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ABSTRACT The equilibrium and kinetics of folding of the
single-domain proteinchy yp hibItor 2 conform to the
simple two-state ode. The structure of the rate-determining
traniion state has been mapped out at the resolution of
individual side chains by using the protein engine method
on 74 mutants that have been contructed at 37 of the 64
residues. The structure conins no elements of sondar
structure that are ully formed. The majority of interactions
are weakened by >50% in the tasto state, althongh most
regions do have some very weak structure. The structure of the
tranition state appears to be an expanded form of the native
state in which secondary and tertiar elements have been partly
formed concurrently. This Is consistent with a "global col-
lapse" model of fdding rather than a framework model in
which foding Is iated from fully preformed local secondary
structural elements. This may be a general feature for the
fding of proteins lacking a fding intermediate and is per-
haps representative of the early stages of folding for multido-
main or multimodule proteins. The major transition state for
the foding of baa for example, has some fully formed
secondary and tertr sructral el ients in the major tran-
sition state, and barnase appears to form by a framework
process. However, the fully formed framework may be pre-
ceded by a global coapse, and a unified folding scheme is
presented.

The folding of a protein from its unfolded state to its specific
biologically active conformation has been generally assumed
to follow a specific pathway or set of pathways in order to
occur in a finite time (1). Several different models have been
suggested to describe the reaction (2-8). According to the
hydrophobic collapse model, the driving force for folding is
visualized as the squeezing out of water from a rapidly
formed hydrophobic core within which secondary and ter-
tiary structure is subsequently formed, as employed by Dill
et al. (9) in their "hydrophobic zipper" model. Framework
models envisage preformed secondary structural elements
initiating folding (2, 10-12). These elements may diffuse
together, collide and stabilize each other by local rearrange-
ments (docking) (8, 11), or propagate (13, 14). The existence
of defined pathways has been challenged, however. Accord-
ing to the jigsaw puzzle model (15), there is no preferential
starting point for folding, and each folding attempt may
follow a different path. This mechanism is supported by very
recent computer simulations (16).
The pathway ofprotein folding is now amenable to analysis

at the level of individual residues because ofdevelopments in
protein engineering and NMR (see ref. 16 for a brief review).
The structures of unfolded states and stable intermediates

may be analyzed by NMR, whereas transition states can be
studied only by kinetics, such as the protein engineering
method (17-23). In the latter method, described in detail by
Fersht et aL (20), site-directed mutagenesis is used to remove
interactions made by a particular side chain. The change in
the Gibbs free energy of folding, AAGFU., is measured from
equilibrium denaturation experiments (F, folded; U, unfold-
ed). The change in the free energy of any other state X,
AAGx-u, is measured by kinetics with respect to the unfolded
state. A quantity O1F is obtained, defined by OF = AAGx-u/
AAGF-U. IfSF = 1, then the state X is destabilized by exactly
the same amount as the fully folded state, and so the target
side chain is assumed to be in a fully native environment in
state X. If SF = 0, then the state X is unaffected by the
mutation and so the target side chain is assumed to be in a
fully denatured environment in X, since AAGx-u = 0. There
is not a linear relationship between OF and the extent of
structure formation for fractional values. Each mutated side
chain acts as a reporter group, and a series of such measure-
ments has defined in detail the structures of the major
transition state for the unfolding of barnase and a folding
intermediate (24). A subsequent computer simulation of the
unfolding ofbarnase gave results in excellent agreement with
those from the protein engineering method (25).
We now describe an extensive application ofthe method to

