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ABSTRACT: A series of core mutations were introduced intoâ-strand segments of an immunoglobulin
fold (the isolated first domain of CD2, CD2.d1) to examine their influence on the rapidly formed
intermediate state (I-state) which transiently accumulates in the folding reaction [Parker, M. J., and Clarke,
A. R. (1997)Biochemistry 36, 5786-5794]. The residue changes were chemically conservative, each
representing the removal of one or two methylene groups from aliphatic side chains. Predictably, the
mutations destabilize the folded state with respect to the unfolded state by about 1.1( 0.7 kcal mol-1 per
methylene group removed. However, when the folding reaction is dissected by transient kinetic analysis
into its component steps, six out of the nine mutations lead to a stabilization of the I-state. The direction
and magnitude of these effects on the global stability of the transient intermediate are well correlated
with changes in secondary structure propensity occasioned by the substitutions. The results show that,
although side chain interactions are extremely weak in this early phase of folding, theâ-strand conformation
of the polypeptide chain is established. In the next phase of the reaction, the rate-limiting transition state
is attained by the formation of a tightly localized hydrophobic nucleus which includes residues V30, I18,
and V78. Interestingly, in almost all immunoglobulin domains of extracellular proteins, the latter pair are
cysteine residues which form a disulfide bridge.

While it has long been maintained that the chief driving
force in achieving and maintaining the native state of protein
molecules is the hydrophobic interaction (1, 2), the role
played by other interactions, such as main chain torsion angle
preferences and backbone hydrogen bonding, remains a
subject of some debate. The emphasis placed on the relevance
of these interactions has a marked influence on how we view
the process of protein folding. In hierarchic models of protein
folding, for example, main chain torsion angle preferences
and short-range backbone hydrogen bonding interactions play
an important role in predisposing parts of the sequence to
forming native-like elements of secondary structure in the
earliest stages of folding (3-5). In contrast, hydrophobic
collapse models view the early stages of folding as being
driven by the global and random association of nonpolar
groups (6, 7). The greatly reduced number of possible chain
configurations in these compact states is then proposed to
reduce the scale of the search problem (8).

Despite the cooperative nature of the folding mechanism,
there is an increasing number of examples of proteins where
folding begins with the rapid formation of well-populated
intermediates (9, 10). Such intermediates are compact and
contain extensive native-like secondary structure. They do,
however, lack the intimate side chain contacts characteristic

of the native state and are still partially hydrated. Given the
complexity of the search problem, studying these transient
species offers an opportunity to understand the basic
sequence determinants for limiting conformational freedom.
The mechanistic relevance of these species has been brought
into question however. While some maintain that these
species are an essential and relevant part of the folding
process (9, 10), others argue that they are misfolded structures
which actually inhibit the folding reaction (11, 12). Either
view depends, to a large degree, on the extent to which the
types of interaction listed above direct the chain toward its
native topology in these early stages of structure acquisition.
Resolution of these arguments therefore demands the detailed
elucidation of the structural, energetic, and dynamic proper-
ties of these rapidly formed intermediates.

The 98-residue, N-terminal domain of rat CD2 (CD2.d1)1

is an all-â protein belonging to the IgG superfamily but,
unusually, contains no disulfide bridge (13). Kinetic studies
reveal that this protein folds via the rapid formation of an
intermediate which precedes the rate-limiting formation of
the folded state (14). The structure of this state has been
extensively probed by hydrogen-deuterium exchange studies
(15, 16), and its thermodynamic properties have been
assessed by the temperature dependence of kinetic parameters
(17). Taken together, the results of these experiments imply
a high degree of native-like chain organization in the I-state.
In a further effort to address the issues raised above, we now
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examine the effect of side chain truncations on the stability
of both the I-state and the rate-limiting transition state in
the folding reaction.

EXPERIMENTAL PROCEDURES

Source of Protein.All mutants of CD2.d1 were generated
using the one-sided overlap extension method (18) using a
Perkin-Elmer DNA thermal cycler and cloned into the
pGEX-2T glutathioneS-transferase (GST) fusion vector
(Pharmacia). Resulting constructs were transformed into
competentEscherichia coli HB2151 cells (Pharmacia).
Plasmid DNA from transformants overexpressing GST fusion
proteins, as assessed by SDS-PAGE, was prepared and
sequenced to check for incorporation of correct mutant
codons and to ensure no random errors had been incorporated
into the rest of the gene. Oligonucleotides used for mutagen-
esis and sequencing were obtained from Cruachem 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 previously (14). Protein concentrations were
estimated by UV absorption of aromatic residues at 280 nm
[ε ) 5500 M-1 cm-1 for tryptophan (two residues) and 1100
M-1 cm-1 for tyrosine (two residues)].

