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The structure of the transition state for folding/unfolding of the immuno-
philin FKBP12 has been characterised using a combination of protein
engineering techniques, unfolding kinetics, and molecular dynamics
simulations. A total of 34 mutations were made at sites throughout the
protein to probe the extent of secondary and tertiary structure in the
transition state. The transition state for folding is compact compared with
the unfolded state, with an approximately 30 % increase in the native sol-
vent-accessible surface area. All of the interactions are substantially
weaker in the transition state, as probed by both experiment and molecu-
lar dynamics simulations. In contrast to some other proteins of this size,
no element of structure is fully formed in the transition state; instead, the
transition state is similar to that found for smaller, single-domain pro-
teins, such as chymotrypsin inhibitor 2 and the SH3 domain from a-spec-
trin. For FKBP12, the central three strands of the b-sheet, b-strand 2, b-
strand 4 and b-strand 5, comprise the most structured region of the tran-
sition state. In particular Val101, which is one of the most highly buried
residues and located in the middle of the central b-strand, makes
approximately 60 % of its native interactions. The outer b-strands and the
ends of the central b-strands are formed to a lesser degree. The short a-
helix is largely unstructured in the transition state, as are the loops. The
data are consistent with a nucleation-condensation model of folding, the
nucleus of which is formed by side-chains within b-strands 2, 4 and 5,
and the C terminus of the a-helix. The precise residues involved in the
nucleus differ in the two simulated transition state ensembles, but the
interacting regions of the protein are conserved. These residues are dis-
tant in the primary sequence, demonstrating the importance of tertiary
interactions in the transition state. The two independently derived tran-
sition state ensembles are structurally similar, which is consistent with a
Brùnsted analysis con®rming that the transition state is an ensemble of
states close in structure.
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Introduction

In order to understand how a protein folds it is
important to characterise all the states on the fold-
ding authors:
shington.edu
06 binding protein;

ition state; NOE,
ing pathway, i.e. the unfolded state (U), intermed-
iate states (I) (if present), the transition state ({),
and the native or folded state (F). X-ray crystallo-
graphy and NMR spectroscopy have been used
extensively in the determination of the three-
dimensional structure of native proteins. More
recently, heteronuclear multidimensional NMR
techniques have been used to characterise the
unfolded states of proteins (Logan et al., 1993,
1994; Arcus et al., 1994, 1995; Fiebig et al., 1996;
Smith et al., 1996; Wong et al., 1996; Schwalbe et al.,
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1997; Zhang & Forman-Kay, 1995, 1997; Neri et al.,
1992; Alexandrescu et al., 1994; Frank et al., 1995;
Pan et al., 1995; Wang & Shortle, 1995, 1996;
Freund et al., 1996; Gillespie & Shortle, 1997a,b;
Farrow et al., 1997). From these and other studies it
has become clear that unfolded proteins are rarely
true ``random coils'', but can contain regions of
residual structure (Shortle, 1993). Although folding
intermediates (Kim & Baldwin, 1982; Evans &
Radford, 1994) and transition states have been
characterised using a variety of biophysical
methods and probes, it was not until the advent of
H/2H pulsed-quenched ¯ow techniques (Baldwin,
1993) and protein engineering methods
(Matouschek et al., 1989) that high-resolution struc-
tural information became available. Intermediates
were thought to be essential to the folding process
by helping to restrict the conformational space
and direct the protein to its folded conformation.
However, well-populated intermediates are not
required for the fast ef®cient folding of a protein
(Jackson & Fersht, 1991). Many small proteins have
now been shown to fold with simple two-state kin-
etics (Jackson, 1998). There are still relatively few
proteins for which the transition state has been
characterised in detail. To date the transition states
of seven proteins have been determined in detail
using the protein engineering method of analysis.
These are chymotrypsin inhibitor 2 (CI2), the SH3
domain of a-spectrin and src, the activation
domain of procarboxypeptidase A2 (ADAh2) and
monomeric l repressor, which fold with two-state
kinetics (Itzhaki et al., 1995; Viguera et al., 1996;
Grantcharova et al., 1998; Villegas et al., 1998;
Burton et al., 1997), and barnase and cheY (Serrano
et al., 1992; Lopez-Hernandez & Serrano, 1996),
which display three-state kinetics. The protein
engineering method has also been used to charac-
terise the transition state for folding of the dimeric
arc repressor (Milla et al., 1995), and to probe helix
formation in the transition state for folding of
protein L (Kim et al., 1998). Here we present a
detailed characterisation of the transition state
for folding/unfolding of FKBP12 using a
combination of protein engineering techniques,
unfolding kinetics, and molecular dynamics simu-
lations.

The structure of FKBP12 is characterised by a
large, amphiphilic, antiparallel ®ve-stranded b-
sheet with �3, � 1, ÿ 3, ÿ 1 topology. This sheet
packs against a small a-helix to form the hydro-
phobic core (Main et al., 1999). FKBP12 undergoes
reversible two-state denaturant-induced unfolding
under equilibrium conditions (Egan et al., 1993). It
also folds with two-state kinetics, i.e. no intermedi-
ate states are signi®cantly populated on the folding
pathway (Main et al., 1999). Thus, to de®ne the
pathway of folding of FKBP12 we need to charac-
terise the unfolded (U), transition ({) and native (F)
states. The urea and guanidinium chloride
(GdnHCl)-induced denatured states have been
characterised using NMR spectroscopy, which
indicates that, although there is some evidence for
¯eeting residual structure, there is no evidence for
extensive structure in the unfolded state (Logan
et al., 1994). Here we present the characterization
of 34 mutants of FKBP12 to probe the interactions
present in the transition state (Table 1). In addition,
molecular dynamics simulations of temperature-
induced denaturation were performed to obtain
atomic-resolution models for the transition state
ensemble. We note that the simulations and exper-
iments were done in parallel and not compared
until after completion, i.e. the simulated transition
state ensembles were predictions and not ®t to
experiment. Characterisation of the behaviour of
these mutants and the molecular models allow us
to construct a detailed picture of the structure of
the transition state, to investigate the correlation
between structure in the transition state and
residual structure in the unfolded state, and to
probe the importance of conserved residues to
stabilisation of the transition state.
Results