chymotrypsin inhibitor 2 (C12), a seine protease inhibitor
from barley seeds. A truncated, 64-residue form of the
protein-lacking the N-terminal, unstructured 19 amino ac-
ids-is used in these studies. CI2 is an ideal protein with
which to tackle certain aspects of the protein folding prob-
lem. It is small and monomeric. Its three-dimensional struc-
ture has been solved in both the crystal (26, 27) and the
solution states (28-31). Despite its small size, there is con-
siderable secondary and tertiary structure present and a
small, compact hydrophobic core. It has no cis peptidyl-
prolyl bonds whose rate ofisomerization from the trans in the
unfolded state would otherwise limit the rate of the major
phase ofrefolding. Crucially, CI2 has no disulfide crosslinks,
so that it may be refolded from its maximally unfolded forms.
Further, CI2 is a rare example ofa protein whose folding and
unfolding behavior, under both equilibrium and nonequilib-
rium conditions, has been shown to follow the two-state
model (32): no intermediates accumulate and there is only
one kinetically significant transition state (or set oftransition
states). This protein thus provides us with one ofthe simplest
systems possible with which to investigate protein folding.
The important consequence of the two-state behavior is that
the energetics and structure of the transition state can be
probed in both the direction of folding and the direction of
unfolding by use of the protein engineering method (32-35).

Abbreviation: CI2, chymotrypsin inhibitor 2.
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MATERIALS AND METHODS
Sixty novel mutants were produced, expressed, purified, and
analyzed kinetically and thermodynamically as described
(32-35). The kinetics of unfolding were measured by mixing
native protein at 250C in 50 mM 2-(N-morpholino)ethane-
sulfonic acid/ HCl buffer (pH 6.2) with various concentrated
solutions of guanidinium chloride in the same buffer in a
stopped-flow fluorimeter. Refolding was monitored under the
same conditions by mixing acid-denatured protein with a
more alkaline buffer to give the same final pH. The fast
refolding phase, representing some 70-80%o of the amplitude
of the fluorescence signal, which corresponds to the refolding
of the protein with all its peptidyl-prolyl residues in the trans
conformation, was used for analysis.

RESULTS
We have prepared the ground for this study by presenting
detailed analyses of kinetics and thermodynamics of folding
and unfolding of wild-type C12 and hydrophobic core mutants
(32-35). Those mutants were shown to fold and unfold by a
two-state mechanism (simple V-shaped dependence of loga-
rithms of rate constants versus guanidinium chloride con-
centration, ratio of refolding to unfolding rate constants gives
the correct equilibrium constant for protein folding, etc.).
The new mutants described here also fully fit two-state
behavior. Importantly, there is indeed good general agree-
ment between values from refolding experiments (OF) and
from unfolding experiments (4u). [For a two-state mecha-
nism, OF = (1 - 4)u).] In addition, values do not change
much when different mutations are constructed at the same
site. Thus, the overall formation of structure in the transition
state parallels the formation of interactions between individ-
ual side chains.

Structure of the Transition State. Almost all the mutations
analyzed have fractional values, and there are no 4) values
of 1, indicating that no region of the protein can be detected
with its full native-like structure in the transition state. At the
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FIG. 1. Transition state for the folding of C12, color coded
according to the degree of structure formation. Bright red is fully
unfolded, deep blue is fully folded, and partial formation is indicated
by a mixture of the two colors. In practice, there is little bright red
and no deep blue.

majority of sites, 4) values are <0.5, indicating that the
transition state is only weakly structured. Fig. 1 shows a
schematic representation of the structure of CI2 in which the
degree of structure formation in the transition state for
folding is represented by color-the two extreme colors are
defined to be red, in regions where the structure is completely
disordered in the transition state, and blue, in regions where
the structure is native-like in the transition state. Fractional
values of 4) are indicated by a mixture of the two colors. The
colors in Fig. 1 are seen to be basically a mixture of blue and
red throughout.
We now describe individual structural elements. The sec-

ondary structure of C12, defined from anNMR analysis of the
solution structure (30, 31), is as follows (numbering is accord-
ing to the long form): residues 22-24, (-strand 1; 24-27, type
III reverse turn; 27-30, type II reverse turn; 30-32, (3-strand
2; 31-43, a-helix; 44-47, type I reverse turn; 47-53, (-strand
3; 54-61, reactive-site loop (extended structure); 64-70,
(-strand 4; 71-73, turn; 74-77, (-strand 5; and 79-83, (-strand
6. An analysis ofthe secondary structure byCand ipangles (36)
finds only three (3-strands, corresponding in our notation to
residues 46-53, (-strand 3; residues 65-71, (-strand 4; and
residues 79-82, (-strand 5. The a-helix runs from 32 to 42
according to 4 and jp angles, but we use the definition of caps
by Richardson and Richardson (37) to include Ser-31 as the N
cap of the helix and Lys-43 as its C cap.

a-Helix (residues 31-43). Eight sites were probed in the
a-helix of (22. A variation of 4 values is observed as the
probe traverses along the helix, averaging about 0.4. The C
cap of the helix (residue 43) is almost completely disordered
in the transition state, with 4) values close to zero. From
residues 40 to 31, however, there is a weakened structure
with 4) values between 0.3 and 0.7.