Equilibrium and Kinetic Folding and Unfolding Measure-
ments.Guanidine hydrochloride (GuHCl) (Sigma Chemical
Co.)-induced equilibrium unfolding profiles were measured
by fluorescence spectroscopy, as described previously (14).
The GuHCl-dependent folding and unfolding rates were
measured by fluorescence stopped-flow spectroscopy, as
described previously (14). Both equilibrium and kinetic
measurements were carried out in 50 mM triethanolamine
hydrochloride (TEA) (Boehringer Mannheim) (pH 7.5).
Sodium sulfate (Na2SO4) (Sigma Chemical Co.) was added
to GuHCl and protein solutions at appropriate concentrations
to give the denaturant activities defined below.

All reaction solutions were maintained at 25°C 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
than(0.1 °C.

ANALYTICAL PROCEDURES

Denaturant ActiVity. For the analysis of equilibrium and
kinetic data, the guanidine hydrochloride concentration
([GuHCl]), in the presence and absence of Na2SO4, is
converted to a common molar denaturant activity (D) by the
following relationship:

whereC0.5 is a denaturation constant with a value of 7.5 M
(19).

This treatment has been dealt with in detail elsewhere (14,
15, 19), and the coefficient of 2.6 is derived from the linear
relationship between Na2SO4 concentration and denaturant
activity between 0 and 0.4 M (i.e., solutions of 0, 0.1, 0.2,
0.3, and 0.4 M Na2SO4 give molar denaturant activities of
0, -0.27,-0.51,-0.78, and-1.03 M, respectively).

Treatment of Equilibrium Data.Equilibrium fluorescence
profiles were fitted to the equation

with temporary variables

whereRF andRU are the fractional populations of molecules
in the folded (F) and unfolded (U) states, respectively,I, IF,
andIU are the fluorescence intensities (measured, folded, and
unfolded, respectively),KF/U is the equilibrium constant ([F]/
[U]) at a given denaturant activity,KF/U(W) is this equilibrium
constant in water, andmU is the exponential reduction in
KF/U as a function of denaturant activity (it has units of M-1).

Treatment of Kinetic Data.The transients of fluorescence
intensity (I) versus time, which are single, first-order
processes, in both the folding and unfolding directions, were
fitted to the equationI ) Ia[1 - exp(-kt)] + Io for rising
intensities (whereIa is the fluorescence amplitude of the
reaction,k is the observed rate constant for relaxation, and
Io is the initial intensity) and toI ) Ia exp(-kt) + I f for
decreasing intensities (whereI f is the final fluorescence
intensity).

Rate profiles [observed rate constant (kobs) vs denaturant
activity] were fitted to the equation

wherekI-F andkF-I are rate constants describing the forward
and reverse transitions, respectively, between the folded and
intermediate (I) states andKI/U is the equilibrium constant
([I]/[U]) for the rapid interconversion of the intermediate and
unfolded states (19). In the fitting routine, the following
temporary variables were used:

where the subscript W describes the rate and equilibrium
constants in water, t is the I-to-F transition state, and them
parameters describe the shifts in the stabilities of each state
(designated by the subscript) as a function of the denaturant
activity (units of M-1). These are measured relative to the
values of the folded state, and hence, the values are negative.

All data were fitted using the Grafit analysis software
(Erithracus Software). When kinetic data were fitted to eq
3, proportional weighting was used so that the fitted values
took account of rate constants equally across the whole range.

Calculation ofâ-Propensity.A set of 123 globular and
four membrane protein chains, with less than 25% pairwise
similarity and whose crystal structures are solved to a
resolution ofe2.5 Å (20), was extracted from the Brookhaven
Protein Data Bank. From this data base, 254 terminal
residues, 69 poorly defined residues, and a seleninic acid
residue were removed.φ andψ angles were assigned to the
remaining 23 640 residues in this data base using the

D ) [C0.5[GuHCl]/(C0.5 + [GuHCl])] - 2.6[Na2SO4]
(1)

I ) RFIF + RUIU (2)

KF/U ) KF/U(W) exp(mUD)

RF ) KF/U/(1 + KF/U)

RU ) 1 - RF

kobs) kF-I + kI-F/(1 + 1/KI/U) (3)

kF-I ) kF-I(W) exp(-mtD)

kI-F ) kI-F(W) exp[(mI - mt)D]

KI/U ) KI/U(W) exp[(mU - mI)D]
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Procheck program. Theâ-region of theφ andψ distribution
was defined, by inspection, as follows:-180 < φ < -28,
53 < ψ < 180, and-180 < ψ < -155.

For a given residue, the quasi-equilibrium constant forφ

andψ angles in theâ-region (Kâ) is defined as

whereNâ is the number ofφ andψ angles in theâ-region
andNtotal is the total number of occurrences in the database.
For the residues studied here, glycine, alanine, valine, leucine,
and isoleucine, the values ofKâ are 0.24, 0.53, 1.48, 0.71,
and 1.25, respectively.

