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ABSTRACT: The 56 amino acid B domain of protein G (Gg) is a stable globular folding unit with no disulfide
cross-links. The physical properties of Gg offer extraordinary flexibility for evaluating the energetics of
the folding reaction. The protein is monomeric and very soluble in both folded and unfolded forms. The
folding reaction has been previously examined by differential scanning calorimetry (Alexander et al., 1992)
and found to exhibit two-state unfolding behavior over a wide pH range with an unfolding transition near
90 °C (Gg1) at neutral pH. Here, the kinetics of folding and unfolding two naturally occurring versions
of Gp have been measured using stopped-flow mixing methods and analyzed according to transition-state
theory. Gg contains no prolines, and the kinetics of folding and unfolding can be fit to a single, first-order
rate constant over the temperature range of 5-35 °C. The major thermodynamic changes going from the
unfolded state to the transition state are (1) a large decrease in heat capacity (AC,), indicating that the
transition state is compact and solvent inaccessible relative to the unfolded state; (2) a large loss of entropy;
and (3) a small increase in enthalpy. The most surprising feature of the folding of G compared to that
of previously studied proteins is that its folding approximates a rapid diffusion controlled process with little
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increase in enthalpy going from the unfolded to the transition state.

Protein G is a multidomain component of the cell wall of
some streptococcal species and binds toall subclasses of human
IgG by the constant Fcregion. It is organized into functional
domains similar to those of staphylococcal protein A
(Akerstrom & Bjorck, 1986), and the IgG-binding domains
are similar in size. The IgG-binding function of protein G is
contained in a globular domain of 56 amino acids designated
Gg (Fahnestock et al., 1986). The basic folding pattern of
the Gp domain consists of a four-stranded $-sheet spanned by
an a-helix (Figure 1). No homology exists between the IgG-
binding domains of protein A and protein G on the levels of
either primary or tertiary structure. The isolated Gg domain
ison the lower limit insize for a stable unique protein structure,
yet it achieves its stability without disulfide bonds or tight
ligand binding. Inmost general features, the thermodynamics
of the folding reaction are similar to monomeric, globular
proteins of much larger size (Alexander et al., 1992). Its
small size permits the application of numerous biophysical
techniques to study the folding and stability.

We have previously cloned and expressed two naturally
occurring variations of the IgG-binding domain (Gg; and Gp;)
of streptococcal protein G and characterized the thermody-
namics of the unfolding reaction (Alexander et al., 1992).
Gspi1 and Gg; differ by six amino acid substitutions (Figure 2)
and have reversible two-state unfolding transitions over a wide
range of pH. Thestructures of Gg; and Gp; have beenstudied
by two-dimensional NMR! methods (Lian et al., 1991;
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! Abbreviations: CD circular dichroism; AHcq, calorimetric enthalpy
for unfolding; AHyu, van’t Hoff enthalpy for unfolding; AS.., chain
entropy; AS,, entropy due to the hydrophobic effect; DSC, differential
scanning calorimetry: EDTA, disodium salt of the ethylenediaminetet-
raacetic acid; N, native state; NMR, nuclear magnetic resonance; [P],
protein concentration; PAGE, polyacrylamide gel electrophoresis; 7, tem-
perature; T, temperature of thermal melting; TS, transition state; U,
unfolded state.

FIGURE 1: Schematic diagram of the global fold of Gg.

Gronenborn et al., 1991; Orban et al., 1992). The physical
properties of Gp offer extraordinary flexibility for evaluating
the energetics of the folding reaction. The protein is mon-
omeric and very soluble in both folded and unfolded forms.
As will be described below, the folding reaction can be
described in terms of a two-state reaction:
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where k; and k; are first-order rate constants for unfolding
and folding, respectively. The thermodynamics of the folding
reaction over the pH range of 2.0-11.2 have been examined
by DSC (Alexanderetal.,1992). AtpH 5.4,Gp; hasa thermal
denaturation temperature of 87.5 °C and Gg,, 79.4 °C. Here,
we compare the kinetics of the unfolding and refolding
reactions of Gg; and Gga and characterize the thermodynamics
of the transition state.

