model compounds from water to the pure liquid phase (the
liquid hydrocarbon/amide model) appropriately model protein
folding at the level of AC},q; (2) specific enthalpies of folding
(ARY,,) are predicted by the liquid hydrocarbon/amide model
to converge to a value of —8.3 cal g™! at Ty* = 345 K, whereas
the experimental values are Ah%y = 9.6 = 1.2 cal g! at Ty*
= 357 + 9 K. In addition, for proteins whose surface area—
heat capacity and surface area—molar mass relationships are
described by the average behavior of the protein data set
considered here: (1) values of AC},y and AH%,y may be es-
timated from molar mass alone and (2) from one accurate
determination of T, and the molar mass of the protein, ap-
plication of the liquid hydrocarbon/amide model provides a
reasonable estimate of AG%, as a function of temperature for
the experimental conditions of interest.

ADDED IN PROOF

Baldwin and Muller (1992) have derived a thermodynamic
relationship between AHg,q and AS%,4 at the convergence
temperature T,* where the specific entropies of folding of a
set of proteins are the same. This derivation, which is inde-
pendent of the liquid hydrocarbon model, indicates that the
specific enthalpies of folding of this set of proteins should
converge at a slightly lower temperature.
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Promotion of the in Vitro Renaturation of Dodecameric Glutamine Synthetase
from Escherichia coli in the Presence of GroEL (Chaperonin-60) and ATP?
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ABSTRACT: The folding and assembly of dodecameric glutamine synthetase (GS) from Escherichia coli
was examined in the absence and presence of the E. coli heat shock protein, GroEL (chaperonin-60). At
nonphysiological temperatures (15-20 °C), unfolded GS spontaneously renatured to 80-90% of its original
activity in the absence of GroEL. At near-physiological temperatures (37 °C), only 20-40% of the original
activity returns. Under the latter solution conditions, GroEL and ATP enhance the extent of GS renaturation
to 70-80% of the original activity at 37 °C. In the absence of ATP, GroEL arrests the renaturation of
unfolded GS by forming a stable binary complex. The addition of ATP to this complex resulted in the release
of GS subunits and formation of active dodecameric GS. The order of addition of ATP or unfolded GS
to GroEL results in differences in the ¢, , values where half-maximal GS activity is attained. At a constant
GS concentration, the formation of the GroEL-GS complex followed by ATP addition resulted in ap-
proximately a 2-fold increase in the observed ¢, value compared to that observed when GroEL was
preincubated with ATP before the GS renaturation reaction was initiated. These differences in renaturation
rates may be related to binding affinity differences between the ATP-free and -bound GroEL conformer
for unfolded or partially folded protein substrates [Badcoe, 1. G., Smith, C. J., Wood, S., Halsall, D. J,,
Holbrook, J. J., Lund, P., & Clarke, A. R. (1991) Biochemistry 30, 9195-9200]. Although the smaller
chaperonin protein, GroES (chaperonin-10), was not required for the in vitro renaturation of GS, the
renaturation rates were accelerated when it was included in the reaction mixture. The addition of ATP
analogues, adenosine 5/-O-thiomonophosphate (ATP-v-S) and 5’-adenylylimidodiphosphate (AMP-PNP),
to the arrested complex also results in the release of GS from GroEL but with slower renaturation rates
and/or lower extents of GS renaturation. This suggests that ATP hydrolysis by GroEL is not required to
initiate GS renaturation.

]19. elucidation of the physical processes which dictate
protein folding has been the focus of intense research for the
past three decades. Results from numerous in vitro protein
folding experiments have demonstrated that extended or un-
folded polypeptide chains spontaneously fold to a more com-
pact structure. All the necessary information that is required
to attain the correct folded protein structure is ultimately
contained in the primary amino acid sequence. Elegant studies
by King and colleagues have revealed that the primary se-
quence also dictates both the kinetics of formation and the
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folded structure of partially folded intermediates (Mitraki et
al,, 1991). The proper formation of these intermediates ap-
pears to be a crucial process in determining the correct folding
pathway. In vivo, proteins fold in a highly complex hetero-
geneous environment which can potentially provide numerous
interactive surfaces that can severely inhibit productive folding.
The formation of folding intermediates which possess a strong
tendency to form inactive aggregates usually results in the
formation of inclusion bodies inside the cell. The accumulation
of insoluble and/or misfolded proteins is often encountered
during heat shock and overproduction of recombinant proteins
(Nguyen et al., 1989; Hart et al., 1990). Although a number
of oligomeric and monomeric proteins have been successfully
refolded following denaturation, these reactions are typically
initiated under nonphysiological solution conditions charac-
terized by low temperatures, low protein concentrations, the
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