RESULTS

Folding Pathway of CD2.d1.The folding-unfolding
reaction of CD2.d1 is conveniently monitored by changes
in the fluorescence emission properties of its two tryptophan
residues, at positions 7 and 32 in the sequence. The GuHCl-
induced equilibrium unfolding profile of CD2.d1 reveals that
the only species significantly populated at equilibrium are
the fully folded (F) and fully unfolded (U) states (14; see
Figure 1). The dependence of the observed relaxation rate
for folding or unfolding (kobs), measured by stopped-flow
fluorescence (see Figure 2), reveals the presence of a

transiently populated intermediate (I), however, which is
formed in the dead time of a conventional stopped-flow
experiment (∼1 ms); i.e., the rate of formation of I from U
is greater than 103 s-1 (14, 15).

The folding reaction of CD2.d1 is most simply described
therefore by Scheme 1:

whereKI/U is the equilibrium constant ([I]/[U]) for the rapid
U-to-I transition andkI-F and kF-I are the folding and
unfolding rates, respectively, associated with the rate-limiting
I-to-F transition. Values for these equilibrium and rate
constants in water [KI/U(W), kI-F(W), andkF-I(W)] are obtained
by fitting the rate data in Figure 2 to eq 3. Three other
physically relevant parameters obtained from these data are
mU, mI, andmt, which measure how the free energies of U,
I, and t (I-to-F transition state), relative to that of the F-state,
vary with denaturant concentration. Thesem values provide

FIGURE 1: Equilibrium unfolding. The GuHCl-induced equilibrium
unfolding profiles (25°C and pH 7.5) for the CD2.d1 mutant
proteins are shown in two plots for clarity. The fluorescence
intensities have been normalized for comparative purposes and are
plotted against denaturant activity, calculated using eq 1 (see
Analytical Procedures and Results). The data have been fitted to
eq 2, which describes a two-state equilibrium folding-unfolding
mechanism (fits shown as continuous curves). No baseline correc-
tions have been applied to the data. The calculated values ofKF/U(W)
and mU are given in Table 1. The wild type (WT) data are
reproduced from ref16. These unfolding profiles are highly
reproducible. In fact, repeated experiments in which both freshly
prepared protein and solutions were used provide identical folding
parameters, within the fitting uncertainties (see Table 1).

Kâ ) Nâ/(Ntotal - Nâ) (4)

FIGURE 2: Folding dynamics. Rate profiles [observed relaxation
rate (kobs) vs denaturant activity] collected for the mutant CD2.d1
proteins (25°C and pH 7.5) are shown here in three plots for clarity.
The data have been fitted to eq 3 (fits shown as continuous curves).
The calculated values ofkI-F(W), kF-I(W), KI/U(W), mU, mI, andmt are
given in Table 1. The wild type (WT) curve (thick dashed curve)
has been reproduced from ref16. As with the equilibrium data,
these rate profiles are highly reproducible; experiments that were
repeated in which both freshly prepared protein and solutions were
used provide identical folding parameters, within the measured
fitting uncertainties (see Table 1).

Scheme 1

U y\z
KI/U

I y\z
kI-F

kF-I
F
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a qualitative measure of the relative degree to which
hydrocarbon in each state is exposed to aqueous solvent (19,
21-23); therefore, the magnitude of them value will be
roughly proportional to the amount of hydrocarbon buried
in the core of the protein, and consequently should reflect
its size. For example, CD2.d1 is 98 amino acids long and
has anmu value of-7.1 M-1, compared to-21.9 M-1 for
C-PGK (24), which is made up of 220 amino acids.

There is a nonlinear relationship between denaturant
concentration and both the free energy of solvation of
hydrocarbon (22, 25, 26) and the free energy of protein
folding (27). To correct for this nonlinearity, the GuHCl
concentration [GuHCl] is converted to denaturant activity
(D) as described in detail elsewhere (14, 15, 19). The use of
this linearized scale allows more reliable extrapolations to
conditions where denaturant is absent, i.e., for the evaluation
of rate and equilibrium constants in water.

Some of the mutations described in this study destabilize
the I-state to such an extent that it is no longer populated in
water alone [KI/U(W) < 1]. To increase the population of the
I-state, we employ the cosmotropic agent sodium sulfate
(Na2SO4). This compound works in a manner analogous but
opposite from that of GuHCl, increasing the free energy of
solvation of hydrocarbon and consequently driving the
folding reaction in favor of more compact, desolvated states.
This compound has been used by others to determine the
energetic properties of hydrophobic core mutants of ubiquitin
(28) and for the evaluation of amide proton protection factors
for the I-state of CD2.d1 (15, 16). The molar ability of Na2-
SO4 to decrease the extent of hydrocarbon solvation has been
scaled to the molar ability of GuHCl to increase it, allowing

us to calculate the denaturant activity of Na2SO4 (see
Analytical Procedures and ref15). This results in negative
values of denaturant activity.

Folding Energetics of Mutants.We have constructed nine
single and four double mutants in which buried aliphatic
residues found in theâ-strand segments of CD2.d1 have been
replaced by smaller aliphatics. Theφ andψ angles of these
residues in the folded state all lie within theâ-region (see
Table 1 and Analytical Procedures). The mutations were
designed to cause minimal structural perturbation, involving
the removal of only one or two methylene groups from the
side chains of Ala, Val, Leu, and Ile residues. All of these
mutations remove side chain-side chain interactions between
nonpolar residues buried in the hydrophobic core of the
folded state, as judged by inspection of the native crystal
structure (29). The mutations were created with the view of
carrying outΦ value analysis (30) and double-mutant cycle
analysis (31) to measure the temporal development of side
chain interactions during the folding reaction of CD2.d1.

