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ABSTRACT:. The N-terminal domain of phosphoglycerate kinase (N-PGK) and domain 1 of the T-cell
adhesion protein CD2 (CD2.d1) fold through rapidly formed and transiently populated intermediate states
in reactions which have no kinetic complications arising from proline isomerization or disulfide bonding.
We have evaluated the thermodynamic paramet®€,(change in heat capacityS, entropy change;

AH, enthalpy change) for each experimentally accessible step in these folding reactions. Despite their
different topologies and amino acid compositions, the individual stepd funfolded to intermediate
state), +t (intermediate to major transition state), anrd-t(transition state to the fully folded state)] have
closely similar qualitative properties in the two proteins. For both, the heat capacity changes are
proportional tom-value changesAm) for every step in the reaction, but the rat,/Am is lower for
N-PGK, presumably owing to a much larger compliment of aromatic amino acids in the core. According
to measurements &fC, and Am, the I-states are highly condensed {6®% for N-PGK and 4645%
dehydrated for CD2.d1), yet the changes in entropy in the U-to-I transition are small, showing that the
entropy gained from desolvation must be balanced by that lost in ordering the chain. The high degree of
conformational order in the I-state, implied by these measurements, is mirrored by the extensive, native
secondary structure revealed by amide exchange measurements [Hosszu, L. L. P., et aldil &)ct.

Biol. 4, 801-804; Parker, M. J., et al. (199Bjochemistry 3613396-13405]. At 25°C the transition

state barrier has an entirely enthalpic origin, the entropic contribution being favorable. The latter observation
implies that, during the consolidation of structure occurring in the I-to-F step, further dehydration (positive
AS) precedes side-chain locking (negatid&). Only after the transition state is surmounted do we see

a net entropic penalty arising from the widespread ordering of side chains.

There is a distinct lack of consensus in the way we view of amide hydrogen atoms, which in turn is taken to be a
the properties of states which arise in protein folding reporter of hydrogen bond formatioa, 5). These methods
reactions, and it is unlikely that a single set of experiments reveal that a large degree of the native state secondary
performed on a single protein will clarify our picture of the structure has been established at this early stage in the
process. Rather, it is necessary to amass a body ofprocess, before the major kinetic barrier is surmounted. Such
experimental information so that the common underlying results have been reinforced by experiments which measure
features can be identified and accounted for. In general therethe effect of mutations on the stability of I-states. These
are four experimentally accessible states in folding reac- reveal that contacts which develop in the transition state are
tions: the fully unfolded state (U), a rapidly formed already present, in a weakened form, in the rapidly formed
intermediate (1), the rate-limiting transition state (t), and the intermediate §—8).
folded state (F). In some cases, factors such as domain Thus far, the most effective way of elucidating the
docking, subunit association, proline isomerization, or the properties of the rate-limiting t-state is by a combination of
breaking and making of disulfide bonds contribute to the sijte-directed mutagenesis and rate measurements which report
folding dynamics; and in small proteins the I-state is the degree of inter-residue contact in the transition sfate (
sometimes not seen, due either to its absence or to its lacki0). These studies show that many of the core, hydrophobic
of population ¢, 2). contacts are partially formed, or fully formed in only a

To understand the initial events in the pathway, the proportion of those molecules which constitute the transition
structural, energetic, and dynamic properties of the I- and state population, i.e., no side chain is in a native environment
t-states must be elucidated. Our structural knowledge of thein all members of the ensemble at this stage of the reaction.
I-state has been drayvn largely from circular dichroism, which A further level of probing the system experimentally is to
measures the quantity of ordered secondary strucBlyerfd  qerjye classical thermodynamic characteristics by examining
from pulse-protection, which measures resistance to exchangg,ow the kinetics of folding reactions are influenced by
P - temperature. Because th_e system of cla_ssica_l t_hermonnam-
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an aqueous environment. Nonetheless, largely owing to anand 2 M GuHCI, was mixed against 10 volumes of buffer
empirical database of the behavior of small moleculds-( or buffered GUHCI at the appropriate temperature in an
14, and references therein), it is known that the removal of Applied Photophysics stopped-flow apparatus. An excitation
nonpolar groups from contact with the solvent is ac- wavelength of 288 nm was selected by a single monochro-
companied by a reduction in heat capacity and that there mator (slit width, 5 nm) from a mercuryxenon light source,
are two large and opposite contributions from entropy. A and the fluorescence intensity above 320 nm was recorded
massive reduction in conformational entropy of the main using an emission cutoff filter. For the unfolding reactions,
chain and side chains during folding is balanced by the high a 10uM solution of CD2.d1, in the above buffer, was mixed
entropy of dehydration when side chains become excludedagainst 10 volumes of buffered GuHCI solution at the appro-
from contact with the solvent. The enthalpic component is priate temperature, and the reaction was recorded as above.
determined by the balance of polar interactions (largely Owing to technical limitations of the stopped-flow ap-
hydrogen bonding), van der Waals attractions, and steric paratus (loss of optical signals at high temperatures and
repulsions. imperfect sealing at low temperatures), accurate rate con-
Changes im\C,, AS andAH have been measured for the ~stants could only be obtained for N-PGK between 15 and
folding of a few proteins, and in these cases emphasis has35 °C and for CD2.d1 between 15 and 26.
been placed on the properties of the transition stafe-( Solubility MeasurementsSaturated solutions df-acetyl-
20). In this paper we add to this body of experimental work tryptophanamide (NATA) (Sigma) were made up in water,
by examining the influence of temperature on the folding containing an appropriate concentration of GuHCI. The
kinetics of N-PGK! a large (175-residue)3 protein @1), solutions were sonicated and then incubated for 48 h at the
and CD2.d1, a 98-residue dlprotein @2). In particular, appropriate temperature with vigorous shaking, to allow
we examine the behavior of the rapidly formed intermediate, complete equilibration. Insoluble material was then removed
which accumulates before the rate-limiting barrier is traversed by centrifugation. The concentration of soluble NATA in
(23, 24), and the nature of the rate-limiting barrier between each sample was then assessed by measuring the absorbance
the intermediate and the native state. Both proteins areat 280 nm at the appropriate temperature.
single-domain structures, and their folding kinetics are  All reaction solutions were maintained at the appropriate
uncomplicated by proline isomerizations or disulfide bond temperature using thermostated circulating water baths and
rearrangements. In addition, the structural properties of thewere monitored continuously with a sensitive thermocouple.
I-states of both proteins have been characterized by amideFrom this, the fluctuation in temperature was determined to