MATERIALS AND METHODS

Stopped-Flow Kinetic Measurements. Gp was purified as
previously described (Alexander et al., 1992). The unfolding
and refolding reactions were followed by monitoring the change
in extinction at 293 or 250 nm on a Hi-Tech SF-51 stopped-
flow spectrophotometer interfaced with a Compac 386 PC.
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FIGURE 2: Secondary structure elements in Gy, illustrating the polar
(p) and apolar (a) regions in the a-helix (A) and the -sheets (B).
The six amino acid substitutions found in Gp; are shownin parentheses.
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FIGURE 3: CD spectra of Gp;. Spectra were obtained in a Jasco 720
spectropolarimeter using a water-jacketed cell of 0.1-mm path length
at 25 °C in potassium phosphate buffer at the indicated pH’s.

Temperature was controlled by a circulating water bath with
the two mixing syringes completely immersed in the ther-
mostated water. A temperature probe embedded in a metal
block surrounding the optical chamber indicated the tem-
perature. A final mixing volume of 200 uL was achieved by
injection of 100 uL from each syringe driven by a pneumatic
piston. All solutions used in stopped-flow experiments were
filtered by sterile 0.2-um Acrodisc syringe filters (Gelman
Sciences) to remove any particulates. The filters were
thoroughly washed with 50 mL of the appropriate buffer to
rinse away any organic contaminants present on the mem-
branes.

To monitor the unfolding reaction, lyophilized Gg was re-
hydrated in deionized distilled water to a concentration of
approximately 0.5 mg/mL and loaded in one of the syringes;
0.2 M potassium phosphate, pH 12.0, was added into the
other. The solutions were mixed yielding 0.25 mg/mL Gg
0.1 M potassium phosphate, pH 12. Gg is completely
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FIGURE 4:; Stability profiles of Gs) and Gp; at pH 11.2 and 12.0.
Heavy lines represent AG for unfolding computed from CD melting
data. The thin lines are curves fitted to the equation AG = AH, -
TASy + AC,(T - Ty — T In (T/Ty)), where AH, and AS), are the
enthalpy and entropy of unfolding evaluated at reference temper-
ature Ty (see text).

denatured in 0.1 M phosphate, pH 12.0, at 25 °C (see below).

The refolding was achieved by a pH jump and was monitored
by starting with denatured Gg ~0.5 mg/mL, 0.1 M potassium
phosphate, pH 12.0, in one syringe and 0.1 M potassium
phosphate, pH 7, in the other. Mixing in this instance yields
0.25 mg/mL Gg, 0.1 M potassium phosphate, pH 11.2. Time
scales varied from 0.02 to 1 s at temperatures from 5 to 35
°C.

Circular Dichroism. AllCD measurements were performed
with a Jasco 720 spectropolarimeter using a 0.1-mm water-
jacketed cell. Temperature control was provided by a Neslab
RTE-110 circulating water bath interfaced with a MTP-6
temperature programmer. Protein solutions were 3 mg/mL
in 0.1 M potassium phosphate buffers.