(-Sheet. There are seven sites probed in the (-sheet. There
is a gradation of 4 values. The antiparallel (-structure formed
between (-strand 1 (mutated at position 22) and (-strand 6
(mutated at positions 77, 79, and 82) appears to be almost
completely unstructured in the transition state, whereas the
parallel (3-structure (strand 3 mutated at position 49, to
remove interactions with strand 4) is partially formed in the
transition state. This is perhaps not surprising. The parallel
strand pair, with seven internal hydrogen bonds, forms the
longest stretch of uninterrupted structure within the (-sheet
and is likely to have greater intrinsic stability than the
shorter, antiparallel strands. The interactions between
(3-strands 2, 3, 4, and 5 have 4 values between 0.2 and 0.4.
Hydrophobic cores. Seven sites of the major hydrophobic

core have been probed previously (34, 35). The behavior of
these mutants can be divided into two classes. The first
includes L27A (Leu-27 -- Ala), V66A, and I76A, which
exhibit 4) values close to zero, indicating that the interactions
made at these sites are not formed in the transition state;
these mutations are all located on the edge ofthe hydrophobic
core, either at the beginning or at the end of a (-strand or in
turns. The second class of mutants includes 139V, 148V,
L68A, V70A, and 148A/176V. These exhibit fractional 4
values, between 0.30 and 0.65, indicating partial formation of
interactions at these sites, and are all located in the centre of
the core. Therefore, the core could form from the innermost
positions outwards.

Residues Leu-51, Val-57, and Phe-69 form a hydrophobic
pocket near one end of the reactive loop, on the other side of
the 3-sheet relative to the hydrophobic core. We call this
cluster the minicore. The minicore appears to be less well
formed in the transition state than the major hydrophobic
core. 4 values for the three probes at positions 1, 57, and 69
cluster around 0.3. This is not significantly higher than the 4
values of the surrounding residues, suggesting that this is not
a local nucleus for folding.
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FIG. 2. Reaction-coordinate diagram for the folding and unfold-
ing of C12. The Gibbs energy (G) of reaching the transition state
contains the contributions of all the conformational equilibria that
precede it in either direction of the reaction.

Turns and reactive-site loop. All mutations in these regions
were of polar or charged residues to nonpolar or uncharged
residues. The solvation energies of the wild-type and mutant
side chain can be significantly different in these cases and so
fractional 4) values are difficult to interpret (20). However, by
the use of double mutant cycles it is possible to calculate
AAGint~.u), the interaction energy between the two residues in
the transition state forfolding, and compare this to AAGit(uF),
the interaction energy in the folded state. Thus, a 4) value can
be calculated on the basis of the ratio AAGiat(qu)/AAGijntu-pn.
The theory, assumptions, and limitations of this approach
have been discussed extensively (20). Application of the
procedure gives 4) values of about 0.3 for these regions.

DISCUSSION
The transition state for the folding of C12 was shown previ-
ously to be quite compact from its thermodynamic properties
and from the average degree of exposure of residues to
solvent, which indicates that the transition state for folding is
approximately two-thirds folded (32). The transition state for
the reaction must be a hily crenulated surface (see ref. 17),
consisting of many maxima and minima (Fig. 2). The energy
of reaching the transition state contains the energetics of all
the preequilibria and hence all the bonds that are made or
broken. We find from the 4)-value analysis that no region of

C12 is fully formed in the transition state and that interactions
in the transition state are weakened by >50%6 (MF < 0.5)
relative to the native protein at the majority of sites probed,
averaging 66% weaker. The transition state for folding is thus
a generally expanded form of the folded structure with no
fully formed elements of structure. The main region of
structure that has higher 4) values is the a-helix, especially
toward the N terminus, but this region is significantly weak-
ened in energy. A computational study of the unfolding of
C12, performed without prior knowledge of the experimental
results of this study, has produced results of remarkable
similarity (36).