exchange studie®¥, 26). be no more thart0.1 °C.
EXPERIMENTAL PROCEDURES ANALYTICAL PROCEDURES
Source of Protein.The N-terminal domain of PGK from Treatment of Kinetic DataThe transients of fluorescence
Bacillus stearothermophilu§\-PGK; residues £175) was ~ intensity () versus time, which are single relaxation processes
expressed and purified as described previody. (Domain ~ in both the folding and unfolding processes of N-PGK and
1 of rat CD2 (CD2.d1; residues—B8) was expressed and CD2.d1, were fitted to the equatidr= I[1 — exp(—kt)] +
purified as described previousl24). I, for rising intensities (wherk is the fluorescence amplitude
Protein concentrations were estimated by UV absorption Of the reactionk is the observed rate constant for the
of aromatic residues at 280 nm € 5500 M cm! for relaxation, and, is the initial intensity) and = I, exp(—kt)
tryptophan and 1100 M cm* for tyrosine). + |t for decreasing intensities (wherk is the final
Folding and Unfolding RatesFor the folding rates of ~ fluorescence intensity).
N-PGK, a 20uM solution of unfolded protein, containing 1 n€ rate profiles [observed rate consta@id vs denatur-

50 mM triethanolamine (TEA: pH 7.5)2 M guanidine ant agtivity O; see below)] were fitted to the following
hydrochloride (GUHCI), and 2 mM dithiothreitol (DTT), was ~ €duation (23):

mixed against 10 volumes of buffer or buffered GuHCI _

solution, containing 2 mM DTT, in a Hi-Tech SF-51 stopped- Kobs = Ke-1w) €XPMD) +

flow apparatus at the appropriate temperature. An excitation K —Fw) €XP((—m)D) )
wavelength of 270 nm was selected by a single monochro- _

mator (slit width 5 nm) from a mercuryxenon light source, [+ VK ©XPEL=m)D)]

and the total fluorescence emission intensity was recorded
as a function of time. For the unfolding rates, a /20
solution of N-PGK, in the above buffer with the exclusion
of GUHCI, was mixed against an equal volume of a buffered
GuHCI solution containing 2 mM DTT at the appropriate

temperﬁturfe ,I using the safme apparatus and olptl_cal sef:tup. the free energies of the states (denoted by the subscripts;
For the Od.mg rate§ o CD2.d1, a .W solution o where t is the transition state associated with the | to F
unfolded protein, containing 50 mM sodium acetate (pH 4.5) transition) vary as a function d.

The free energy changes associated with the equilibrium
! Abbreviations: CD2.d1, domain 1 of the cell surface receptor transitions were calculated as follows: U to &Ge_y =

wherek—rw) andkr—w) are the folding and unfolding rates
in water, respectively, associated with the rate-limiting
intermediate state (I) to folded state (F) transition, Engw)

is the equilibrium constant in water for the rapid unfolded
(V) to intermediate transition. The-values describe how

protein CD2 from rat; DTT, dithiothreitol; GUHCI, guanidine hydro-  __ . - _
chloride; NATA, N-acetyltryptophanamide; N-PGK, N-terminal domain RTIn_(k"F(W)K"U(W)/kF"(_W))’ |toF, AGe RTIn(I(."F(W)/
of phosphoglycerate kinase froBecillus stearothermophilysTEA, ke—iw); 1 'to U, AGy = —RT In Kyuw), WhereT is the

triethanolamine hydrochloride. temperature an® is the gas constant.



2540 Biochemistry, Vol. 37, No. 8, 1998 Parker et al.

Variation of Denaturant Actiity with Temperature.For 100
the analysis of the kinetic data, GuHCI concentration
([GUHCI]) is converted to denaturant activitip) according 10
to the following equation: 3
= n
D = Ky JGUHCI)/(K 4o, + [GUHCI]) (2) 5 1E
x E
whereKgenis @ denaturation constant with the value 7.5 M 04 i
at 25°C (23). To examine the influence of temperature on ' § o 15%C
the molar ability of GuHCI to solvate hydrocarbon (the C .
variation of Kqen with temperature), we measured the 0.01 * 27
solubility of NATA as a function of [GUHCI] at different 0 1 2 & 25°C
temperatures (see above). For each temperature, the differ- = 30°C
ence in the free energy of solvatioh®s) for NATA between A 350C
; . o 100
water and a given concentration of GUHCI is given by s a0°C
AGS: _RTln(A28JA280(WQ (3) 10 E _ v 45°C
where A is the absorbance at 280 nm measured in a %
particular concentration of GUHCI amgow) is that mea- ] 1
sured in water. Plots oAGs vs [GUHCI] were fitted to the *
hyperbolic relationship 0.1
AG, = AG; ), [GUHCIJ/(C, 5 + [GUHCI]) 4) 0.01
where AGs maxis the notional maximum change in the free 0 1 2 3
energy of solvation at an infinite concentration of denaturant Denaturant activity (M)
andCgys is a denaturation constant with units of M. FicURe 1: Folding dynamics of N-PGK and CD2.d1. Shown in