RESULTS
Thermodynamics of Unfolding

Gp maintains its native structure at 25 °C over the pH
range of 1.5-11.0. The kinetic studies of folding reported
here were carried out at pH 11.2. At neutral pH, the rate of
folding is too rapid to measure by conventional stopped-flow
methods, as will be described below in detail. In order to
better interpret the kinetic results, the stability of Gp; and
Gg: in the high pH range were examined by circular dichro-
ism. AtpH 12.0, both Gg; and Gp; are completely denatured
at 25 °C. The CD spectra of the Gg; domain at pH 7.0, 11.2,
and 12.0 are shown in Figure 3. At pH 11.2, the melting
temperature of Gp; is 43 °C and of Gp, is 36 °C as determined
by CD melting. These values are in good agreement with the
T, of Gp) determined at pH 11.2 by DSC (Alexander et al.,
1992). The unfolding reaction at pH 11.2 was previously
determined by DSC to follow a two-state model for unfolding,
consistent with equilibrium thermodynamics as expressed in
the van’t Hoff equation, (d In X)/dT = AHyu/(RT 2), with
AH,y, the van’t Hoff enthalpy, or apparent enthalpy, equal
tothe calorimetric, AH,, or true enthalpy. From CD melting
experiments at pH 11.2and 12.0, the AGunsolding Was determined
as a function of temperature (Figure 4). At pH 12.0, AG for
both proteins is <0 at all temperatures with the maximum
stability of the folded state occurring around 0 °C. The equi-
librium constant for folding can only be determined in the CD
at temperatures close to the Ty, where the fraction of both
folded and unfolded forms can be accurately measured. The
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Table I: Thermodynamic Parameters of the Folding Reaction?

Table II: Rate Constants for Folding and Unfolding®

AG AH AS AC

?
(kJ/mol)  (kJ/mol} kJ/°mol  kJ/(deg-mol)
pH 11.2,25 °C
Gmi
U=TS 64.8 16.8 -0.161 -1.9
U=N -6.1 -83.6 -0.260 -2.9
Gg2
U=TS 62.4 15.3 -0.157 -2.0
U=N -39 -93.9 -0.302 -2.9
pH 12.0,5°C
Gpy
N=TS 69 109 0.144 0.9
N=U -1.4 62 0.228 2.9
Gp
N=TS 65 102 0.134 0.9
N=U —4.0 60.2 0.230 2.9

@ Thermodynamic parameters for the U= TS and N = TS reactions
were determined according to transition-state theory using the Eyring
equation. Parameters for the U = N and N = U reactions were
determined from CD melting experiments and eq 1 in the text. AC, =
2.9 was previously determined by DSC (Alexander et al., 1992).

AGnfolging can be extrapolated to temperatures beyond the
experimentally observable range, however, using the Gibbs-
Helmbholtz equation:

AG = AHy~TAS,+ AC(T-T,-TIn(T/Tp)) (1)

where AHpand ASpare the enthalpy and entropy of unfolding
evaluated at a reference temperature 7o and AG is the free
energy of unfolding at temperature T (Brandts, 1964; Pace
& Tanford, 1968; Privalov & Khechinashvili, 1974; Privalov,
1979; Becktel & Schellman, 1987). AC,has been determined
from calorimetric experiments to be 2.9 kJ/(deg:mol) (Al-
exander et al., 1992). The calculated curves shown in Figure
4 were generated by nonlinear least-squares fit of the data
using eq 1 with AC, = equal to 2.9 kJ/(deg-mol). Values of
AG, AH, and AS obtained from the curve fitting are shown
in Table I. The thermodynamic parameters obtained at pH
11.2 are in good agreement with the values obtained by DSC
(Alexander et al., 1992). AGunsoiding at pH 11.2 and 25 °C
is 6.1 and 3.9 kJ/mol for Gp; and Ggy, respectively. At pH
12.0and 5 °C, AGynfoiding is —1.4 and —4.0 kJ /mol for Gp; and
Gp,, respectively.