Equilibrium experiments

The results of equilibrium experiments on wild-
type and mutant FKBP12 and a detailed descrip-
tion of the method of data analysis have been
described elsewhere (Main et al., 1998).
Unfolding kinetics

Plots of the natural logarithm of the rate con-
stants of unfolding against the ®nal urea concen-
tration for wild-type and mutants are shown in
Figure 1. Most of the mutants studied remove
favourable interactions and therefore destabilise
the protein (Table 2, and Main et al., 1998). Corre-
spondingly, the rate of unfolding of these mutants
is faster than for the wild-type protein. Data were
®t to a linear equation and a second-order poly-
nomial (see Main et al. (1999) for equations and dis-
cussion). Values of lnkU in water and in 3.9 M urea
from the linear ®t are used in the subsequent f-
value analysis. For a detailed analysis of the results
obtained from different ®tting methods in water
and in 3.9 M urea see the Supplementary Material
and Jackson et al. (1993).
Calculation of ������G{-F and ���-values

The stability of the transition state of the mutant
relative to that of the wild-type protein was
calculated from the unfolding kinetics as
follows:

��Gz-F � ÿRT ln�kU=k
0
U� �1�

where ��G{-F is the difference in energy of the



Table 1. Summary of the positions and interactions of mutated side-chains

Mutant Position Primary interactions

% Solvent-accessible
surface area of

side-chain �F

Val! Ala2 b1 Interaction between b1 and b4 3 0.4
Val! Ala4 b1 Interaction between b1 and b4, loop5 4 0.3
Ile! Val7 b1 Interaction between b1 and b4 41 0.1
Thr! Ser21 b2 Interaction between b2 and b3/b5 17 0.5
Val! Ala21a b2 Interaction between b2 and b3/b5 and C-terminus 17 0.5
Val! Ala23 b2 Interaction between b2 and b3/b5 5 0.5
Val! Ala24 b2 Interaction between b2 and b2/b3/b5 and a 0 0.4
Thr! Ser27 b2 Interaction between b2 and b3 28 0.4
Val! Ala27b b2 Interaction between b2 and b3/b5 and b2/loop3 28 0.3
Phe! Ala36 b3 Mainly interaction between b3 and loop6, to a lesser

degree with b5 and to a lesser degree b3
10 0.1

Leu! Ala50 b3 Mainly b3-a but also b3, C-cap a-helix and loop 1 0 0.4
Val! Ala55 Loop b3 and a-helix 9 0.1
Ile! Ala56 N-cap a, loop6, b4, b5 10 0.2
Ala! Gly57c a-helix a-Helix formation 19 0
Ala! Gly60d a-helix a-Helix formation 17 0
Ala! Gly61d a-helix a-Helix formation 4 0.3
Val! Ala63 a-helix a-Helix formation and tertiary interactions between

a-helix and loops 1&6, b2, b4, b5
0 0.5

Val! Ala75f b4 Interactions within b4 and between b4 and b1/b5 18 0.1
Ile! Val76 b4 Mainly between b4 and a-helix, also b4/b5 0 0.4
Ile! Ala76 b4 Similar, also b4-b1 0 0.3
Val! Ala76g b4 b4 and b1, b4, a-helix and loop6 0 0.3
Ile! Val91 Loop Probes mainly the structure of extended loop6, also

loop6-b3 interactions
1 0.3

Ile! Ala91 Loop Probes mainly the structure of extended loop6, also
loop6-b3 interactions

1 0

Val! Ala91h Loop Mainly probes interactions within loop6 1 0
Leu! Ala97 b5 Mainly the interaction within b5 and between b5-loop6 0 0.2
Val! Ala98 b5 Interaction between b5 and b2/b4 8 0.3
Val! Ala101 b5 Interaction between b5 and b2 and a-helix 0 0.6
Leu! Ala106 b5 Interaction between b5 and loop1 6 0.35

Only f-values for non-polar to non-polar substitutions are reported here. These f-values report quantitatively on the interactions
formed in the transition state (Fersht et al., 1992). The following substitutions were calculated using a ®ne-structure analysis (Jackson
et al., 1993), see the Supplementary Material.

a Val! Ala21, the f-value is calculated from data for Thr! Val21 and Thr! Ala21.
b Val! Ala27, the f-value is calculated from data for Thr! Val27 and Thr! Ala27.
c Ala! Gly57, the f-value is calculated from data for Arg! Ala57 and Arg! Gly57.
d Ala! Gly60, the f-value is calculated from data for Glu! Ala60 and Glu! Gly60.
e Ala! Gly61, the f-value is calculated from data for Glu! Ala61 and Glu! Gly61.
f Val! Ala75, the f-value is calculated from data for Thr! Val75 and Thr! Ala75. Thr75 makes some electrostatic interactions

in the transition state involving the OH group, thus leading to a high S and �-value for Thr! Val75, see Table 2. The Val! Ala �
value shown here is low as the methyl group cannot make the same interactions as the OH group. The Thr! Val75 � value is
therefore used in the comparison between S and �-values.