Variation of Free Energy with TemperatureFor the (a) and (b) are the observed relaxation rates for folding/unfolding
variation of the free energy change associated with a (Kobd Of N-PGK and CD2.d1, respectively, determined by stopped-

. o : flow fluorimetry at different temperatures (see Experimental
particular transition AG) with temperatureT), data were Procedures). Herek,ps is plotted against denaturant activiti)(

fitted to the equation (see Analytical Procedures and legend to Figure 2). The continuous

curves represent fits to eq 1 (Analytical Procedures).

AGr, = AHy + AC(T —T,) — TASy) — o |

° energy of protein folding on the concentration of GuHCI,

AC,T In(T/T,) (5) the rate constants are plotted against denaturant activjty (

calculated using eq 2. Where high denaturant concentrations
whereAHr, andASy, are the enthalpy and entropy changes, are required to unfold a protein, this linearized scale allows
respectively, at an arbitrarily defined reference temperature 5 ore reliable extrapolation of data to a condition where
(To) and AG; is the change in heat capacity (at constant genatyrant is absent. This is particularly important for the
pressure) associated with the transition. evaluation of unfolding rates and equilibrium constants in
Variation of the Unfolding Rate with Fractional Seint water and for determining propemvalues. Reassuringly,

Exposure. The natural logarithm of the rate-limiting unfold- 4 girect calorimetric evaluation of the dependence of the free
ing rate constant (lk,) was plotted against the fractional  gnergy change of protein unfolding on denaturant concentra-
solvent exposure of the transition staté & m/my) forthe  jon (34) provides a molar denaturation scale in very close
following proteins: C-terminal domain of PGK and six core  gqreement with that derived from solubility da@8), I
hydrophobic side chain deletion (CHSD) mutants of this aqgition, the use of a denaturant activity scale provides a
protein @), N-PGK @23), the a and # domains of hen  yajye for the rate-limiting unfolding rate of CD2.dée( )
lysozyme £3), CD2.d1 and CHSD mutants thereof (M. hat is in very close agreement with the observed rate of
Lorch, M. J. Parker, and A. R. Clarke, unpublished data), gychange for amide protons in native conditions at the EX1
CI2 and CHSD mutants thered7, 28), barnase and CHSD limit, studied by NMR (M. J. Parker, and A. R. Clarke,
mutants thereof 29, 30), ubiquitin and CHSD mutants  ,npyplished data). Here, for amide protons which are fully
thereof (), cheY @B1), cspB (8), RNase HI 82), and P22 ytected in F, exchange is limited by the global opening

arc repressor and CHSD mutants ther&g)( rate. If raw concentration is used, these rates differ by more
All data were fitted using the GraFit analysis software ihan one order of magnitude.
(Erithracus Software, U.K.). At 25 °C a value of 7.5 M is used for the denaturation

constant Kgen 23). To examine the possibility that tem-

RESULTS AND DISCUSSION perature may alter the ability of GuHCI to solvate protein
Treatment of Data.The denaturant dependencies of the hydrocarbon moieties (and thus alter the valu&gf), we

observed relaxation rates for folding/unfolding of N-PGK have measured the GuHCI dependence of the free energy

and CD2.d1 at different temperatures are shown in panels achange of solvation oN-acetyltryptophanamide (NATA)

and b of Figure 1, respectively. As described previously over the temperature range used in the kinetic measurements

(23, 24), to correct for the nonlinear dependence of the free (Figure 2a). This compound was chosen becaus€gts
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T T T T T T F-to-U (my) transitions vary linearly with temperature. The

O ] linear responses of, m, andmy to temperature are identical
o2 A o 15°C _ (data not shown). As these-values provide a qualitative
o R e 25C | measure of the difference in the solvation of hydrocarbon
g 04 |- o 35C (23, 24, 35—-37), one would conclude that, as the temperature
w i ] changes, the degree of hydrocarbon exposure of the t, I, and
£ 06 " 45°C 7 U states, relative to the folded state, changes by exactly the
3” 08 N _ same amount, irrespective of their structural and energetic
L - properties. This seems unlikely. A more probable explana-
1 (a) & g tion is that the molar ability of the denaturant to alter the
. | . A \ free energy difference between the F, t, I, and U states
12 o ) 4 6 (change the free energy of solvation of hydrocarbon) changes

with temperature. This conclusion is evidenced by the data
in Figure 2. Moreover, when this temperature variation in
Cosis accounted for, thenvalues are the same, within error,
at each temperature.