Dependence of T, on pH. The melting transition tem-
perature for Gy decreases rapidly above pH 11.0 due to the
increasing negative charge of the protein. The change in the
number of protons bound to the unfolded state (n,) and the
folded state (n) can be determined over the pH range 11-12
from the dependence of T, on pH, according to the equation
(Privalov, 1979)

n, —n; = (AH/2.303RT,*)(8T,,/3pH) )

Sufficient data points were obtained over this pH range for
Gp; to fit the T, dependence on pH to the equation

T_(K) = 887 — 51(pH) (3)

Using AH = 84 kJ/mol, T, =298 K at pH 11.5, and the slope
fromeq 3, we calculate that 2.5 protons/molecule are released
upon unfolding at pH 11.5. The Ty, dependence of Gg; on
pH is similar to that of Gp;. Presumably, this loss of protons
upon unfolding at high pH is due to deprotonation of the three
tyrosines in Gp as they are exposed to solvent. Two of the
tyrosines (Y3 and Y45) arelargely buried in the native protein,
and the third (Y33) is partially buried (Gronenborn et al.,
1991; Orban et al., 1992).

folding rate constant unfolding rate constant

temp (s, pH 11.2 1), pH 12,0
(°C) Gpi Gn: Gai (€):7)

5 7.9£0.1 220+0.3 0.71 £ 0.01 3.65 £ 0.05
10 125+05 343z%x1.2 1.28 £ 0.01 824 £0.1
15 169+03 474%=09 3.03x0.16 19.36 £ 0.3
20 213403 60721 7.21 £ 0.07 44,6 £0.6
25 25507 733x27 17.1£0.2 102+ 1.0
30 329+£1.2 788+£47 43.2x03 233%£7
35 299+ 3.1 111.5+1.5 447 + 22

@ Rate constants were determined by fitting spectroscopic data to a
first-order kinetic equation. Values reported above are the average of
five experiments for each condition.

Kinetics of Unfolding and Refolding

We have measured the rate of unfolding at pH 12.0 and the
rate of refolding at pH 11.2. The unfolding and refolding
rates are rapid and have been followed spectrophotometri-
cally using a stopped-flow mixing device as described under
Materials and Methods. In the refolding experiments the
protein was denatured at pH 12.0 and then renatured by
jumping the pH to 11.2. Gg; and Gp; contain one tryptophan
and three tyrosines, which are largely buried in the native
state. Theextent of unfolding and refolding can be monitored
by the change in tyrosine and tryptophan extinction vs time.
The extinction coefficient at 293 nm decreases by 18% upon
refolding at pH 11.2. At pH 12.0, Ey; increases by 23%
upon unfolding. The large changes in extinction upon
unfolding and refolding at high pH presumably are due to the
change in ionization of the three tyrosines as they are solvated
during unfolding or desolvated during folding.

Refolding was monitored at high pH in order to slow the
folding rate. At pH 6.6 and 25 °C, folding is complete in less
than 2 ms (the mixing time of our stopped-flow cell). The
first-order rate constants for refolding at 25 °C, pH 11.2, are
20.3 & 0.3 57! for Gp; and 60.7 £ 2.1 s~! for Gp, (Table II).
Thekinetic curves for both refolding at pH 11.2 and unfolding
at pH 12.0 can best be fit to a first-order equation with a
single rate constant. Gp contains no prolines which could
introduce complexity in the refolding rate due to cis—trans
isomerization. Examples of kinetic curves of Gp; refolding
and the first-order fits are shown in Figure 5.

Temperature Dependence of the Refolding Rate. First-
order rate constants (k) for folding at pH 11.2 over the tem-
perature range of 5-35 °C are given in Table II. A plot of
In k vs 1/T is not linear, indicating that the folding reaction
cannot be described in terms of simple Arrhenius theory. This
behavior has been observed previously for the folding reaction
of other proteins (Pohl, 1968; Chen et al., 1989; Jackson &
Fersht, 1991). A change in heat capacity going from the
unfolded state (U) to the transition state (TS) is expected
since the overall AC, uatording i 2.9 kJ/mol and would explain
the observed curvature in an Arrhenius plot.