g Val! Ala76, the f-value is calculated from data for Ile! Val76 and Ile! Ala76.
h Val! Ala91, the f-value is calculated from data for Ile! Val91 and Ile! Ala91.
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transition state of unfolding relative to the folded
state between the wild-type and mutant, and kU

and k0U are the rate constants of unfolding for the
wild-type and mutant, respectively. The value for
��G{-F is normalised against the value for ��GU-

F, the difference in energy between the unfolded
and native states for wild-type and mutant. The
ratio of these values is called the �-value. In par-
ticular, we focus on the �-value for folding, �F:

�F � ��Gz-U=��GU-F �2�
where ��G{-U is the difference in energy of the
transition state relative to the unfolded state
between the wild-type and mutant. For proteins
that fold with two-state kinetics, ��G{-F � ��G{-

U � ��GU-F, so that �F � 1 ÿ ��G{-F/��GU-F.
Here, �F is calculated using equation (2) and the
unfolding data. Values of �F calculated using
values of ��G{-F calculated from a linear ®t of the
unfolding data are shown in Table 2 (see
Supplementary Material for the results for the
second-order polynomial ®t).
Interpretation of ���-values

An extensive description of the interpretation of
�-values and the assumptions and limitations of
this method have been presented (Fersht et al.,



Figure 1. Unfolding kinetics of wild-type and mutant FKBP12. Unfolding rate constant as a function of [urea], in
50 mM Tris-HCl (pH 7.5), 1 mM DTT. (a) The a-helix mutants: wild-type (®lled circle), EA61 (®lled square), EG61
(open square), EA60 (®lled triangle), EG60 (open triangle), RA57 (®lled diamond), RG57 (open diamond). (b) The
b-sheet mutants: wild-type (®lled circle), IV7 (open circle), TA21 (®lled square), TS21 (open square), TV21 (®lled
triangle), TS27 (open triangle), TA27 (®lled diamond), TV27 (open diamond), TA75 (cross), TV75 (crossed square).
(c) Hydrophobic core mutants: wild-type (®lled circles), VA2 (open circle), VA4 (®lled square), VA23 (open square),
VA24 (®lled triangle), LA50 (open triangle), IA56 (®lled diamond), ID56 (open diamond), IT56 (cross). (d) Hydro-
phobic core mutants: wild-type (®lled circles), VA63 (open circle), IV76 (®lled square), IA91 (open square), IV91 (®lled
triangle), VA98 (open triangle), VA101 (®lled diamond), LA106 (open diamond). Continuous line indicates the best ®t
of the data to a linear equation. (e) Very destabilising hydrophobic core mutants: wild-type (®lled circles), FA36
(open circles), IA76 (®lled square), LA97 (open square). The continuous line shows the best ®t of the data to a
second-order polynomial equation.
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1992). �F � 0 when ��G{-U � 0, i.e. when the
mutation has no effect upon the energy of the tran-
sition state relative to the unfolded state. In this
case, the transition state is unstructured in the
region of the mutation. Conversely, �F � 1 when
��G{-U � ��GU-F, i.e. the interaction energy lost
upon mutation is the same in the native and
transition states. This result suggests that the tran-
sition state is highly structured in the region of the
mutation. Fractional �-values are more dif®cult to
interpret.

A number of different situations can give rise to
fractional �-values. One example would be a pro-
tein that folds by parallel pathways in which por-
tions of the protein are native-like in the transition
state of one pathway (i.e. �F � 1), but unfolded in
the transition state of another pathway (i.e.
�F � 0). Brùnsted analysis of the unfolding and
equilibrium data for FKBP12, however, suggests
that the transition state is an ensemble of states
close in structure. (See Results; single versus paral-
lel pathways). Even given a single dominant fold-
ing pathway, the analysis of fractional �-values
can be complicated when there are changes in
solvation energy. However, in the case where a
non-polar side-chain is replaced by another non-
polar side-chain and where water does not enter
the site of mutation, there should be an approxi-
mately linear relationship between the �-value and
the extent of formation of non-polar contacts in the
transition state relative to the native state, as has
been observed for CI2 (Jackson & Fersht, 1993; Li
& Daggett, 1996).