It is important to establish, however, how the erroCigx
i affects the extrapolated rate and equilibrium values, and
- consequently the derived temperature-dependent parameters.
- The error inCy 5is expected to affect, most notably, the value
. of ke—yw) for CD2.d1, as evaluation of this parameter requires
] the longest extrapolation. Consequently, the enthalhy)(
entropy AS), and heat capacityAC,) changes associated
with the F-to-t transition of CD2.d1 are likely to be affected
most by the error in the calculat€® s values. Using upper
and lower limiting values forCys at each temperature,
10 20 20 40 50 obtained from the 95% confidence limits of the fits in Figure
2, the absolute error ik W) is estimated to be no more

F 2: Denaturant activity versus temperature. In (a) the free than 20%. This uncertainty produces estimates for the
IGURE Z: . : :

energy change of solvationAGs) of NATA from water to abSOIUt(.a er.rors inAH, AS, and %Cp’ Incurrgd by the
increasing concentrations of GUHCI has been plotted at 15, 25, 35, Uncertainty inCos, of 2, 5, and 14%, respectively. These

and 45°C (see Experimental Procedures). The data have been fittederrors are relatively small and do not alter the qualitative
to eq 4 (Analytical Procedures) (fits shown as continuous curves). conclusions presented here.
The calculated values fdos at 15, 25, 35, and 45C are 10.0, Transitions between Ground StateShe kinetic data in

8.24, 6.62, and 5.16 M, respectively (average error, 20%). The . . : :
calculated values fohGs maare—2.52,—2.43,~2.35, and—2.22 Figure 1 have been fitted to eq 1, which describes a three-

kcal mol1, respectively (average error, 20%). From 15 to°@5 state kinetic mechanism (i.e., U to | to F), to yield values
Cos varies linearly with temperature. This is illustrated by the plot  for Ki—ruw), Ke-iw), Kiuw), My, m, and m (see Analytical

in (b). The straight line fit Cosm = Cose) + mT) yields the Procedures). The temperature dependencies of the free
following parametersCos) = 12.3+ 0.2 M andm = — 0.16 % energy changes associated with the equilibrium transitions

0.05 M per°C. For the protein denaturant activity scale we use a . .
value forKgen0f 7.5 M (see Analytical Procedures and 28). To (AGr-u, AGr-i, andAG,-y; see Analytical Procedures) for

calculateKgen at other temperatures we use the following relation- N-PGK and CD2.d1 are plotted in panels a and b of Figure
ship: Keenny = (7.5/Co.525) Co.sm. 3, respectively. The data have been fitted to eq 5 to yield

values ofAH, AS and AC, for each ground state in the

value (a measure of the degree of nonlinearity between folding reactions of N-PGK and CD2.d1. These values are
concentration and activity) is close to the average for all shown in Table 1.
amino acid residue28); thus its behavior is representative, While at first sight it appears odd to use kinetic rather
and its concentration can be accurately measured by absorthan equilibrium data to examine transitions between ground
bance. The data have been fitted to the empirical relationshipstates, the measurement of the temperature dependence of
given by eq 4 to yield values 0AGsmax (the maximum  folding and unfolding rates has distinct methodological
change in solvation free energy at an infinite concentration advantages. First, it overcomes the problem of aggregation
of denaturant) andCos (the concentration of denaturant of non-native states frequently encountered in scanning
required to achieve half this maximal change in solvation calorimetry, but more importantly it offers the possibility of
free energy). The calculated valuesABs maxand Co 5 for measuring thermodynamic parameters for the U-to-I transi-
NATA at 15, 25, 35, and 43C are given in the legend to  tion which cannot normally be explored by equilibrium
Figure 2. Over the experimental temperature range used inunfolding methods as the intermediate is a transient species.
the kinetic measurements, the value@fs varies linearly The net entropic and enthalpic changes associated with
with temperature (Figure 2b). The parameters describing the U-to-l and I-to-F transitions are the result of combining
the straight-line fit in Figure 2b have been used to calculate massive favorable and unfavorable energetic contributions
the denaturant activity scales for the kinetic data in Figure which almost cancel. This is well illustrated by crude
1, as described in the legend to Figure 2. estimates of the entropic factors in a folding reaction. The

If the temperature variation &, sis not taken into account  desolvation entropy for removal of water from a core side
them-values associated with the F-tort), F-to-I (m), and chain TAS) at 25°C will contribute around-3 kcal mol?

10

C,s (M)
)

T (°C)
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Table 1: Thermodynamic Parameters for the Folding Reactions of N-

PGK and CD2.dr@t 25

U—I I—F It t—F
N-PGK (T, = 25°C)
AC, (kcalmoF*K=%)  —1.30(-1.10,-1.50) —0.73 (-0.67,—0.79)  —0.28 (-0.20,—0.36)  —0.45 (-0.39,—0.51)
AP (M~1) ~11.1(-8.36,-13.8)  —4.7 (-4.1,-5.3) ~1.6 (-1.2,-2.0) —3.1(-25,-3.7)

4.62 (5.17, 4.07)
—9.24 (-8.65,—-9.83)

—0.20 (-0.01,—0.40)
—3.78 (-3.60,—3.96)

AH (kcal mol?)
—TAS (kcal moi?)

CD2.d1 o=
AC, (kcalmoF'K-1)  —0.86 (-0.72,—1.00) —1.04 (~0.84,—1.24)
AP (M-1) —3.5(-2.9,-4.5) —5.2(~4.8,-5.6)

AH (kcal moi)
—TAS (kcal mol?)