The equilibrium unfolding profiles collected for these
mutants are shown in Figure 1. All of the mutants exhibit
an apparent two-state folding transition at equilibrium. The
data therefore have been fitted to eq 2, and the calculated
values ofKF/U(W) and mU are given in Table 1. With the
exception of L50V, all the single mutations reduce the
stability of the folded state, with values for the difference
free energy change between F and U,∆∆GF-U, ranging from
-4.9 to-0.14 kcal mol-1 (see Table 2). These destabilizing
effects are consistent with the loss of van der Waals
interactions in the folded state and with the reduction of the
exposed nonpolar surface area in the unfolded state. The

Table 1: Equilibrium and Kinetic Folding Parameters

mutant KF/U(W)
a KI/U(W) kI-F(W) (s-1) kF-I(W) (s-1) mU

b (M-1) mI (M-1) mt (M-1) φ andψc (deg)

WTd (4.31( 1.20)×
104

3.55( 0.61 6.02( 0.31 (5.38( 1.00)×
10-4

-7.08( 0.10 -2.91( 0.17 -2.72( 0.06 -

L16V (1.03( 0.48)
× 103

4.80( 2.00 5.80( 0.60 (2.70( 0.50)×
10-2

-7.40( 0.40 -2.70( 0.30 -2.30( 0.12 -98.13 and
106.55

I18V (5.95( 1.50)
× 103

4.80( 0.60 3.60( 0.16 (2.90( 0.60)×
10-3

-7.81( 0.20 -3.10( 0.13 -2.60( 0.13 -74.67 and
119.83

V30A 11.0( 3.0 1.26( 0.30 0.69( 0.07 (7.70( 0.40)×
10-2

-6.50( 0.30 -2.00( 0.10 -1.70( 0.04 -146.16 and
129.11

A40G (2.34( 0.45)
× 103

2.14( 0.33 8.70( 0.50 (8.02( 0.80)×
10-3

-7.41( 0.10 -3.20( 0.15 -2.60( 0.06 -158.74 and
150.04

L50V (8.05( 2.11)
× 104

4.80( 0.30 6.80( 0.32 (4.00( 1.02)×
10-4

-8.00( 0.20 -3.60( 0.18 -2.80( 0.06 -125.28 and
133.27

I57V (2.07( 0.51)
× 104

6.30( 0.70 4.60( 0.21 (1.40( 0.30)×
10-3

-7.90( 0.08 -3.80( 0.12 -2.60( 0.08 -109.42 and
125.87

V78A (2.60( 0.25)
× 102

1.77( 0.08 0.90( 0.02 (6.20( 0.31)×
10-3

-6.90( 0.18 -3.20( 0.05 -2.30( 0.03 -114.18 and
138.33

L89V (3.40( 0.90)
× 104

3.91( 0.40 3.50( 0.10 (4.02( 1.00)×
10-4

-7.40( 0.05 -3.20( 0.10 -2.80( 0.07 -157.61 and
149.66

L95V (1.20( 0.24)×
104

5.10( 0.90 5.90( 0.30 (2.50( 0.20)×
10-3

-7.50( 0.09 -2.70( 0.20 -2.50( 0.05 -92.68 and
116.76

L16V/L95V (1.42( 0.25)×
103

5.11( 0.20 4.50( 0.17 (8.40( 1.00)×
10-3

-7.30( 0.30 -3.40( 0.15 -2.60( 0.10 -

I18V/V78A 8.00( 0.50 0.37( 0.06 1.30( 0.10 (6.00( 0.30)×
10-2

-6.40( 0.20 -1.90( 0.20 -1.70( 0.05 -

A40G/L50V (1.28( 0.36)×
104

3.00( 0.70 9.00( 0.75 (2.10( 0.30)×
10-3

-7.90( 0.10 -3.30( 0.10 -2.60( 0.08 -

V78A/L89V 44.0( 21.0 0.84( 0.34 1.00( 0.23 (2.01( 0.20)×
10-2

-7.30( 0.50 -1.80( 0.30 -1.70( 0.80 -

a KF/U(W) values averaged from equilibrium and kinetic data [KF/U(W) ) [kI-F(W)/kF-I(W)]KI/U(W)]. b mU values averaged from equilibrium and kinetic
data.c φ andψ angles of the mutated residues calculated using the Procheck program.d Wild type (WT) data reproduced from ref16. Quoted errors
are standard errors calculated from least-squares fits to the data (based on a 95% confidence limit). Accumulated standard errors were calculated
using standard statistical formulas.
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average destabilizing effect on the folded state is 1.1( 0.7
kcal mol-1 per methylene group, a value consistent with those
determined in other studies (24, and references therein).

