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ABSTRACT. We have measured changes in heat capacity, entropy, and enthalpy for each step in the folding
reaction of CD2.d1 and evaluated the effects of core mutations on these properties. All wild-type and
mutant forms fold through a rapidly formed intermediate state that precedes the rate-limiting transition
state. Mutations have a pronounced effect on the enthalpy of both the intermediate and folded states, but
in all cases a compensatory change in entropy results in a small net free-energy change. While the enthalpy
change in the folded state can be attributed to a loss of van der Waals interactions, it has already been
shown that changes in the stability of the intermediate are dominated by changes in secondary structure
propensity [Lorch et al. (199Biochemistry 381377-1385]. It follows that the thermodynamic basis of
B-propensity is enthalpic in origin. The effects of mutations on the enthalpy and entropy of the transition
state are smaller than on the ground states. This relative insensitivity to mutation is discussed in the light
of theories concerning the nature of the rate-limiting barrier in folding reactions.

For single-domain proteins, which fold without the com- compact-about 46-45% of core residues are excluded from
plication of disulfide bond formation and exchange, and solvent 8, 5)—and has a well-organized backbone topology
where proline isomerization plays no part in the folding in which much of the native conformation is establishéd (
reaction, two general patterns of behavior are observed. In7). Mutagenesis demonstrates that interactions between side-
the simpler case, the folding reaction is two-state with no chains are extremely weak in the I-state and only become
populated intermediates prior to the transition state (t-State) significant in the t-state where a small, but well-defined,
(1 and references therein). In the other case, the reaction isnucleus of core residues become organi8digterestingly,
three-state and begins with the rapid formation of a populatedand counter to intuition, thermodynamic measurements on
intermediate which then slowly converts to the folded state the wild-type protein show that the entropic change from I-
(F-state) by passing through a rate-limiting t-sta2eafd to t-state is favorable in the normal temperature rarie (

references therein). In general, the larger the protein domain, | the work presented here, we extend this thermodynamic
the more likely itis to fold through a populated intermediate, examination of the folding reaction by measuring the
and it is unclear whether proteins of the two-state variety in temperature dependence of folding rates in a series of mutants
fact pass through an intermediate with a free-energy higherof CD2.d1. From these data, we extract the enthalpic and
than the unfolded state (U-state) so that the I-state is neverentropic effects of the side-chain substitutions on the I-, t-,
detected. and F-states. The major reason for undertaking this study is
The first domain of the cell-surface protein CD2 (CDZdl) to assess the degree of entha{-w]tropy Compensation
belongs to the three-state catego8). (The protein is 98  hich, as shown by Shortle and colleagues in equilibrium
residues in length and composed of tisheets arranged  denaturation experiments, often masks the effects of muta-
in a classical immunoglobulin f0|d41 There are neither tions on the relative free energy of Statg$_(
disulfide bonds nor proline isomerizations complicating its
folding pathway and folding proceeds through a populated EXPERIMENTAL PROCEDURES

I-state. Several criteria show that the I-state is relatively
Source of ProteinAll mutants of CD2.d1 were made on
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prepared and sequenced to check for incorporation of COITeCtrapie 1: Variables and Constants Required to Convert GuHCI and
mutant codons and to ensure no random errors had beermgso, Concentrations to Denaturant Activity at Temperatures

incorporated into the rest of the gene. Oligonucleotides usedbetween 283 and 318 K

for mutagenesis and sequencing were obtained from Cru-

achem Ltd. Sequencing of DNA was performed by the chain
termination procedure, using a Du Pont Genesis 2000
automated sequencer.

Wild-type and mutant proteins were prepared and purified
as described previously3). Protein concentrations were
estimated by UV absorption of aromatic residues at 280 nm
[e = 5500 M~ cm™? for tryptophan (two residues) and 1100
M-t cm™? for tyrosine (two residues); for the complete
moleculee = 13 200 M cm™3).