Table 2. Unfolding data and f-value analysis

Mutant

Equilibrium data
��GU-F (kcal

molÿ1) lnkH2O
U m{-F (Mÿ1) lnkU

3.9 M urea �F (0 M urea) �F (3.9 M urea)

Wild-type ÿ8.46 � 0.16 0.89 � 0.02 ÿ4.97 � 0.08
Val! Ala2 2.43 � 0.12 ÿ6.62 � 0.22 1.06 � 0.04 ÿ2.47 � 0.07 0.55 � 0.09 0.39 � 0.03
Val! Ala4 2.78 � 0.10 ÿ5.60 � 0.16 1.04 � 0.03 ÿ1.54 � 0.06 0.39 � 0.03 0.27 � 0.01
Ile! Val7 0.92 � 0.11 ÿ7.15 � 0.14 0.92 � 0.02 ÿ3.55 � 0.06 0.16 � 0.03 0.09 � 0.01
Thr! Ala21 1.60 � 0.11 ÿ6.94 � 0.10 0.92 � 0.02 ÿ3.36 � 0.04 0.44 � 0.06 0.40 � 0.04
Thr! Ser21 1.44 � 0.11 ÿ7.37 � 0.02 0.95 � 0.003 ÿ3.67 � 0.04 0.55 � 0.09 0.47 � 0.05
Thr! Val21 ÿ0.86 � 0.13 ÿ9.03 � 0.08 0.89 � 0.01 ÿ5.56 � 0.05 0.61 � 0.2 0.59 � 0.1
Val! Ala23 2.97 � 0.10 ÿ6.19 � 0.03 0.92 � 0.01 ÿ2.56 � 0.04 0.55 � 0.04 0.52 � 0.03
Val! Ala24 3.19 � 0.11 ÿ5.43 � 0.04 0.97 � 0.01 ÿ1.64 � 0.04 0.44 � 0.03 0.38 � 0.02
Thr! Ala27 1.97 � 0.17 ÿ6.40 � 0.20 0.99 � 0.03 ÿ2.56 � 0.09 0.38 � 0.06 0.28 � 0.03
Thr! Ser27 1.49 � 0.11 ÿ7.54 � 0.10 1.05 �0.02 ÿ3.44 � 0.04 0.63 � 0.1 0.39 � 0.04
Thr! Val27 ÿ0.23 � 0.12 ÿ8.73 � 0.19 0.95 � 0.03 ÿ5.03 � 0.09 0.31 � 0.3 0.85 � 2.00
Phe! Ala36 3.54 � 0.15 ÿ2.01 � 0.19 0.55 � 0.03 0.13 � 0.07 ÿ0.08 � 0.01 0.15 � 0.01
Leu! Ala50 2.57 � 0.11 ÿ6.12 � 0.10 0.97 � 0.02 ÿ2.34 � 0.04 0.46 � 0.04 0.39 � 0.02
Val! Ala55 2.13 � 0.13 ÿ5.30 � 0.22 0.93 � 0.04 ÿ1.67 � 0.09 0.12 � 0.01 0.08 � 0.01
Ile! Ala56 2.48 � 0.12 ÿ5.17 � 0.09 0.92 � 0.02 ÿ1.58 � 0.03 0.21 � 0.02 0.19 � 0.01
Ile! Thr56 1.81 � 0.13 ÿ5.92 � 0.08 0.96 � 0.02 ÿ2.16 � 0.02 0.17 � 0.02 0.08 � 0.01
Ile! Asp56 3.16 � 0.20 ÿ3.54 � 0.10 0.76 � 0.02 ÿ0.60 � 0.03 0.08 � 0.01 0.18 � 0.01
Arg! Ala57 0.81 � 0.11 ÿ7.66 � 0.06 0.93 � 0.01 ÿ4.05 � 0.02 0.42 � 0.1 0.33 � 0.05
Arg! Gly57 2.29 � 0.10 ÿ4.94 � 0.16 0.84 � 0.03 ÿ1.65 � 0.07 0.09 � 0.01 0.14 � 0.01
Glu! Ala60 2.13 � 0.11 ÿ5.32 � 0.10 0.88 � 0.02 ÿ1.89 � 0.04 0.13 � 0.01 0.14 � 0.01
Glu! Gly60 2.84 � 0.12 ÿ3.97 � 0.19 0.82 � 0.03 ÿ0.79 � 0.08 0.06 � 0.004 0.13 � 0.01
Glu! Ala61 0.84 � 0.11 ÿ7.17 � 0.17 0.92 � 0.03 ÿ3.59 � 0.07 0.091 � 0.02 0.03 � 0.004
Glu! Gly61 2.49 � 0.10 ÿ5.29 � 0.21 0.95 � 0.04 ÿ1.59 � 0.07 0.25 � 0.02 0.20 � 0.01
Val! Ala63 2.97 � 0.10 ÿ5.88 � 0.07 0.87 � 0.01 ÿ2.50 � 0.03 0.49 � 0.04 0.51 � 0.02
Thr! Ala75 2.6 � 0.11 ÿ5.51 � 0.12 1.01 � 0.02 ÿ1.55 � 0.04 0.34 � 0.03 0.24 � 0.01
Thr! Val75 0.81 � 0.13 ÿ8.05 � 0.08 0.92 � 0.01 ÿ4.47 � 0.04 0.70 � 0.30 0.63 � 0.20
Ile! Val76 0.76 � 0.12 ÿ7.90 � 0.12 0.94 � 0.02 ÿ4.24 � 0.05 0.56 � 0.2 0.43 � 0.09
Ile! Ala76 3.81 � 0.18 ÿ5.30 � 0.09 1.14 � 0.02 ÿ0.73 � 0.02 0.51 � 0.04 0.34 � 0.02
Ile! Val91 0.38 � 0.11 ÿ8.33 � 0.16 0.97 � 0.02 ÿ4.54 � 0.07 0.80 � 1 0.33 � 0.1
Ile! Ala91 1.54 � 0.10 ÿ5.86 � 0.15 0.87 � 0.02 ÿ2.47 � 0.07 0.001 � 0.00 0.04 � 0.003
Leu! Ala97 3.56 � 0.11 ÿ3.38 � 0.20 0.78 � 0.03 ÿ0.32 � 0.08 0.16 � 0.01 0.23 � 0.01
Val! Ala98 2.16 � 0.13 ÿ5.94 � 0.17 0.93 � 0.02 ÿ2.31 � 0.08 0.31 � 0.03 0.27 � 0.02
Val! Ala101 2.75 � 0.10 ÿ6.64 � 0.10 0.94 � 0.02 ÿ2.99 � 0.03 0.61 � 0.07 0.57 � 0.03
Leu! Ala106 2.32 � 0.11 ÿ5.86 � 0.07 0.88 � 0.01 ÿ2.43 � 0.03 0.34 � 0.03 0.35 � 0.02
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In some cases mutations delete several inter-
actions in the native state and therefore may report
on the integrity of different regions of structure. In
other cases, the mutation may involve the substi-
tution of a polar or charged side-chain for a non-
polar side-chain, or vice versa. In this case, one
must take into account the difference in solvation
energies of the wild-type and mutant side-chains
in the unfolded, transition and folded states, which
complicates interpretation of fractional �-values.
These problems can be overcome by making a
series of mutations at a single position and using a
®ne structure analysis to calculate �-values of
composite mutations for which �-values can be
more easily interpreted. For example, Thr! Val
and Thr! Ala mutations at position 21, 27 and
75. Fractional �-values are obtained for all these
mutations, and as the mutations involve the substi-
tution of polar for non-polar residues, these values
are dif®cult to interpret. Using a thermodynamic
cycle a �-value for the composite Val! Ala
mutation can be calculated. In this case, the sol-
vation energies of the two non-polar side-chains
are very similar and the �-value can be interpreted
in a more straightforward manner. In addition,
®ne structure analysis can be used to study the
interactions of individual moieties within a side-
chain. For example, the series of mutations
Ile! Val! Ala! Gly allows us to attribute
structure formation to each Cd1, Cg, and Cb meth-
yl(ene) group within the side-chain. This analysis
is important if different methyl(ene) groups in the
side-chain interact with different elements of struc-
ture in the native state. The �-values calculated for
composite mutations at positions 21, 27, 75, 76,
and 91 using the ®ne structure analysis are shown
in Table 1.
Molecular dynamics simulations of unfolding
and identification of the transition state