Rate profiles (kobsvs denaturant activity) collected for the
mutants are plotted in Figure 2. As with wild type CD2.d1,
all mutants fold through a transiently populated intermediate,
as demonstrated by the change in slope of the folding limb
from weak to strong folding conditions; i.e., the ground state
associated with the major transition state changes from U
(slope) mU - mt) to I (slope) mI - mt). The data have
been fitted to eq 3, and the calculated values ofkI-F(W),
kF-I(W), KI/U(W), mU, mI, and mt are given in Table 1. The
calculated difference free energies for the intermediate
(∆∆GI-U) and the I-to-F transition state (∆∆Gt-U) are given
in Table 2.

Stability of the I-State Secondary Structure Propensity.In
stark contrast to the effects on the folded state, six out of
nine single mutations are found to stabilize the intermediate
with respect to the unfolded state (see Table 2). At face value,
these stabilizing effects are difficult to rationalize, as each
substitution involves a reduction in the amount of nonpolar
surface area capable of being buried in a hydrophobically
collapsed structure. However, inspection of the plot in Figure
3a reveals a marked relationship between the effect of the
mutation on the stability of the I-state and the propensity of
the substituted residue to adopt the appropriate region of
Ramachandran (φ-ψ angle) space. In this plot,∆∆GI-U

values for the single mutants have been plotted alongside
the calculated free energy change due to changes due to
alterations inâ-propensity (∆∆Gâ; see Analytical Procedures
and eq 7 in the Discussion). A linear fit to the data according
to the relationship∆∆GI-U ) m∆∆Gâ + c (plot not shown)
gives a correlation factor (r) of 0.87, a slope close to unity
(m ) 1.2 ( 0.2) and passes through the origin (c ) -0.02
( 0.06 kcal mol-1). Figure 3b shows the results for the I-to-F
transition. The data, when fitted to the above relationship,
are poorly correlated (r ) 0.50) and yield values for the slope
and intercept of 3.6( 1.6 and 1.5( 0.4 kcal mol-1,
respectively (not shown). These results suggest that backbone
φ-ψ angle preferences play an important role in determining
the structural and energetic properties of the rapidly formed

intermediate but have little effect on the I-to-F transition.
The direct correlation found between∆∆GI-U and ∆∆Gâ

also suggests that the interactions made by the deleted side
chain groups with the rest of the protein must be relatively
weak in the intermediate.

Φ Value Analysis.A Φ value for a folding reaction
describes the difference free energy measured for a given

Table 2: Free Energy Changesa

mutant
∆∆GF-U

(kcal mol-1)
∆∆GI-U

(kcal mol-1)
∆∆Gt-U

b

(kcal mol-1) ΦI
c Φt

c
∆Gint(F)

d

(kcal mol-1)
∆Gint(I)

d

(kcal mol-1)
∆Gint(t)

d

(kcal mol-1)

L16V -2.20( 0.32 0.18( 0.26 0.11( 0.35 0.01( 0.11 0.04( 0.14 - - -
I18V -1.17( 0.22 0.18( 0.12 -0.18( 0.27 -0.11( 0.11 0.18( 0.22 - - -
V30A -4.88( 0.23 -0.61( 0.17 -1.95( 0.25 0.06( 0.04 0.36( 0.06 - - -
A40G -1.71( 0.20 -0.30( 0.14 -0.12( 0.23 -0.03( 0.10 -0.11( 0.12 - - -
L50V 0.37( 0.23 0.18( 0.11 0.20( 0.29 -0.20( 0.74 -0.03( 0.87 - - -
I57V -0.43( 0.22 0.34( 0.12 0.13( 0.27 -0.63( 0.39 -0.17( 0.51 - - -
V78A -3.01( 0.17 -0.41( 0.10 -1.57( 0.20 0.03( 0.04 0.46( 0.08 - - -
L89V -0.14( 0.23 0.06( 0.11 -0.31( 0.29 0.44( 0.44 1.49( 1.28 - - -
L95V -0.75( 0.20 0.21( 0.14 0.16( 0.23 0.00( 0.15 0.07( 0.30 - - -
L16V/L95V -2.01( 0.19 0.21( 0.11 -0.39( 0.23 - - -0.94( 0.42 0.18( 0.31 -0.12( 0.48
I18V/V78A -5.06( 0.16 -1.33( 0.14 -2.28( 0.19 - - 0.88( 0.32 1.10( 0.21 0.53( 0.39
A40G/L50V -0.72( 0.23 -0.10( 0.16 0.08( 0.27 - - -0.62( 0.38 -0.02( 0.27 0.00( 0.46
V78A/L89V -4.06( 0.32 -0.85( 0.26 -1.93( 0.34 - - 0.91( 0.43 0.50( 0.30 0.05( 0.49

a Difference free energy changes between wild type (WT) and mutant (MUT) proteins calculated with the equation∆∆G ) ∆GWT - ∆GMUT.
b Difference free energy change between the transition state and unfolded state,∆∆Gt-U ) ∆∆GF-U - ∆∆GF-t [where∆∆GF-t ) -RT ln[kF-I(MUT)/
kF-I(WT)]]. c Φ values calculated using eq 5.d ∆Gint(F), ∆Gint(I), and∆Gint(t) are the interaction free energies calculated for the folded, intermediate,
and transition states, respectively. They were calculated according to the relationship (30) ∆Gint ) ∆∆GA + ∆∆GB - ∆∆GAB, where A and B
denote the two single mutants and AB denotes the double mutant. Quoted errors are standard errors and were calculated from the data in Table 1
using the standard statistical formula.