—4.67 (-3.83,—5.51)
2.50 (3.38, 1.62)

—18.8 (-17.4,-20.2)
12.2 (13.2, 11.2)

18.2 (18.4, 18.0)
—5.96 (-5.72,—6.20p
—10.1 (-9.86,—10.3F

—18.4 (-18.2,~18.6)
2.18 (2.36, 2.00)6.26 (6.44, 6.08)

25°C)
—0.26 (-0.10,-0.42)  —0.78 (-0.51,—1.05)
—2.2(-1.8,-2.6) —3.0 (-2.6,—3.4)

12.6 (13.6, 11.6)
~0.57 (0.50,~1.63)
—4.77 (-3.71,-5.83y

—31.4 (-29.6,-33.2)
12.8(13.0, 12.6)6.9 (17.1, 16.7)

2 Amvalues are averaged from the rate profiles at different temperatubegalue fork' ) of 1 x 10'° s™* used to calculataS'. ¢ A value for

Km of 1 x 107 s * used to calculatdAS' (see Results and Discussion). Upper and lower limits for these parameters, based on a confidence limit

of 95%, are given in parentheses and were calculated using standard statistical formulas and tables. The uncertainty in the€Cgalcailadsds
estimated to affect thAH, AS, andAC, values by no more than 2, 5, and 14%, respectively (see Results and Discussion).

to the free energy of folding, with a further contribution from
the associated peptide unit of arournd kcal mol? (13).
Hence, for a 100-amino acid protein with a core comprising,

say, 40 residues the internal entropy change due to desol-

vation will be around—280 kcal moft®. However, the
configurational entropy loss for the backbone alone upon
folding costs around 150 kcal mdl[+1.5 kcal mof? per
residue at 25°C (38)]. With a similar entropic cost for
reducing the configurational freedom of side chains, it can
be appreciated that the net entropy changes in the folding
reactions {13 kcal mot? for N-PGK and+15 kcal mot*
for CD2.d1) are small by comparison to the magnitude of
these opposing contributions. A similar argument is ap-
plicable to enthalpy, with very large positiveH values for
desolvation of internal residues being matched by the
favorable enthalpic contribution from backbone hydrogen
bonding and from van der Waals and solvesblvent
interactions in the folded state.

Although molecular interpretations of classical thermo-

dynamic parameters must be approached with some trepida-
tion, the changes in heat capacity, entropy, and enthalpy give

some indication of the underlying processes in the reaction.
Of these parameters, the most simply interpreted from an
empirical viewpoint is the change in heat capaciyC,,
which has been shown from studies of model compounds to
equate with the exclusion of nonpolar groups from the solvent
(39—-43). As the mrvalue is argued to reflect the same
phenomenon35—37, 44, 45), thenAC, and Am should be
highly correlated, an expectation which is confirmed by the
plot in Figure 4. These parameters show that, for both
proteins, a large proportion of the overall exclusion of
hydrophobic groups from the bulk solvent which occurs
during folding is achieved upon formation of the I-state{65
70% for N-PGK and 4645% for CD2.d1).

It is interesting to note that the slope of the plotAohi vs
AC, is smaller for N-PGK than for CD2.d1 and that, while
Am is simply proportional to the amount of hydrocarbon
becoming exposed in a transitioB3( 24), AC, is different
for the solvation of aromatic and aliphatic groupkl)(
Hence, one contributory factor is that the N-PGK core has

a greater aromatic content. However, the difference in slope

is too large to be accounted for by this effect alone, and it
also may be true that the unfolding of N-PGK results in the
solvation of relatively more polar groups than CD2.4L],
values for the solvation of polar groups are positit@)].

0

AG (kcal mol)

-6

-8
o AG,
240 260 280 300 320 340 360
o AG.
0 . . o AG,
2 A
S 4 -
£
© L
Q
$ ]
ot
<
L (b) i
10 IR (N TR NN W N R Y S I . |
220 240 260 280 300 320 340
T (K)

Ficure 3: Variation of AG with temperature: equilibrium transi-
tions. The free energy changes associated with the UAG3|(,),
I-to-F (AGk-|), and U-to-F AGg_y) equilibrium transitions (see
Analytical Procedures) are plotted as a function of temperature for
N-PGK and CD2.d1 in (a) and (b), respectively. The continuous
curves represent fits to eq 5 (Analytical Procedures). The calculated
values for the enthalpy, entropy, and heat capacity changes
associated with these transitions are given in Table 1.

As might be expected for a protein from a thermophilic
organism, N-PGK attains its maximum stability (i.e., the
minimum value ofAGg_y) at a higher temperature than does
CD2.d1 (31°C compared to 17C). The plots ofAGvs T
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of van der Waals and hydrogen bonding interactions of the
native state, it is, at first sight, more difficult to understand
for the I-to-t transition. At least two possibilities exist to
explain this phenomenon. First, some have argued that the
I-state constitutes a collection of relatively stable, misfolded
conformations which must be unfolded before they can
achieve the native statel, 47). Bond breaking in the
folding process could, in consequence, provide a positive
enthalpy in the transition state. This seems unlikely on
structural grounds, however, since the I-states of N-PGK and
CD2.d1 have patterns of backbone hydrogen bonding
consistent with that in their respective folded stas 26).

In addition, mutagenesis shows that native contacts are well
represented in |-states6(8). Nonetheless, it remains
possible that there are other, non-native contacts which must

changes for the U, I, and t states, relative to F, are plotted here be broken to allow progression to the native state.

against their respectivervalues (also relative to F), for N-PGK

and CD2.d1. Both sets of data are highly correlated (correlation
coefficients for both are greater than 0.98). The straight line fits

yield slopes of 0.13 (N-PGK) and 0.21 (CD2.d1) kcal mdKk—1
M.