Kinetic Folding/Unfolding Measurementshe guanidine
hydrochloride (GuHCI) (Sigma Chemical Co.) dependent
folding and unfolding rates were measured by fluorescence
stopped-flow, as described previousB).(Kinetic measure-
ments were carried out in 50 mM triethanolamine hydro-
chloride (TEA) (Boehringer Mannheim), pH 7.5. Sodium
sulfate (NaSQy) (Sigma Chemical Co.) was added to GuHCI
and protein solutions at appropriate concentrations to give
denaturant activities defined below.

All reaction solutions were maintained at the appropriate

temperature using thermostated circulating water baths and

were monitored continuously with a sensitive thermocouple.
From this, the fluctuation in temperature was determined to
be no more thant0.1 °C.

ANALYTICAL PROCEDURES

Denaturant Actiity. A denaturant activity scale in the
presence of N&O, has been calculated by measuring the
free energy of solvatiorAG,) of N-acetlyltyrosine (NAYA)
and N-acetyltryptophanamide (NAWA) in GuHCI and/or
NaSO, (6). For a given concentration of BaO,, AGs versus
GuHCI concentration, for both NAWA and NAYA, can be
fitted to the hyperbolic relationship:

D = (K [GUHCIV(K 4o+ [GUHCI]) +
KderAGs,(/(AGs,max_ AGS,(Q 1)

whereAG; maxit is defined as the notional, maximum change
in free energy of solvation at an infinite GUHCI concentration
and a specified N&O, concentration, measured relative to
water.AGsois the change in free energy of solvation, relative
to water, at a specified concentration of 8&y, and in the
absence of GUHCIKgen is a denaturation constant and is
defined as the concentration of GUHCI required to reach
(AGsmaxt+ AGs /2.

The activity of GUHCI and Ng&O, are both affected by
temperature, which is manifested as a chang&dg (5)
(Table 1b). All variables and constants required to convert
GuHCI and NaSO, concentrations to denaturant activity at

(a) Variation ofKgenwith

Temperature®)
temp (K) Kden temp (K) Kden
283 9.67 303 6.78
288 8.95 308 6.05
293 8.22 313 5.33
298 7.50 318 4.61

(b) Variation of AGs o with N&,SO4
Concentration with Temperaturé)t

AGs o (kcal mol)

NaSO, concentration (M)

0.1 0.09
0.2 0.18
0.3 0.26
0.4 0.34

3 AGsmax= —2.43 kcal mot* (6).

andl, is the initial intensity) and td = l.exp(kt) + I; for
decreasing intensities (whete is the final fluorescence
intensity).

Rate profiles (observed rate constdqtd versus denatur-
ant activity) were fitted to the equatiodl):

Kobs = Ke—y T Ki_¢/(1 + 1/K,) (2)

wherek;_r andkg_ are rate constants describing the forward
and reverse transitions, respectively, between the F- and
intermediate () states, ari,, is the equilibrium constant
([1}/[U]) for the rapid interconversion of the I- and U-states.
In the fitting routine, the following temporary variables were
used:

ke_) = Ke_ywy€XP(—mMD)
k¢ = K _p@yexpl(m — m)D]
Kiu = KyuweXplmy — m)D] 3

where the subscript w describes the rate and equilibrium
constants in water, and tme parameters describe the shifts
in the stabilities of each state (designated by the subscript)
as a function of the denaturant activity and have units of
molarity 1. These are measured relative to the F-state.

Variation of Free Energy with Temperatur&or the
variation of the free-energy change associated with a
particular transition AG) with temperatureT), data were
fitted to the following equations)

AG) = AHqo) + AC|(T = Tp) — TASy, —

AC,TIn(T/Ty) (4)
whereAHr, andASy, are the enthalpy and entropy changes,
respectively, at an arbitrarily defined reference temperature

(To) and AC;, is the change in heat capacity (at constant
pressure) associated with the transition.

temperatures between 283 and 318 K are shown in Table 1 All data were fitted using the Grafit analysis software

and in the table legend.

Treatment of Kinetic Datal he transients of fluorescence
intensity () versus time, which are single, first-order
processes, in both the folding and unfolding directions, were
fitted to the equation = I 1 — exp(—kt)] + I, for rising
intensities (wherd, is the fluorescence amplitude of the
reaction,k is the observed rate constant for the relaxation,

(Erithracus software, U.K.). When fitting kinetic data to eq
2, proportional weighting was used so that the fitted values
took account of rate constants equally across the whole range.