Because of the many complications and assump-
tions associated with the interpretation of structur-
al attributes from energetics and the desire for
detailed structural models, molecular dynamics



Table 3. Comparison of experiment and simulation

Residue Mutation �F-value
Side-chains within 4.5 AÊ in the

crystal structure Calculated S value
Side-chains within 4.5 AÊ

in TS structures

Val24 Val!Ala 0.4 Cys22, Tyr26, Phe46, Trp59,
Val101, Leu103,

0.5 Cys22, Tyr26, Phe48,
Met66, Val101, Leu103

Leu50 Leu!Ala 0.4 Pro16, Phe48, Glu60 Ala64 0.2 Thr21, Phe48, Gln53
Val63 Val!Ala 0.5 Pro16, Cys22, Phe48, Trp59,

Met66, Val101
0.4 Phe15, Pro16, Arg57,

Trp59, Glu61
Ile76 Ile! Val 0.4 Val2, Ile56, Gly58, 0.3 Val2, Leu74, Tyr80,

Ile! Ala 0.3 Trp59, Leu74, Tyr89, Ile91, Pro93, Thr96,
Val! Ala 0.3 Ala81, Phe99 Leu97, Phe99

Val101 Val!Ala 0.6 Val24, Tyr26, Val63, Trp59, Met66,
Leu74, Phe99

0.5 Val24, Tyr26, Leu74,
Met66, Phe99
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(MD) simulations of the unfolding of FKBP12 were
performed. Two high-temperature (498 K) de-
naturation simulations were performed in water,
beginning from the crystal (D-1, van Duyne et al.,
1991) and NMR (D-2, Michnick et al., 1991) struc-
tures. In addition, a control simulation at 298 K
was performed beginning with the crystal struc-
ture. At high temperature, the protein expanded
rapidly and reached a Ca root-mean-square (RMS)
deviation of 8 and 12 AÊ within 2 ns, for the D-1
and D-2 simulations, respectively. In comparison,
the protein remained within 2.2 AÊ of the starting
structure in the control simulation. Putative tran-
sition state structures were identi®ed in the dena-
turation simulations using a conformational
clustering method described previously (Li &
Daggett, 1994, 1996; Daggett et al., 1998). Brie¯y,
Figure 2. Projection of conformational clustering of D-
2 simulation. The ®rst cluster near the native state is
coloured red. The transition state region is de®ned as
when the protein leaves this cluster and 25 structures
preceding this point are collected and used as the
transition state ensemble.
this method is used to compare all structures
against all other structures to determine clusters of
similar conformations. Then, we de®ne the tran-
sition state region as the structures immediately at
and preceding the ®rst major conformational
change (i.e. when we leave the ®rst cluster near the
native state). The clustering for the D-2 simulation
and the position of the transition state are shown
in Figure 2. The rationale for using the departure
from the ®rst main cluster to represent the tran-
sition state has been presented by Li & Daggett
(1994, 1996). The transition state ensembles used
were comprised of 25 structures each from 150-
155 ps in the simulation beginning from the crystal
structure (TS1) and 115-120 ps beginning with the
NMR structure (TS2). Representative structures
from these time periods are given in Figure 3. The
two transition state ensembles are structurally
similar with a Ca RMS deviation of 5 AÊ . The
transition state structures also differ from the
starting structures to the same extent (Figure 3).