FIGURE 3: Correlation between changes in stability and changes
in â-structure propensity. In panel a, the difference free energy
changes measured for the U-to-I transitions of the single mutant
CD2.d1 proteins (∆∆GI-U; see Table 2) have been plotted against
the expected difference free energy change due to changes in
â-structure propensity (∆∆Gâ, calculated using eqs 4 and 7). A
similar plot is shown in panel b for the I-to-F transition (difference
free energy change for the I-to-F transition,∆∆GF-I ) ∆∆GF-U
- ∆∆GI-U; see Table 2).
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state as a fraction of that measured for the fully folded state,
i.e., theΦ value for state X (ΦX ) ∆∆GX-U/∆∆GF-U). For
small, conservative side chain deletions of buried residues,
Φ is taken to represent the fractional development of
interactions made by the deleted moiety with the rest of the
protein in the folded state (30). In this analysis, the unfolded
molecule is taken as a reference state. This is justified by
the argument that there are no organized noncovalent
interactions in this state so that conservative side chain
deletions of nonpolar residues will have a negligible effect
on the free energy of this state compared with effects on the
more conformationally ordered intermediate, transition, and
folded states. However, the correlation found between
∆∆GI-U and∆∆Gâ in Figure 3a prompts some modification
of this basic assumption. That is, as theφ-ψ angle
distribution within the unfolded state ensemble is affected
by the substitutions, the free energy of this state can no longer
be accepted as an exact reference.

Given that theφ and ψ angles of these residues are
necessarily limited to our definition of theâ-region (see
Analytical Procedures and Table 1) in the I-, t-, and F-states
and that∆∆Gâ describes, as a free energy, the change in
preference for a given site within the unfolded ensemble to
adopt this region ofφ-ψ angle space then, the appropriate
expression forΦ, as a measurement of the development of
side chain contacts, should be as follows:

The Φ values for the intermediate and transition states (ΦI

andΦt, respectively) calculated using this equation are given
in Table 2. Unfortunately, for mutants L50V, I57V, and
L95V, small values of∆∆GF-U lead to large errors in both
ΦI andΦt, thus precluding their use in the analysis. TheΦ
values for the remaining mutants, which have tolerable errors,
are presented in graphical form in Figure 4. On the basis of
the definition presented in eq 5,ΦI values for these mutants
are close to zero. In contrast,Φt values fall, broadly, into
two classes: zeroΦt values and intermediateΦt values (Φt

) 0.2-0.5). The results show that contacts made by the
deleted side chain groups of L16, A40, and L95 are only
detected in the fully folded state (former category), while

those of I18, V30, and V78 make a measurable contribution
to the rate-limiting transition state (latter category).

Double-Mutant Cycle Analysis.The discussion above
highlights the potential problems encountered in usingΦ
values to give a direct measurement of the development of
side chain-side chain contacts in protein folding reactions.
A more rigorous and less ambiguous means of estimating
the formation of specific side chain contacts involves using
double-mutant cycles (31). By subtracting the combined free
energy changes for two single mutations (A and B) from
the free energy change in the double mutant (AB), we can
deduce the specific contribution of the contact between the
mutated side chains to the stability of any state in the folding
reaction. While suffering more from accumulated errors than
Φ value measurements, analysis by double-mutant cycles
simplifies the assessment of pairwise interactions, as ad-
ditional side chain interaction free energies and backbone
φ-ψ angle preferences are effectively canceled out.

Double-mutant cycles have been constructed for L16V/
L95V, I18V/V78A, A40G/L50V, and V78A/L89V. The
interaction free energies and coupling constants (∆Gint) for
each state in the folding reaction are given in Table 2. The
∆Gint values are represented graphically in Figure 5. As can
be seen, the results for A40G/L50V demonstrate the existence
of a stabilizing contact between the side chains of these two
residues in the folded state which is only measurably formed
after the rate-limiting transition barrier has been traversed.
This result agrees well with theΦ value analysis of A40G
(see Figure 4; errors preclude analysis ofΦ values for L50V).
The results for L16V/L95V also reveal a stabilizing contact
made between the side chains of L16 and L95 in the folded
state which is only measurably formed once the transition
barrier has been traversed. Similarly, these results are
consistent with theΦI and Φt values measured for L16V
and L95V (see Figure 4). Somewhat surprisingly however,
the double-mutant cycles constructed for I18V/V78A and
V78A/L89V reveal positive interaction free energies in the
intermediate, transition, and folded states.