RESULTS AND DISCUSSION

Choice of MutantsFrom the set of mutants that were
characterized in a previous stud§) (we selected four to
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Ground-State TransitionsThe clearest observation that
can be made concerning the ground-state transitions, i.e., U
to |l and | to F, is that in all caseAAH is greater than
—ATAS (Figure 3). Consequently, the changeNAG are
dominated by enthalpic effects. For all four mutants, there
has been an enthalpic destabilization of the overall folding
process (U to F), an observation which is explained by a
loss of van der Waals interactions in the F-state, which is
manifested as a reduction in enthalpy. On average the change
in enthalpy caused by the removal of a core methylene group
is 3.7+ 1.8 kcal mot! compared to change of just 1:#
Ficure 1: Two ribbon diagrams of CD2.d1 (9@otation relative 0.8 kcal mot* for free energy. This change in enthalpy may
to one another) with side-chain atoms of residues V78, 118, 157, appear to be larger than expected for a relatively small loss
and L89 shown as spheres. of contact area, but estimates of the van der Waals contribu-

) . tion to folding enthalpy 12) give a value of 23 kcal/mol
gnalyze in great'e.r detail; one mutant that caused a markedper residue, and it might be expected that internal residues
increase in stability of the I-state (I57V), one that caused & yj|| have a larger contribution than those on the exterior.
marked decrease (V78A), and one that caused little chang&yoreover, using a standard molecular mechanics force field,
(L89V). The fourth mutant, 118V, was selected so that, along {he removal of a methane group from the center of a cluster
with V78A, the set contained mutations of two of the residues 4t methane molecules yields a change in potential energy
that are involved in the proposed folding nucleus. The of 2 2 kcal/mol. This value is reasonably close to that
postions of the mutated residues within CD2.d1 are shown measured in our experiments.
in Figure 1. All the mutants destabilize the F-state relative  \ynen the U-to-F transition is broken down into its two

to the U-state. Within error, all free-energy measurements constituent steps, a more complex picture emerges. In the
are the same as reported in Lorch et&l The discrepancy st transition from U to I, the enthalpy change caused by
between the thermodynamic parameters for wild-type CD2.d1 the mutations for 157V, L89V, and, to a lesser extent, 118V
reported here and in Parker et al. (5) is due to the different jg stabilizing, while the opposite is true for V78A. It has
buffers used to carry out the kinetic folding/unfolding 4jready been shown that none of the mutants studied here
experiments. It should also be stressed that all the mutationsgyhibit any strong native-like side-chain side-chain interac-
represent minor truncations of nonpolar, core side-chains andions in the I-state, and in facAAG,_y can largely be
are unlikely to cause widespread structural perturbations. aitriputed to changes jf+propensity 8). Therefore, it is not
Increasing Stability of Intermediatetn the case of some  surprising that the pattern of enthalpy changes upon mutation
mutants, the I-state is only marginally stable. Therefore, a seen in the U-to-F transition is not mirrored by the U-to-|
cosmotropic agent, sodium sulfate, has been used to increasgansition. Since, in the I-state, mutations to valine from
the stability of the proteins and thus allowing accurate isoleucine and leucine are enthalpically favorable while the
measurement of the I-state. opposite is true for the valine to alanine mutation, it follows
The effect of sodium sulfate on the solubility of hydro-  that valine is enthalpically more favorable than isoleucine,
carbon has been extensively described in Parker eBpl. ( leucine, and alanine. Valine is also a beffieformer than
Here, it was shown that sodium sulfate acts in an analogousisoleucine, leucine, or alaning,(13—18). This is illustrated
and opposite manner to GUHCI. This effect was quantified in Figure 4 where it is clear that the change in enthalpy upon
and incorporated into the denaturant activity scale describedmutation is of the same sign as the changg-ipropensity
in Parker et al. 11), thus extending the scale into negative caused by the mutation. It would therefore appear that the
values in the presence of sodium sulfate. driving force underlying the propensity of an amino acid to
Treatment of DataTo correct for the nonlinear depen- form g-structures is enthalpic in nature. This hypothesis is
dence of the free energy of protein folding on the concentra- consistent with the main-chain electrostatic modes-gfro-
tion of GUHCI and NaSO,, observed relaxation rates for pensities, proposed by Avbelj and Moult9j, in which
folding/unfolding of wild-type and four mutant proteins at backbone electrostatic interactions are screened by the side-
different temperatures are plotted against denaturant activitychain between the interacting peptide groups. This model
(D), as described in analytical procedures (see Supportingindicates that a change in side-chain would result in different
Information). electrostatic interaction energies between neighboring peptide
The kinetic data have been fitted to eq 2, which describes groups, an effect that is expected to be enthalpic in origin.
a three-state kinetic mechanism (i.e., U to | to F), to yield  In opposition to any enthalpic change caused by mutations,
values fork —rw), Ke—iw), Kiuw), My, m, andm. The fits are there is an entropic change of a similar, but slightly smaller
shown in the Supporting Information and used to calculate size. This is likely to be due to the fact that the reduction in
the free-energy changes for each transition. The temperatureany stabilizing interactions will result in a less well-defined
dependencies of the free-energy changes associated with thstate, i.e., mutant proteins will not be as tightly packed as
equilibrium transitionA\Ge—_y, AGr—, andAG,—y and kinetic the wild-type protein, hence less order will be imposed on
transitionsAG,—; and AG,_ for the four protein’s data have the system resulting in a net entropic gain. The result of this