The simulated transition state structures contain
partial structure. The central core of the b-sheet is
fairly structured with fraying of the sheet at the
edges, even for the more well-ordered strands. The
a-helix is only weakly structured with some reten-
tion of structure at the C terminus, particularly in
TS2 (Figure 3). The loops are all disordered
(Figure 3). This description is in qualitative agree-
ment with the experimental results, but a semi-
quantitative comparison is needed. To this end, we
calculate a structure index along the sequence that
is a composite of the tertiary contacts for a residue
and its extent of native secondary structure (see
Materials and Methods and Daggett et al., 1996,
1998; Li & Daggett, 1998). This structure index, or
S value, is typically between 0 and 1, as with �-
values. We can then compare the experimental �-
value with the structure index calculated from the
simulated transition state structures (Figure 4(a)).
Both the S and �-values vary along the sequence,
with the highest values in the core of the b-sheet
and the C terminus of the helix. The S and �-
values are generally in good agreement, predicting
similar extents of structure, as illustrated by the



Figure 3. Main-chain traces of the native and tran-
sition state structures of FKBP12. Representative tran-
sition state structures (TS1, 153 ps; TS2, 118 ps) are
displayed and the Ca RMS deviations are given between
the transition state and experimentally determined
native structures. The secondary structure is labelled in
the ®rst structure and all other structures are given in
the same orientation. Some residues of interest in the
hydrophobic core are displayed in cyan and labelled
(the residues are not labelled in the crystal structure
because of the secondary structure labels, but they are
in the same orientation as in the NMR structure). Loops
4 and 6 are coloured red. The diagram was produced
using the programs MOLSCRIPT (Kraulis, 1991) and
Raster3D (Bacon & Anderson, 1988; Merritt & Murphy,
1994).

Transition State for Folding of FKBP12 451
their placement within the horizontal lines in
Figure 4(a). There is a fair degree of variance
between the S values for TS1 and TS2 for some
residues (Figure 4(a)), resulting in a correlation
coef®cient between the average and experimental
values of 0.62, or 0.72 if the two most problematic
residues (Leu50 and Glu60) are excluded. But, if
TS1 and TS2 are considered interchangeable, all
but Leu50 and Glu60 have values for TS1 or TS2
within 0.2 and usually <0.1 of the �-value (S-TS1/
TS2 line in Figure 4(a)), leading to a correlation
coef®cient between simulation and experiment of
0.82 for all residues and 0.90 if Leu50 and Glu60
are removed from the comparison (Figure 4(b)).
Representative TS1 and TS2 structures are coloured
by the S and �-values in Figure 5, ranging from
highly structured in blue (above the top horizontal
line in Figure 4(a)) to unstructured in red (below
the lower horizontal line in Figure 4(a)). In
addition, the crystal structure is included for com-
parison and coloured by the experimental �-
values. It is evident from the coloring of the tran-
sition state structures that despite site-speci®c vari-
ations in the S values, their overall features are
similar. The transition state models are discussed
in greater depth below in an attempt to help
explain the experimental observables.
Structure of the transition state

The a-helix

The folding of the a-helix of FKBP12 was probed
by mutation of the side-chains of Arg57, Glu60 and
Glu61 to Ala and Gly. All of the �-values for these
residues are close to zero, suggesting that the a-
helix is primarily unstructured in the transition
state (see Tables 1 and 2). Direct interpretation of
the �-values of these mutants is complicated, as
each mutation results in the loss of many different
interactions. For example, deletion of Arg57
removes a salt bridge with Glu61 and many pack-
ing interactions as well as changing the solvation
energy of the side-chain. Calculation of the compo-
site Ala! Gly mutations at these positions cir-
cumvents some of these problems and reveals that
the N terminus of the a-helix is unstructured mov-
ing towards weak structure at the C terminus. The
structure of the N-cap of the a-helix, as de®ned by
Richardson & Richardson (1988), in the transition
state was also probed by mutation of Ile56. The �-
value for Ile! Ala56 is 0.2, consistent with a lar-
gely unstructured N terminus of the helix. Val63 is
the C-terminal residue of the a-helix. Mutation to
Ala disrupts interactions both within the helix and
between the a-helix and the b-sheet. It is therefore
not possible a priori to use Val! Ala63 as a strict
probe of helical structure. Mutation of Val63 to Gly
would allow a �-value for the composite
Ala! Gly63 to be calculated but, unfortunately,
the Gly63 mutant was too destabilised to analyse
(data not shown).

The calculated S values and experimentally
derived �-values are in good agreement for the a-
helix with the exception of Glu60 (Figure 4). Both
TS1 and TS2 predict large S values due to retention
of helical geometry at this residue, although the
neighbouring residues are not as helical, and it par-
ticipates in non-native electrostatic interactions.
Analogous to the Ala! Gly mutation, such com-
plications can be alleviated by calculation of a
modi®ed S value that excludes the side-chain
atoms past Cb, resulting in a lower value of 0.3.
Inspection of the transition state structures from
the molecular dynamics simulations shows that the
helix is only partially structured (Figure 3). In TS1,
the main-chain of the helix is virtually unstruc-
tured with a couple of unconnected and distorted
turns stabilised by packing interactions between
Val63 and the non-polar portion of Arg57 and a



Figure 4. Comparison of structure in the transition
state as probed by experiment and simulation. (a) Distri-
bution of structure in the transition state along the
sequence. The �F (the 0 M urea values in Table 2 or the
Ala! Gly values in Table 1) and S values for TS1, TS2,
their average and a combination of the best values,
TS1/TS2 are plotted for each mutated residue. S values
are calculated over the simulated transition state ensem-
bles, 25 structures from each simulation. The horizontal
lines delimit regions of little to no structure in the tran-
sition state, values <0.3; partial structure, 0.3 < � or
S < 0.5; and more highly structured, values 50.5. The
�F value for Thr! Val75 is used, see the footnote to
Table 1. (b) Scatter plot showing the correlation between
the �F and S values.
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native salt bridge between Arg57 and Glu61. In the
case of TS2, the helix is more native-like, but the N
terminus is extended. The C-terminal turn of the
helix is intact by virtue of native packing between
Trp59 and Val63 and a non-native salt bridge
between Glu60 and Arg57.