To learn the general thermodynamic characteristics of the
transition state, we have fit our data using transition-state
theory according to the Eyring equation:

AG* = -RTIn K* = —RT In (kh/kzT) @)

where kp is the Boltzman constant, 4 is Planck’s constant, and
k is the first-order rate constant for folding. Graphs of In
(kh/ksT) vs 1/T (in Kelvin) for folding are shown in Figure
6A. The data are fitted to the equation (Chen et al., 1989)

InK*=A+ B(T,/T) + Cln (T,/T) 5
where 4 = [-AC,* + AS*(To)]/R; B=-A- AG*(To)/RTy;
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FIGURE 5: Kinetics of refolding Gp; as a function of temperature. Refolding kinetics were measured by stopped-flow absorption spectroscopy.
Curves have been fitted to a first-order kinetic equation with a single rate constant.

C=-AC,*/R. Thermodynamic parameters for the transition
state for folding at pH 11.2 obtained from the fitted curves
are summarized in Table L.

This treatment of the kinetic data is based on vibrational
theory in which the frequency of breakdown of the transition
state to product is equal to kkgT/h, where « is a transmission
coefficient assumed to beequal toone. Asdiscussed previously
by Chen et al. (1989, 1992), it is doubtful that this theoretical
treatment is applicable to protein folding reactions in all
respects; thus thermodynamic parameters determined for the
transition state for the B domain should be viewed circum-
spectly.

The pronounced curvature of plots of the folding reaction
is due to the large AC,* (-2 kJ/(deg:mol)). The change in
heat capacity associated with formation of the transition state
is about 70% of the total heat capacity change for folding
(ACy unfording = 2.9 kJ/(deg:mol)). AC, for protein folding
has been shown to be closely correlated with the change in
exposure of hydrophobic groups to water (Livingstone et al.,
1991), thus the transition state (TS) appears to be compact
and more similar to the fully native state (N) than to the
unfolded state (U). Similar observations were made for a T4
lysozyme mutant in 3 M Gu-HCI (Chen et al., 1989) and for
chymotrypsin inhibitor 2 (Jackson & Fersht, 1991). The
values of AS* indicate that entropy is lost going from the U
to TS. There is also an overall loss in entropy going from the
Uto N at 25 °C. Because the folding reaction is a two-state
process, we can calculate the rates of unfolding as a function
of temperature at pH 11.2 according to the equation AGy,-
foiding = RT In (k¢/k,). Calculated curves of In K*, vs 1/K
are also shown in Figure 6A. The intersection of the curves,
where ks = ky, occurs at the Ty,.

Temperature Dependence of the Unfolding Rate. First-
order rate constants for unfolding at pH 12.0 over the tem-

perature range of 5-35 °C are shown in Table II. A plot of
In kvs 1/ T for the unfolding reactionis almost linear, indicating
that the change in heat capacity going from the folded state
to the transition state is small (Figure 6B). Thermodynamic
parameters of the transition state for unfolding at pH 12.0,
obtained from data fit to eq 5, are summarized in Table I.

Note that Gp; is thermodynamically more stable than Gg;
at both pH 11.2 and 12.0 (Figure 6 and Table I). The rate
of refolding, as well as unfolding, however, is slower for Gp,
than Gp; (panels A and B in Figure 6). The same trends in
stability and folding and unfolding rates for Gg; and Gp; are
also observed at pH 11.6. The kinetic behavior indicates that
TS of Gg; is more stable (lower energy) than TS of Gg;,
unless there happen to be closely compensating changes in the
energy of the folded and unfolded states of Gp; and Gp,.

DISCUSSION

Kinetic measurements are the only way to gain thermo-
dynamic information about the transition state of folding,
since it is too infrequently populated to be directly observed.
Application of transition-state theory to kinetic data can yield
specific thermodynamic information about the transition state
for folding, subject to the accuracy of several assumptions
which have been previously discussed in Chen et al. (1989,
1992). The major thermodynamic changes going from the
unfolded state to the transition state are (1) a large decrease
in heat capacity (ACy), indicating that the transition state is
compact and solvent inaccessible relative to the unfolded state;
(2) a large loss of entropy; and (3) a small increase in en-
thalpy (Figure 7).