been fitted to eq 4 to yield values &fH, AS, andAC, for “entropy-enthalpy compensation” is a relatively small net
the ground and t-states in the folding reactions. These valueschange in free energy (Figure 3).
are shown in Table 2, and illustrated in Figure 2, whe@ Transition State BarrierThe temperature dependence of

is used as a reaction coordinate. free-energy changes associated with the rate-limiting I-to-t



Thermodynamics of Protein Folding Biochemistry, Vol. 39, No. 12, 2008483

Table 2: Thermodynamic Parameters for the Folding Reactions of wt, 157V, L89V, V78A, and 118V CD2.d1 at 298 K

U-l I-F I-ta t-Fa
AC, (kcal mol K1) wt —-0.5+0.7 —0.98+ 0.06 —0.41+0.05 ~0.57+0.1
AH (kcal mol%) wt 0.07+0.3 ~14.5+ 0.2 15.9+ 0.2 —30.3+ 0.4
—TAS (kcal mol) wt -0.9+0.3 9.2+ 0.25 ~32+0.2 12.4+ 0.4
AC, (kcal mol+ K~1) 157V —0.28+ 0.07 —1.58+0.08 —0.60+ 0.09 —0.90+0.08
AH (kcal mol) 157V -1.3+0.3 -11.7+0.3 16.5+ 0.4 —28.6+ 0.4
—TAS (kcal mol?) I57V 0.25+0.3 6.9+ 0.3 ~3.8+0.3 11.1+0.3
AC, (kcal mol* K~1) L8V —0.40+ 0.04 ~1.2+0.05 ~0.50+0.2 —0.7+0.2
AH (kcal mol?) L89V —0.6+0.15 —10.7+0.2 15.8+ 0.7 —26.6+ 0.7
—TAS (kcal mol%) L89V 0.25+ 0.15 5.8+ 0.20 —2.9+0.7 8.9+ 0.7
AC, (kcal molt K~1) V78A —0.434 0.04 -1.15+0.7 ~0.36+ 0.05 ~0.83+ 0.06
AH (kcal molt) V78A 22402 ~8.5+ 0.4 14.9+ 0.3 —23.4+0.3
—TAS (kcal mol?) V78A —2.7+0.2 5.5+ 0.4 ~1.3+0.3 6.7+ 0.3
AC, (kcal mol K1) 118V ~0.65+0.15 ~0.85+0.10 ~0.20+0.16 ~0.64+0.14
AH (kcal molY) 118V —0.1+0.7 ~8.0+0.5 16.1+ 0.7 ~24.0+06
—TAS (kcal mol) 118V —0.8+0.7 3.9+ 05 ~3.2+0.7 7.0+ 0.6