The b-sheet

The structure of the b-sheet in the transition
state was probed by mutation of Val2, Val4, Val23,
Ile7, Thr21, Val24, Thr27, Thr75, Leu97 and Val98.
These residues interact almost exclusively with
other residues in the b-sheet and make few con-
tacts with the a-helix or loops in the native state
(see Table 1). The �-values for these residues range
from 0.1-0.5 with many around 0.3-0.4 (Figure 4),
suggesting that the b-sheet is weakly formed in the
transition state. The residues in b-strands 2, 4 and
5, are more structured on average than the other
strands, with �-values of �0.5-0.6. In comparison,
the C-terminal portion of b-strand 1 and the N ter-
minus of b-strand 5 are less structured in the tran-
sition state (�-values are � 0.3, see Table 1 and
Figure 4).

The S values for the simulated transition state
structures are in good agreement overall for the b-
strands with the exception of Val98 in b-strand 5,
whose S value ranges from 0.5-1.0 compared with
a �-value of 0.3. The b-strands 2, 4, and 5 rep-
resent the core of the b-sheet in the TS models
(Figures 3 and 5). There is signi®cant fraying of the
structure away from this core and at the edges of
even the structured strands.
The loops

There are several long loops in FKBP12 that are
involved in binding the immunosuppressant
ligands FK506 and rapamycin (see Figure 1 in
Main et al. (1999)). A number of mutations probe
the structure of these loops in the transition state.
Phe! Ala36 probes the interactions between b-
strand 3 and loop 6, and to a lesser extent b-strand
2. Val! Ala55 probes the interactions between
loop 4 and b-strand 3, and the a-helix, whilst
mutation of Ile91 probes the integrity of loop 6 and
interactions between loop 6 and b-strand 3. In all
cases, the �-values are close to zero, indicating
that there is little to no structure. (The �-value for
Ile! Val91 is 0.3 compared with zero for
Ile! Ala91 and Val! Ala91, however, the error
associated with this value is large because ��GU-F

is small. Thus, the �-value of zero for IA91 and
VA91 is more accurate.) This is consistent with the
ligand-binding studies (Main et al., 1999).

The MD-generated TS structures support the �-
value analysis. The calculated S values are low for
the three residues 36, 55 and 91 (Figure 4). Both
loops 4 and 6, which these mutations probe, are
distorted in the transition state structures and no
longer tightly cap the active site (Figures 3 and 5).
The hydrophobic core

The main hydrophobic core of FKBP12 is formed
by the packing of the amphipathic a-helix against
the ®ve-stranded b-sheet. The side-chains of Leu50,
Val63, Ile76 and Val101 are used to probe this
region. The close contacts (<4.5 AÊ ) that these side-
chains make in the native and transition states are
given in Table 3. The � and average S values are



Figure 5. Graphical representation of the structure of
the transition state as probed by experiment and simu-
lation. A representative structure from the TS2 ensemble
(at 118 ps) is coloured by �F and S values, 0 < �F,
S < 0.3, red; 0.3 < �F < 0.5, magenta; �F > 0.5, blue. For
undetermined �F-values the ribbon is coloured white.
Note, due to the large number of low values for
FKBP12, a different cutoff for depicting the extent of
structure is being used compared with our other recent
studies (see, for example, Bond et al., 1997).
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in good agreement for these residues (Figure 4 and
Table 3), with the exception of Leu50 which has a
low S value.

Leu50 is in a loop connecting b-strand 3 with the
a-helix. It is completely buried and makes inter-
actions with Pro16 in loop 1, Phe48 in b-strand 3,
Glu60 in the a-helix, and Ala64 which is at the C-
terminal end of the a-helix in the native state.
Truncation of Leu50 to Ala yields a �-value of 0.4
for the Leu! Ala50 mutant, which indicates that
approximately 40 % of the interaction energy of the
native state is maintained in the transition state.
The loop containing Leu50 is disrupted in the TS
structures (Figure 3) but some tertiary contacts
remain, yielding a S value of 0.2. Interestingly, this
residue only makes tight packing contacts with
three residues in the TS structures and only one of
which is native (see Table 3).

The mutation of Val! Ala63 probes the inter-
action between the a-helix and the b-sheet in the
transition state. Truncation of Val to Ala removes
favourable van der Waals' interactions with Pro16
in loop 1, Cys22 in b-strand 2, Phe48 in b-strand 3,
Trp59 in the a-helix, Met66 in the loop following
the a-helix, and Val101 in b-strand 5. A �-value of
0.5 suggests that this region of the a-helix, and in
particular its interactions with the b-sheet, are par-
tially formed in the transition state. The average S
value for Val63 (0.4) is in good agreement with
experiment (0.5), but the individual values for TS1
and TS2 range from 0.1 to 0.65 (Figure 4). Val63
makes primarily local interactions with other resi-
dues in the helix (see Table 3). In the case of TS1,
Val63 points towards the core and b-structure but
close contacts are not made (Figure 3). In TS2,
Val63 rotates and points away from the core but
maintains contacts with loop 1 (Figure 3).