Entropic Changes in Folding. The ASioding for Gg was
determined to be —0.26 kJ/(deg-mol) at pH 11.2 and 25 °C.
This value results from the increased entropy from the loss
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FIGURE 6: Temperature dependence of folding and unfolding rate
of Gg, and Gg,. The natural log of the equilibrium constant for the
transition state (In (kh/kgT)) is plotted vs the reciprocal of the absolute
temperature. (A) Refolding data at pH 11.2 for Gg, and Gy, are
fit according to eq 5 in the text with T = 298 K. The corresponding
curves for unfolding at pH 11.2 are calculated according a two-state
unfolding model. Theintersections of the folding and unfolding curves
occur at the thermal denaturation temperatures for Gg, and Gg,. (B)
Unfolding data at pH 12.0 for Gg; and Gp; are fit according to eq
5 in the text with To = 298 K. The corresponding curves for re-
folding at pH 12.0 are calculated according a two-state unfolding
model. The lack of points of intersection of the folding and unfolding
curves indicates that AGuasuing < O at all temperatures for Gg; and
Gm.
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FIGURE 7: Reaction profile of folding process. Thermodynamic
parameters AG, AH, and TAS are plotted vs the state of the protein
as it proceeds from the U to TS to N at pH 11.2 and 25 °C (part
A) and from N to TS to U at pH 12.0 and 5 °C (part B). The
reference energies are arbitrarily set to the native state.

of ordered water due to the hydrophobic effect (AS,) being
exceeded by the loss in entropy due to ordering the polypep-
tide (ASc). The AS. has been previously estimated to be
~ —0.9kJ/(deg:mol) by extrapolating AS measurements made
by DSCt0 110 °C (Alexander et al., 1992). There is general
agreement that the AS', vanishes near this temperature (Bald-
win, 1986; Privalov & Gill, 1988). Thus, the residual AS at
110 °C can be attributed to chain entropy. The AS,. value
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of ~ —16 kJ/(deg-mol) per residue for Gy is typical of other
globular proteins. The extrapolation of AS measurements to
110 °C is probably reasonably accurate for Gg; since the
melting temperature at pH 5.4 is 87.5 °C. At 87.5 °C, the
experimentally determined ASyqging =—0.72kJ/(deg-mol) (Al-
exander et al., 1992). Assuming that AS.. is independent of
temperature, then at 25 °C, AS), is equal to AStyding (—0.26
kJ/(deg:mol)) - AS.(-0.9 kJ/(deg'mol)) = 0.64 kJ/
(deg'mol).

The kinetic experiments described here show that AC,* =
~2.0 kJ/(deg-mol), which indicates that ~70% of the native
hydrophobic burial occurs in the transition state. One can
calculate that most of the ordering of the polypeptide chain
therefore must occur going from U to the TS as follows. There
is a net loss of entropy going from U to TS at pH 11.2 and
25°C (AS*=-0.16kJ/(deg-mol)). Thus,thegaininentropy
from the hydrophobic effect is exceeded by the loss in entropy
due to ordering the polypeptide with AS* = AS*, + AS*.;
70% of AS, is 0.45 kJ/(deg-mol), so the predicted loss of
chain entropy (AS*..) is —0.6 kJ/(deg-mol). Folding events
going from TS to N result in the remaining 30% of the total
hydrophobic burial, so remaining loss of chain entropy of going
from TS to the native state is ~ —0.3 kJ/(deg:mol). In
summary, about two-thirds of the chain entropy is lost going
from U to TS, and the remaining one-third is lost going from
TS to N.