A positive interaction free energy is likely to arise from
local strain in the structure which is compensated for by
favorable contacts elsewhere. For instance, V78 is in a tightly
packed environment in the core of the wild type molecule,
but has an unfavorable, partially eclipsedø1 torsion angle

FIGURE 4: Φ value analysis. TheΦ values for the intermediate
and transition states (ΦI andΦt, respectively), calculated using eq
5 and the results in Table 1, are illustrated graphically in this plot.
Error bars are shown for the data (see Table 2). TheΦ values
calculated for L50V, I57V, and L95V have been omitted from this
plot; the relatively large degrees of uncertainty in these values
preclude their treatment.

Φ ) (∆∆GX-U - ∆∆Gâ)/(∆∆GF-U - ∆∆Gâ) (5)

FIGURE 5: Double-mutant cycle analysis. The interaction free
energies or coupling constants (∆Gint) for the intermediate, transi-
tion, and folded states, calculated from the double-mutant cycles
constructed for I16V/L95V, I18V/V78A, A40G/L50V, and V78A/
L89V, are shown here in graphical form (see Table 2). Error bars
are shown for the data.
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according to the crystal structure (29). The double-mutant
cycle allows cancellation of all contact energies other than
those between the participating side chains. However, if local
strain is relieved in both single mutants and in the double
mutant, then the contribution from this source will not cancel.
In these circumstances, the interaction free energy (∆Gint)
will contain two terms: one negative (owing to hydrophobic
contact energy) and one positive (owing to conformational
strain). It is noticeable that the double-mutant cycles which
show positive interaction energies both include the V78
residue, and further, all other members of the immunoglob-
ulin V set (variable set) have a disulfide bond connecting
positions 18 and 78 (32). The other residues which constitute
the hydrophobic core of CD2.d1 are highly conserved in the
immunoglobulin V set (16, 32). It seems likely then that,
within this general family of proteins, the core residues have
evolved around this cystine structure and its replacement by
a valine-isoleucine pair in CD2.d1 has incurred some degree
of steric conflict despite the favorable net contribution of
the individual residues to the stability of the folded state.

DISCUSSION

The results of this study suggest that side chain-side chain
interactions are relatively weak in the rapidly formed I-state
of CD2.d1 and that local secondary structure preferences play
an important role in this early stage of structural acquisition.
Estimates of the degree of solvation of the I-state, based on
mvalues and heat capacity changes, suggest that∼40-45%
of the nonpolar groups buried in the core of the F-state are
desolvated at this stage in the reaction (17). The relative
weakness of side chain interactions in the I-state is presum-
ably a consequence therefore of a significant number of
intervening water molecules remaining in the hydrophobic
core. However, the fact that steric clashes between residues
I18 and V78, and V78 and L89, in the folded state are also
apparent in the I-state (see Results) does suggest that the
relative positions of these side chains are native-like at this
stage of the reaction.

Secondary structural preferences appear to play a much
reduced role in the rate-limiting I-to-F transition, which
involves the intimate locking of side chains coupled with
the final exclusion of water molecules from the core of the
protein (17). TheΦt values (see Figure 4) are shown in the
context of the folded structure in Figure 6. It is interesting
to note that the residues with non-zeroΦt values (V30, I18,
and V78; see Figure 4) are located in close spatial proximity
on one side of the central core tryptophan residue, suggesting
that the rate-limiting transition state is attained by the
formation of a tightly localized hydrophobic nucleus which
includes residues V30, I18, and V78. Interestingly, in all
other members of the immunoglobulin V set, this part of
the hydrophobic core contains a disulfide bridge (32); a
structural feature which would serve as an effective stabilizer
of this folding nucleus.

It should be noted that the aboveΦ value analysis is valid
only when certain criteria are satisfied (29). First, mutations
should not significantly alter the structure of the F- or
U-states. Without high-resolution X-ray data, it is not
possible to be certain about the structural effects of mutations
on the folded molecule, but small aliphatic deletion muta-
tions, like those used here, have previously been shown to

lead to small cavities in the folded structure with no
significant transmission of the perturbation to other regions
of the structure (33). Furthermore, no mutant caused more
than a 10% change in the value formu (Table 2), an
observation which shows that the mutations do not have a
large effect on the relative degree of solvated hydrocarbon
between the U- and F-states. Second, mutant residues should
not make any new interactions during any part of the folding
process. None of the mutants presented here has new
functional groups; therefore, it is unlikely that new interac-
tions will have been introduced. Third, the mutations do not
alter the folding pathway. For the mutants to be directed
down an alternative folding pathway, the free energy of the
activation barrier between I and F must be significantly
altered. Since the mutant that has the greatest affect on the
t-state only results in a 2 kcal/mol change in free energy of
the activation barrier, it appears to be improbable that an
alternative folding pathway would be available to the mutant
proteins.