Second, it may be that the t-state occurs where the protein
chain has undergone a critical but necessary stage of
dehydration of internal nonpolar groups. In their computer
simulations of the formation of small clusters of nonpolar
solutes in water, Rank and Baket8] observe a barrier to

in Figure 3 also show that there is no temperature at which association occurring at the largest solute separation where
the I-state is the predominant species, thus precluding itsthe solvent molecules cannot penetrate substantiddly (n

characterization by scanning calorimetry.

other words, the barrier to the close-packed association of

A clear observation we make from the properties of the nonpolar groups (folding from the partially solvated I-state
I-state is that it has undergone a large reduction in heatto the fully desolvated F-state) reflects the loss of setute
capacity when compared to the unfolded state. This dem-solvent interactions (dehydration) at a solute separation far
onstrates that a large degree of desolvation has occurred irfrom the optimal van der Waals distance.
this state and that there should be a correspondingly large With regard to the relative entropies of ground and
and favorable entropy of dehydration. The fact that the net transition states and the evaluation lof,, the following
entropy change for the U-to-I transition is small implies that arguments are salient. Evidence from measurements of heat

this contribution is offset against conformational entropy and,

capacities andn-values shows that the transition state is

consequently, the structure must have become much morepartially solvated so that its decay to the folded state demands
ordered. Inspection of the folded structure of CD2.d1, for the exclusion of water molecules from the nonpolar core of
instance, shows that there are about 30 buried hydrocarborthe protein. If one were to consider a classical reaction in

residues which would yield around200 kcal mot?! upon
exclusion from the solvent at 28C. The data show that
half of this entropic contribution is realized in the I-state, a
sufficient entropic drive to maintain 75% of the residues in
the native backbone conformation.

Transition-State Barrier. The temperature dependencies

which covalent bonds were being broken and/or made, the
rate of decay of the activated complex takes a maximum
value of~10¥ s at 25°C (i.e., kyT/h), which equates with
the frequency of a single bond vibration in the gas phase.
Given the requirement for desolvation in the case of a folding
reaction (or solvation in the unfolding direction) this value

of the free energy changes associated with the rate-limiting is unrealistically large. To get some ideakqf, for a decay

I-to-t (AG*_)) and t-to-F AG*,) transition barriers for

which requires movement of water molecules from the

N-PGK and CD2.d1 are shown in panels a and b of Figure activated state we need an estimate of the rate at which this
5, respectively. To relate an individual rate constant to the can occur. The EinsteinSmoluchowski equatiord = d%

free energy change of activationG*) we use the Eyring
equation; k = K expAG*n/RT), where R is the gas

constant andt' is the rate of decay of the activated species,

27) relates the diffusion coefficienD() of a molecule in a
given medium with its diameted) and its jump-time %),
i.e., the time taken for the molecule to diffuse one diameter

i.e., the rate at which this process would occur in the absencefrom its starting position. This produces an average jump-
of a free energy barrier. While the values for the activation time for a water molecule im-butanol (an approximate

enthalpy AH*) and the activation heat capacitxC,*) do
not depend ork'(n), the uncertainty in this value precludes
an exact evaluation of the activation entrogys). The
values ofAH* and AC,* calculated for the I-to-t and t-to-F
transitions of N-PGK and CD2.d1 are given in Table 1.
While, for both proteins, formation of the transition state
from the intermediate involves further desolvation of the
chain (as evidenced by them and AC, values) the lowest
energy path for the I-to-F transition at 26 has a massive
enthalpic barrier (18.2 and 12.6 kcal mbfor N-PGK and
CD2.d1, respectively). Although a large, positivel* might

mimic of the interior of a partially dehydrated protein) at 25
°C of only ~107%° s (value forD taken from ref49).

An empirical estimate fok'(, can be derived from the
plot shown in Figure 6. Here the fractional solvent exposure
of the transition stateof = m/my = AC,fr-/ACyr—v) is
plotted against the logarithm of the unfolding rate Ki)
for a number of different globular proteins (see Analytical
Procedures). As can be seen, the correlation beteeand
In k, is remarkably good (correlation coefficient 0.84),
suggesting that the barrier to unfolding depends, at least in
part, on the proportion of nonpolar groups which must be

be expected for the F-to-t transition, owing to the disruption solvated before the chain unfolds. From this plot the rate



2544 Biochemistry, Vol. 37, No. 8, 1998 Parker et al.

1 T 1 v 1T v 7T °7T17 LI L L
16 _
= 10
— [<)
& £
g g
£ 2
++ 1=
(U] w
<
12 10
0 02 04 06 08 1 " AH
AC . JAC,., -0- -TAS (K'=10"s™)
240 260 280 300 320 340 360 O I-to-t
-0- -TAS (K'=107s")
T(K) e F-to-t 20
20 LN L L L L L L
]
18 g0
-
o =
E 16 £ o
8 &
=3
+H
G 14 -10
o 02 04 06 08 1
12
AC,, JAC .,
Ficure 7: Thermodynamic reaction profiles. In (a) and (b),
220 240 260 280 300 320 340 360 respectively, the enthalpyAH) and entropy { TAS) components
T (K) of the free energy changes associated with the U-to-I, I-to-t, and

_ . L . t-to-F transitions are plotted against the fractional solvent exposures
FIGURE 5: Variation of AG with temperature: kinetic transitions.  of the states, relative to RCox_u/ACy_u), for N-PGK and CD2.d1
The free energy changeég((;‘-*) associated with the I-to-t and F-to-t 5t their temperatures of maximal stabilifix = To/exp@ASr/AC,);
kinetic barriers as a function of temperature are shown forPGK these are 31 and T for N-PGK and CD2.d1, respectively). The

and CD2.d1 in (a) and (b), respectively. For the purposes of these 5¢tivation entropies calculated using a valu'gf of 1 x 10 and
plots, a value fok'(m at 25°C of 1 x 10's ' was used to calculate 1 , 1010 51 are shown, as indicated.