2 A value forkiry of 1 x 10'°s * was used to calculatéS". Quoted errors are standard errors calculated from least-squares fits to the data (based

on a 95% confidence limit). It should be noted that a weighted nonlinear fit results in an insignificant change in quoted parameters and an increase

in the quoted errors of no more than 15%. Accumulated standard errors were calculated using standard statistical formulas.
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Ficure 3: Effects of mutations on the energetics of each transition
P S NI TR B SRR A along the folding pathway. Enthalpy and entropy changesH
0 02 04 06 08 1 12 14 16 1§ 2 and —ATAS respectively; see Table 2) are shown in the lower
ACp (keal mol K part of the graph while free energy changes at 298MAG =
) . i —ATAS + AAH) are shown in the upper part. Reference temper-
Ficure 2: Thermodynamic reaction profiles. The enthalpyH) ature {) is 298 K. The activation entropies are calculated using a

and entropy £TAS) components of the free-energy changes value ofkir) =1 x 101°sL
associated with the U-to-l, I-to-t and t-to-F transitions are plotted

against the solvent exposures of the state€,j, relative to F. . . .
Reference temperatur& is 298 K. The activation entropies where  dehydrated proteir2()). These values are given in Table 2.

calculated using a value df = 1 x 1010 s%, It should be noted that Keifhaber and collegu2$) (have
measured(r, experimentally and obtained a value-ol(®
(AG]) and t-to-F AGL_,) transition barriers for wild-type ~ s* at 298 K. While these different values ki, affect the
and mutant CD2.d1 are shown in Figure 3. To relate an absolute magnitude &S, this has no effect on the ensuing
individual rate constant to the free-energy change of activa- arguments.
tion (AG"), we use the Eyring equationk = knexp- The mutations cause no major change in the enthalpy and
(AG?T)/R'D, whereR is the gas constant argh is the rate entropy of the t-state. Like wild-type CD2.d1 and N-PGK
of decay of the activated species, i.e., the rate at which this(5) all the mutants, at 298K, have an I-to-t transition that is
process would occur in the absence of a free-energy barrier.entropically favorable and enthalpically unfavorable (Figure
While the values for the activation enthalp&H*) and the 2). The heat capacity shows the t-state to be less solvated
activation heat capacnyA(Cp) do not depend orkrn, the than the intermediate, hence the origin of the favorable
uncertainty in this value precludes an exact evaluation of entropy change must lie in the process of water exclusion

the activation entropyAS’). The values ofAH* and AC from hydrophobic surfaces. Only after the t-state barrier is
calculated for the I-to-t and t-to-F transitions are glven in surmounted is there a net entropic penalty arising from the
Table 2. widespread ordering of side-chains in the fully F-state.

AS* values for the I-to-t and t-to-F transitions have been  Since little is known about the true nature of the t-state, it
calculated usmg a value fd¢r) at 298K of 10°s™* (based is difficult to interpret any changes that the mutations might
an average “jump time” for a water molecule nrfbutanol cause. However, upon inspection of the reaction diagram
as an approximate mimic of the interior of a partially (Figure 2), it becomes apparent that the energetics of the
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1 I shown that the t-state barrier is enthalpic in origin. Two
explanations for this were presented in Parker et5y. The
first model is based on the argument that the I-state is an
ensemble of relatively stable misfolded conformatic?® (
23). Therefore, non-native interactions that characterize such
misfolded states must then be broken before the protein can
reach its native conformation. The process of breaking these
interactions would incur an enthalpic penalty. Previous
studies have shown that the I-state of CD2.d1 exhibits a large
amount of native-like backbone hydrogen bonding, though
| ! | there is little evidence of strong native side-chain side-chain
157V L8oV V78A 118V interactions. It therefore remains possible that while the crude
conformation of the backbone has formed a native-like