With regard to the influence of theâ-propensity on the
formation of the I-state, the following arguments can be
applied. The propensity of an amino acid to adopt a given
region of Ramachandran space (regionx say) can be
determined statistically from a database of protein structures
(34) and is derived from the following linked equilibria:

FIGURE 6: Folding nucleus in the transition state. The top picture
shows the backbone topology of the CD2.d1 molecule (backbone
represented by a solid ribbon) with the strand positions labeled.
The Φt values measured for the single mutants (see Table 2 and
Figure 5) are shown in the context of the CD2.d1 structure in the
lower pictures (left-hand side, molecule in the same projection as
in the top picture; right-hand side, 90° rotation of this image). The
side chain atoms of the residues are represented by spheres.
Residues with zeroΦt values are dark gray, while those with
fractionalΦt values are black. The core tryptophan residue is also
indicated (light gray).
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HereKsspis an equilibrium ratio ([Ux]/[Uother]) describing the
propensity of a particular amino acid in a random coil to
adopt regionx over all other regions of Ramachandran space.
Regionx is compatible with and fixed in the folded structure
(Fx). Hence,KF describes the additional stability afforded to
this residue configuration in the context of the folded state.
Evolution will select those residues which have the highest
value of Kssp appropriate to the folded structure but must
also optimize for other (relatively more important) energetic
criteria, such as packing constraints and hydrophobicity, to
maximize the value ofKF. However, using a sufficiently large
database, representing a wide variety of protein folds, the
context dependence implicit inKF is lost and the statistical
occurrence in different conformations will then reflectKssp

(see eq 4). This basic assertion has found support from a
number of experimental studies, performed on peptide and
protein systems, which have providedR-helix andâ-sheet
structure propensity scales which are in good agreement with
statistical scales (35-44).

In terms of providing a rationale for these intrinsic
preferences, it has been suggested, from hydrogen-
deuterium exchange studies, that theâ-sheet-forming tenden-
cies stem from constraints imposed by steric conflicts
between the side chain and the main chain (45). Similarly,
for centralR-helix positions, it has been postulated that steric
clashes between the side chain and upstream hydrogen
bonding peptide groups limit the conformations available to
the side chain, leading to an entropic factor which determines
the R-propensity (46).

From Scheme 2, the contribution made by secondary
structure propensity to the measured folding equilibrium
constant [KF(m)] can be notationally separated:

The predicted free energy change upon mutation, due solely
to changes in secondary structure propensity (∆∆Gssp), can
therefore be written as

whereKssp and Kssp′ describe the propensities of the wild
type and mutant residues, respectively, to adopt that region
of Ramachandran space appropriate to the folded structure.
However, while it is known thatφ andψ angles are fixed in
the F-state, no such knowledge is available for the I-state. If
φ and ψ angles are not fixed in this state, then Scheme 2
becomes random order, as shown in Scheme 3:
From this scheme, the measured U-to-I equilibrium ratio
[KI/U(m)] is given byKI/U(m) ) ([I x] + [I other])/([U x] + [Uother])
) KI/U. Hence, a change inKsspwill not influence the U-to-I
equilibrium. The direct correlation found between∆∆GI-U

and ∆∆Gâ (see Figure 3a) rules out such a possibility for
the rapid U-to-I transition of CD2.d1, leading to the
conclusion that theφ andψ angles of the mutated residues
are limited to theâ-region in the I-state. As the mutated
residue positions cover theâ-strand regions of the CD2.d1

molecule fairly comprehensively, this result suggests that a
significant proportion ofâ-structure is formed in this part
of the reaction. In other words, the summed interactions
which dictate the structure of the I-state are capable of
overcoming the effects of mutations which introduce residues
with a low â-propensity; i.e., they are “pulled” into the
correct conformation when the I-state is formed.

Much controversy exists concerning the properties of
rapidly formed I-states and the contribution they make to
the folding reaction. One suggestion, based on data from
cytochromec, is that these states are formed by the random
and nonspecific association of nonpolar groups and that they
simply represent the unfolded ensemble populated at low
denaturant concentrations (47). In response to this assertion,
we would cite the following experimental evidence that the
I-state formed by CD2.d1 has a higher degree of native-like
structure than would be expected from such a generalized
chain contraction. First, the pattern of exchange protection
in the I-state is consistent with the formation of native
hydrogen bonding between both sequence-local and sequence-
distantâ-strands (15, 16). Second, while the exclusion of
solvent from the nonpolar surface should lead to a highly
favorable entropic term for the formation of the I-state at
physiological temperature, measurement shows that the
entropy change associated with the U-to-I transition is close
to zero (17). A compelling interpretation of this result is that
the favorable entropy of desolvation is balanced by an
unfavorable conformational entropy resulting from the
increase in the extent of organization of the polypeptide
chain. Last, the results presented in this study reveal that
where tested theφ andψ angles in the I-state of CD2.d1 are
native-like. These factors, together with the experimental
observation thatφ andψ angle distributions are unaffected
by changes in denaturant concentration (48), make it unlikely
that the U-to-I transition in CD2.d1 simply reflects the
contration of a randomly configured chain in response to
strong folding conditions.
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