AG* (see Results and Discussion). The data have been fitted to eq
5 to obtain values for the enthalpy, entropy, and heat capacity have the same level of solvation, so it can be argued that

changes of activation (fits shown as continuous curves). Thesenis marks the upper rate for a structural transition which
values are given in Table 1. The activation entropies have also been] K barri . . hat thi e is i
calculated using a value féf at 25°C of 1 x 107s % (see Results  |aCKS a barrier. It is interesting to note that this value is in
and Discussion and Table 1). keeping with estimates &, at 25°C for protein folding

reactions £10° s1) made by Hagen et al5(Q) from a

LI consideration of the upper rate of the rearrangement of a
protein chain in aqueous solution.

For N-PGK and CD2.d1 we have calculatA&' for the
I-to-t and t-to-F transitions using values fiéf, at 25°C of
i 10" and 10° s1. These values are given in Table 1. For
- both proteins, the values for the I-to-t activation entropies
. at 25°C are positive. As the reduction in heat capacity
. shows the t-state to be less solvated than the intermediate,
the origin of this favorable entropy gain must lie in the
process of water exclusion from hydrophobic surfaces. Only
L after the transition state is surmounted is there a net entropic
penalty arising from the widespread ordering of side chains
in the fully folded state.
u The correlation betweeAm and solvent exclusion has,
FiGURE 6: Variation ofk, with fractional solvent exposure. Inthis  in the absence of any other experimental candidate, led to
plot the natural logarithm of the unfolding rate (k) has been 15 yse as a marker for the reaction coordinate of folding
plotted against the fractional solvent exposure of the transition state .
(o = my/my) for a number of different globular proteins at 26 processes&( 23,51). SinceAC, andAm are also strongly
(see Analytical Procedures). The data fit to a straight line with a correlated it seems reasonable (or at least convenient) to use
correlation coefficient of 0.84. The intercept, whei'e= 0, provides the AC, value as an indicator of “foldedness” in the
an estimate fok') at 25°C of ~1 x 10" s* (see Results and  representation of thermodynamic data. The data are plotted
Discussion). in this form in Figure 7 at temperatures where the overall
of unfolding extrapolated to a value of/my of zero gives entropy change for the folding reaction%-_u) is zero, i.e.,
a value fork'() at 25°C of 1(F—10" s*. This represents a  at their respective optimum temperatures. These profiles
condition in which the transition state and the folded state emphasize the qualitative similarity in the folding behavior

0.6 T

04 -

(m/m,)

o =
T

0.2 -




Thermodynamics of Protein Folding Reactions

of these topologically dissimilar structures and imply a 17.
common set of underlying principles governing the energetics

of the folding reaction.
Structural Implications for the Folding PathwayThe

experimental results described above are consistent with the

following structural model of the principal stages in a folding

reaction. As unfolded chains rapidly condense to form the
I-state population a large proportion of core residues are
desolvated, and the accompanying entropic advantage (with
respect to the microscopic free energy of an average chain) 2.

is balanced by the entropic cost of narrowing down the

conformational freedom of the ensemble. Hence, a high 23.
degree of structural order must be attained in this rapid

transition; otherwise, if desolvation occurred in a random
collapse, theASterm would be very large and positive. Side
chain orientation is unfixed in this population but the

backbone has become topologically defined, largely by crude
hydrophobic interactions between core side chains and by 26.
intramolecular hydrogen bonding between segments removed
from the solvent.
characterized by the orientationally specific docking of side 28.
chains, the core must completely dehydrate. The fact that

dehydration precedes precise packing is shown by the higher 29.
entropy and enthalpy of the transition state. The former is

To reach the folded state, which is

explained by the removal of solvent from the core and the

latter by poor van der Waals interactions between side chains 31.

and unsatisfied solvensolvent bonding potentials at this

critical stage of solvent exclusion. As the transition state 32
decays to the folded structure, the increasing order of the

system TAS is highly positive) is driven by bonding
contributions from optimal packing and the formation of new
solvent-solvent interactions.

REFERENCES
1. Roder, H., and Coélg W. (1997)Curr. Opin. Struct. Biol. 7
15—-28.
2. Clarke, A. R., and Waltho, J. P. (199Curr. Opin. Biotech.
8, 400-410.
3. Kuwajima, K. (1989Proteins: Struct., Funct., Genet, 87—
103.
4. Roder, H., Ei@e, G. A., and Englander, S. W. (1988jture
335 700-704.
5. Udgaonkar, J. B., and Baldwin, R. L. (198&ature 335694~
699.
6. Matouschek, A., Kellis, J. T., Serrano, L., Bycroft, M., and
Fersht, A. R. (1990Nature 346 440-445.
7. Khorasanizadeh, S., Peters, I. D., and Roder, H. (1B26)
Struct. Biol. 3 193-205.
8. Parker, M. J., Sessions, R. B., Badcoe, I. G., and Clarke, A.
R. (1996)Folding Des. 1 145-156.
9. Fersht, A. R., Serrano, L., and Matouschek, A. (12Bol.
Biol. 224, 771-782.
10. Fersht, A. R. (1995Curr. Opin. Struct. Biol. 579—84.
11. Makhatadze, G. ., and Privalov, P. L. (1990)Mol. Biol.