Enthalpic Changes in Folding, The change in enthalpy
going from U to TS is small compared to the enthalpic changes
found for chymotrypsin inhibitor 2 (CI-2) (Jackson & Fer-
sht, 1991) and an I3C-C97 disulfide mutant of T4 phage
lysozyme (Chen et al., 1989). AH* for T4 lysozyme is 22
kcal/mol (92 kJ/mol) at 12 °C at pH 5.0. AH* for CI-2 is
12kcal/mol (50kJ/mol) at25°Cand pH 6.3. By comparison,
little enthalpic cost is required for Gp to go from the Uto TS,
with AH* for Gp; = 16.8 kJ/mol at 25 °C and pH 11.2. We
know that folding of Gy near pH 7.0 requires less than 2 ms.
We can therefore put a lower limit on the rate constant for
folding at pH 7.0 of ~103s-!. From our results at pH 11.2
and 12.0, AS* appears to be relatively independent of pH
(Figure 7). We therefore estimate that AH* is <8 kJ/mol
at pH 7.0. Thus, almost all the activation free energy for
folding Gp at neutral pH is due to the loss of entropy going
to the transition state. The folding of Gp therefore appears
to be primarily a diffusion controlled process.

Structure of the Transition State. Presumably, as the
protein condenses to the transition state, protein—protein
interactions such as hydrogen bonds form in TS to compensate
for the loss of protein—water hydrogen bondsin U. The specific
protein—protein interactions that form in TS only roughly
balance the loss of enthalpy from protein solvent interactions
in U, however. A large decrease in enthalpy (~100 kJ/mol)
drives the conversion of TS of Gg; to N at pH 11.2. One
would assume that this large enthalpic change is due to the
formation of many of the native protein—-protein interactions
such as hydrogen bonds. TS, though compact and solvent
inaccessible relative to the unfolded form, would nevertheless
appear to lack many of the native interactions.

The energy of TS is affected by six amino acid differences
between Gp; and G2 (I6V, L71, E19K, A24E, V29A, E42V).
Gp, is thermodynamically more stable than Gp; by about 2
kJ/molat pH 11.2, but the TS of Gy, appears to be less stable
(higher energy), resulting in both slower folding and unfolding.
The slower folding and unfolding of Gg; could be due to its
greater negative chargeat alkaline pH. Theincreasing charge
density as the protein becomes compact during early folding
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may destabilize the TS of Gp; relative to Gp;. This seems to
be reflected in the relative enthapies of the transition states.
AH* for Gp, is 1.5 kJ/mol greater than AH* for Gg, (Table
I). Once the native stateis achieved, the charged residues are
distributed such that the higher charge density of Gg; is no
longer detrimental to stability.

The thermodynamic picture of the transition state for Gg
is consistent with a compact form which nevertheless lacks
many native protein—protein interactions. This state could
be similar to the molten globule (A-state) in the model U =
A <= N (Kuwajima, 1989; Baldwin, 1989). Calorimetric
studies have indicated that only small enthalpy changes
accompany the transition from the A-state to the unfolded
state [e.g., Bertazzon et al. (1990) and Xie et al. (1991)]. The
A-state of most proteins is generally thought to be alow energy
intermediate resulting from a rapid condensation of hydro-
phobicsurface and occurring prior to the transition state [e.g.,
Garvey et al. (1989)]. For Gp, however, the A-state may be
the highest energy state in the folding pathway. Gg does not
appearto have a “high energy” transition state typical of larger
proteins. The transition state of Gg seems to formina diffusion
controlled process and has only slightly higher enthalpy than
the unfolded state. Perhaps, because of its small size, few
enthalpically unfavorable structural adjustments may be
required in going from the A-state to the native form of Gg.
The hydrophobic core of Gg consists primarily of the conserved
residues L5, A26, F30, W43, Y45,F52,and V54. Inaprotein
with a larger hydrophobic core, the A-state may contain many
more nonnative-like structures and require enthalpically
unfavorable adjustments to reach the native state. Experi-
ments are in progress using hydrogen—deuterium pulse-labeling
and analysis by 2D-NMR methods, which should reveal more
specific structural information about the folding pathway of
Gs.
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