Interpretation ofFractional 4) Values. There is an ambiguity
in that fractional 4) values may arise from either partial
structure formation or a mixture offolded and unfolded states
(20). For example, there is a 4)F value of 0.4 for the mutation
of Ser-31 (which is the N cap of the helix) to Gly-31. Either
the transition state is basically a single species in which the
N terminus of the a-helix is weakened by 60%o or there are
parallel pathways of folding and unfolding in which, for
example, 40% of the species have the N terminus fully intact
in the transition state and 60%6 fully unfolded. In the accom-
panying paper (38), we show that there is not a mixture of
fully intact and fully unfolded structures and there must be
partial structure formation. The transition state is a collection
of similar structures that fluctuate around the lowest-energy
transition state.

Mechanistic Implicatins of Fractional 4 Values. A 4) value
of 0.3, which is typical for many of the mutations, indicates
that the structure is present but significantly weakened.
Thus, there is a weakened helix present in the transition state,
as well as a weakened (-sheet consisting of 3-strands 2-5,
weakened minicore, and weakened binding loop. The most
important conclusion from these data is that there are no fully
developed elements of secondary structure in the transition
state for the folding of C12. By inference, therefore, folding
is not initiated according to a framework model for folding in
which the elements of secondary structure are fully formed.
The data instead appear to fit a model in which weakly formed
elements of secondary and tertiary structure have coalesced,
perhaps consistent with the rearrangement of a "globally
collapsed" structure.
Are the Conclusions General? The folding pathway of C12

appears to contrast with that ofbarnase, which has also been
comprehensively analyzed by protein engineering and other
methods (24). Barnase is a monomeric, single-chain ribonu-
clease of 110 amino acids. It is larger than C12 and has more
structure (three a-helices and a five-stranded P-sheet, with

COLLAPSED STATE
REARRANGEMENT

RATE DETERMINING FOR CI-2
/ 'V U

DOCKING
/RATE DETERMINING

FOR BARNASE

FIG. 3. A unified scheme for the folding of barnase and C12. The fully unfolded chain collapses. The formation of the single domain C12
has as its rate-determining step the rearrangement of this collapsed state. The multimodule barnase has as its rate-determining step the
consolidation and rearangement of the hydrophobic core during the docking of the modules.
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three distinct hydrophobic cores). The main distinctions
between the folding pathways of the two proteins are as
follows. (i) The refolding of barnase is more complex than
that of C12 in that the former has a kinetically important
intermediate on the pathway (18). (ii) There are very many
examples of mutants of barnase with 4) values for the
intermediate and the major transition state ofclose toO or 1.0,
corresponding to the situations in which the interactions
being probed by the mutation are completely absent or fully
formed, respectively. (iii) The rate-determining step in the
folding ofthe protein is the rearrangement ofthe hydrophobic
core in a complex in which the major a-helix has associated
with the (-sheet, and both are largely formed. Fragments of
barnase that contain separately the major helix and sheet
have a small component of each in the correct structure and
rapidly associate to form active enzyme (39). Barnase can
thus fold in parts that associate. The simplest interpretation
is that barnase folds via a framework model with the afore-
mentioned helix and the sheet being the initiation sites. But
this may not be so. The pathway offolding ofbarnase may be
perturbed by radical mutations in its major helix that cause
the helix to form late in the pathway, and so the helix is not
an obligatory initiation site (J. M. Matthews and A.R.F.,
unpublished work).
The major difference between barnase and CU2 is that the

larger protein, barnase, appears to be constructed of smaller
"modules" (40). CU2, on the other hand, appears to be closer
to a single module. Barnase is perhaps representative oflarger
proteins that contain separate modules. These can fold sepa-
rately and then associate. CU2 may be representative of the
folding of an individual module and so illustrates an earlier
stage of folding. A unified scheme is presented in Fig. 3.
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