12.

13.

14.

15.

16.

213 375-384.

Makhatadze, G. I., and Privalov, P. L. (199B)Mol. Biol.
232 639-659.

Privalov, P. L., and Makhatadze, G. I. (199B)Mol. Biol.
232 660-679.

Griko, Y. V., Makhatadze, G. I., Privalov, P. L., and Hartley,
R. W. (1994)Protein Sci. 3669-676.

Chen, B. L., Baase, W. A.,, and Schellman, J. A. (1989)
Biochemistry 28691—-699.

Chen, X., and Matthews, C. R. (19®Bipchemistry 336356-
6362.

Biochemistry, Vol. 37, No. 8, 1998545

Oliveberg, M., and Fersht, A. R. (1998jochemistry 35
2738-2749.

18. Schindler, T., and Schmid, F. X. (199B)ochemistry 35

19.

20.

16833-16842.

Segawa, S., and Sugihara, M. (19B#polymers 232473~
2488.

Tan, Y. J., Oliveberg, M., and Fersht, A. R. (1996)Mol.
Biol. 264, 377—389.

21.Hosszu, L. L. P., Craven, C. J., Spencer, J., Parker, M. J.,

24.
25.

Clarke, A. R., Kelly, M., and Waltho, J. P. (199jochemistry
36, 333-340.

Driscoll, P. C., Cyster, J. G., Campbell, I. D., and Williams,
A. F. (1991)Nature 353 762-765.

Parker, M. J., Spencer, J., and Clarke, A. R. (120%}lol.
Biol. 253 771-786.

Parker, M. J., and Clarke, A. R. (199Bjochemistry 36
5786-5794.

Hosszu, L. L. P., Craven, C. J., Parker, M. J., Lorch, M.,
Spencer, J., Clarke, A. R., and Waltho, J. P. (199@&)jure
Struct. Biol. 4 801-804.

6. Parker, M. J., Dempsey, C. E., Lorch, M., and Clarke, A. R.

(1997)Biochemistry 3613396-13405.

ltzhaki, L. S., Otzen, D. E., and Fersht, A. R. (1995Mol.
Biol. 254 260-288.

Jackson, S. E., el Masry, N., and Fersht, A. R. (1993)
Biochemistry 3211270-11278.

Serrano, L., Matouschek, A., and Fersht, A. R. (1992)ol.
Biol. 224 805-818.

30. Serrano, L., Kellis, J. T., Cann, P., and Matouschek, A. (1992)

J. Mol. Biol. 224 783—-804.

Hernadez, E. L., and Serrano, L. (19989lding Des. 143—

55.

Yamasaki, K., Ogasahura, K., Yutani, K., Oobatake, M., and
Kanaya, S. (1995Biochemistry 3416552-16562.

33. Milla, M. E., Brown, B. M., Waldburger, C. D., and Sauer,

34.

35

36.

37.
38.
39.
40.

41.
. Nemethy, G., and Scheraga, H. A. (1962Chem. Phys. 36

43.

44,
45,

46.

47.

48

R. T. (1995)Biochemistry 3413914-13919.
Johnson, C. M., and Fersht, A. R. (19%ipchemistry 34
6795-6804.

. Shortle, D., Meeker, A. K., and Freire, E. (1983)chemistry

27, 4761-4768.

Staniforth, R. A., Burston, S. G., Smith, C. J., Jackson, G. S.,
Badcoe, I. G., Atkinson, T., Holbrook, J. J., and Clarke, A.
R. (1993)Biochemistry 323842-3851.

Myers, J. K., Pace, C. N., and Scholtz, J. M. (199H)tein
Sci. 4 2138-2148.

Schellman, J. A. (1955)rav. Lab. Carlsberg, Ser. Chim. 29
223-229.

Frank, H. S., and Evans, M. W. (1945) Chem. Phys. 13
507-515.

Gill, S. J., Dec, S. F., Olofsson, G., and Wadso, I. (19B5)
Phys. Chem. 883758-3765.

Muller, N. (1990)Acc. Chem. Res. 223—28.

3401-3408.

Spolar, R. S., Livingstone, J. R., and Record, M. T., Jr. (1992)
Biochemistry 313947-3955.

Tanford, C. (1970Adv. Protein Chem. 241—95.

Alonso, D. O. V., and Dill, K. A. (1991Biochemistry 30
5974-5985.

Kiefhaber, T. (1995proc. Natl. Acad. Sci. U.S.A. 99029
9033.

Mirny, L. A., Abkevich, V., and Shakhnovich, E. I. (1996)
Folding Des. 1103-116.

. Rank, J. A., and Baker, D. (199P)otein Sci. § 347—354.
49,

Weast, R. C. (198%)andbook of Chemistry and Physi@®th
ed., CRC Press, Boca Raton, FL.

. Hagen, S. J., Hofrichter, J., Szabo, A., and Eaton, W. A. (1996)

Proc. Natl. Acad. Sci. U.S.A. 931615-11617.

. Matouschek, A., and Fersht, A. R. (199pc. Natl. Acad.

Sci. U.S.A. 907814-7818.
BI972459K