Ficure 4: Comparison of the changes in entropy and enthalpy of topology the side-chains are stiII_in non-natiye orientations
the I-state and changes fhstructure propensity. The difference and, consequently, may be forming non-native contacts.
g?t?haelp%i?gntesnt[g%// CT%ggifs\%%isu;enddfcl)rlétQ/eA(Li_lgo_l tfgﬂjitions However, if this model is correct then one would expect
—ATAS,-; see Table ’2) have been piotted along with tuhé expected the fpllowmg argument to hold true. Since all the'mutat!ons
difference free energy change due to changesp-structure studied here reduce the amount of contacts available in the
propensity DAGg; calculated as described in Lorch et a8)]( core of the protein, then a mutation would result in there
Reference temperaturg)(is 298 K. being fewer stabilizing non-native contacts in the I-state. This
g would results in fewer bonds having to be broken before

L cod the protein could proceed to the F-state, consequently, the
enthalpic barrier between the |- and F-states would be
reduced by mutation. Furthermore, since the enthalpic t-state
barrier would be a result of interactions being broken, one
would expect the mutations to have a larger effect on the
enthalpy of this transition than the entropy (Figure 5).
Considering that the mutations cause neither of these effects,
it appears that this model is incorrect.

The second explanation for the nature of the t-state barrier
is in part derived from the observation that further desolva-
tion of the protein occurs during the I-to-t transition. The

-6 -4 -2 0 2 model assumes that at some point during the desolvation
-ATAS keal mol! process water molecules will become isolated from both the
FiGURE 5: Entropy-enthalpy compensation. Data are fitted to a bulk solvent and each other. These water molecules would
Ztha'gvcthgr”eema}g(‘iﬁ;dg‘r% o}i%rg??) frter:gtls?g;g@\_'mﬁj m t?ne_ith%ﬁ; :pt have originated from the first solvation sphere of hydrophobic
Witrl{they—axis. The slopes have gradientsﬁ.lIYi 0.03 for the reS|du¢s in the I-St.ate, hetncle the.re would be little further
U-to-l, and t-to-F transitions ane-0.62 + 0.05 for the I-to-t entropic cost associated with isolating them from other water
transition. All fits have a correlation factor of 0.99 or better. molecules. The resulting system would be enthalpically
unfavorable, as the isolated water molecules would not be
t-state are largely unaffected by the mutations. Within error, fulfilling their hydrogen-bonding potential. However, once
the position of the t-states on the reaction coordinate (asthe t-state is passed, these trapped water molecules would
measured by the change in heat capacity) are identical, whilebe released into free solvent and, thus, satisfy their hydrogen-
there is also comparatively little change in the energy of this bonding requirements, a process which is enthalpically and
state. For example, at 298 K, the V78A mutant, which has entropically favorable. As the native state is approached,
the most pronounced effect on the energy of the t-state, onlydocking of side-chains in the core of the protein occurs, a
altersAHy- by ~2 kcal mol* compared to a7 kcal mof™ process that is entropically unfavorable but enthalpically
change inAHy-r. These observations would appear to favorable. Balancing these factors results in a net gain in
suggest that the mutations have a larger effect on the stabilityenthalpy. If this model were correct, then the main conse-
of the ground states than the t-state. It therefore follows that quences of a truncation mutation would be to reduce the
changes in side-chain interactions between the I- and t-statesimount of hydrocarbon that requires desolvation. In terms
are relatively unimportant. of thermodynamic parameters that describe the I-to-t transi-

Despite the fact that the energetics of t-states are relativelytion, this would mean an unmeasurably small changGp,
unaffected by mutations, the I-to-t transition still exhibits a small but unfavorable change in entropy, due to the reduced
strong entropy-enthalpy compensation. However, unlike the level hydrocarbon that need desolvating, and change in
other transitions, described aboveATAS_; is larger than enthalpy to compensate the entropy change. In light of the
AAH, . This difference is illustrated in a compensation plot fact that the heat capacity for the t-state is unaffected by
(-ATASvs AAH, Figure 5). mutation (Figure 3), mutations cause a much smaller change

Structural ImplicationsA major conclusion that can be in energy of the t-state than the I- and F-states, and the
made from the data presented here concerns the I-to-tentropy change caused by mutation is larger than the enthalpy
transition and the nature of the t-state. It has already beenchange, this latter model is preferable.

o

Energy (kcal mol™)

'
N
I
]

Mutant

AAH kcal mol!

-2
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