Mutation of Ile76 probes both the interactions
within the b-sheet, especially between b-strand 4
and b-strands 1 and 5, as well as the interactions
between b-strand 4 and the a-helix. Most of the
interactions with the a-helix, however, are with
residues at its N terminus, which, as discussed
above, is largely unstructured in the transition
state. The �-value of 0.4 for Ile! Val76, and �-
values of 0.3 for Ile! Ala76 and the composite
mutation Val! Ala76 may re¯ect the number of
interactions between b-strand 4 and b-strands 1
and 5 that are formed in the transition state in this
region. This suggests that this region of the b-sheet
is partially structured in the transition state. The
average S value for Ile76 is 0.3. Ile76 participates in
a variety of packing interactions in the two tran-
sition state ensembles; the majority of these inter-
actions are with b-strand 5 and are both native and
non-native, the other interactions with b-strand 1
and local loop residues were only native (see
Table 3 and Figure 3).

The mutation Val! Ala101 also probes the
interactions between the b-sheet and the a-helix by
removing interactions between b-strand 5 and b-
strand 2, and between b-strand 4 and Trp59 in the
a-helix. Val! Ala101 has a �-value of 0.6, one of
the highest values obtained. This residue also inter-
acts with Val24 and Val63 in the native state and
these residues have moderately high �-values (0.4-
0.5). Val101 is in the middle of the central strand
(b-strand 5) and is therefore poised in the very
centre of the b-sheet and hydrophobic core. The
calculated S value for Val101 is also high at 0.5-0.6.
Unlike the other core residues discussed above,
Val101 made extensive tertiary contacts in the TS
ensembles and all were native interactions (see
Table 3 and Figure 3).
Interpretation of fractional ���-values: single
versus parallel pathways

Whereas �-values of 0 or 1 can be interpreted in
a straightforward manner (Fersht et al., 1992), frac-
tional values of � are more problematic. Fractional
values may result from changes in the solvation
energy of the mutated side-chain in either the
unfolded, transition or native state and be unre-
lated to structure per se. Consequently, we try to



Figure 6. Brùnsted analysis. Plot of lnkU at 3.9 M urea versus ��GU-F/RT for (a) a-helix mutants (slope � 0.84, cor-
relation coef®cient � 0.99), (b) b-sheet mutants (slope � 0.64, correlation coef®cient � 0.95), (c) hydrophobic mutations
with high �-values (slope � 0.53, correlation coef®cient � 0.95), (d) hydrophobic mutations with low �-values
(slope � 0.74, correlation coef®cient � 0.97), (e) all mutants (slope � 0.68, correlation coef®cient � 0.91).
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focus on �-values for mutations that substitute a
non-polar residue for another non-polar residue,
where differences in changes of solvation are
small. For these cases, fractional values may result
from either: (i) the structure at the site of mutation
being weakened in the transition state; or (ii) a
mixture of species some with the structure at the
site of mutation being fully folded and others fully
unfolded in the transition state, arising from paral-
lel pathways. Whether there is a genuine single
pathway or parallel pathways, which would result
in multiple distinct transition states, is a fundamen-
tal question. Fersht et al. (1994) have proposed a
kinetic test to distinguish between these possibili-
ties. This test is based on Brùnsted behaviour
observed in physical organic chemistry for simple
systems in which a single bond is made/broken in
the transition state of the reaction. Brùnsted beha-
viour for protein folding reactions can be analysed
using equation (3):

ln kU � ln ko
U � �1ÿ bF���GU-F=RT �3�

where ko
U is the rate constant for unfolding of the
parent molecule, in this case wild-type FKBP12, kU

is the rate constant for unfolding of mutant
FKBP12, and bF is a constant which is related to
the degree of structure formation in the transition
state. For parallel pathways involving transition
states in which interactions are either fully formed
or fully broken, one would expect non-linear
Brùnsted behaviour. For parallel pathways we
expect a change in pathway as one pathway
becomes destabilised relative to another, depend-
ing on the elements of structure that are destabi-
lised upon mutation. For a protein folding reaction
to show Brùnsted behaviour, plots of lnkU versus
��GU-F/RT should be linear for single elements of
structure. Figure 6 shows the relationship between
lnkU and ��GU-F/RT for sets of mutations in the
a-helix (Figure 6(a)), b-sheet (Figure 6(b)), and the
hydrophobic core for those mutations with high �-
values (Figure 6(c)), low �-values (Figure 6(d)) and
all mutants (Figure 6(e)). In all ®ve cases there is a
strong correlation and no indication of non-linear-
ity, suggesting that FKBP12 folds via a single rate-
determining transition state. The surprisingly good
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®t of the data to a simple Brùnsted equation should
be due to two factors: (i) all the mutations probe
the same element of structure, which changes in a
concerted manner during the reaction; and (ii)
changes in activation energies parallel changes in
equilibrium stability. These results are similar to
those obtained for the folding of chymotrypsin
inhibitor 2 (Fersht et al., 1994). While only two
simulations have been performed, the resulting
transition state ensembles are partially structured
and similar and wildly divergent structures are not
observed (Figure 3). Thus, the data for FKBP12 are
consistent with either a single pathway that
involves particular elements of structure being par-
tially formed, or a mixture of structurally related
pathways where some have partial structure. The
data are not consistent with a scheme involving
parallel pathways or transition states, some with
elements fully formed and others unformed.

bF is an indication of the extent of structure in
the transition state. For mutations in the a-helix
and the b-sheet values of bF are 0.16 and 0.36,
respectively. These values con®rm the �-value
results and show that the a-helix is largely unstruc-
tured in the transition state, whereas the b-sheet,
although very much weakened, is partially formed
in the transition state. The values of bF for
mutations in the hydrophobic core with high �-
values is 0.47 compared with 0.26 for those with
low �-values, as expected.
Discussion

Structure of the transition state for
folding/unfolding of FKBP12

Previous studies have shown that the transition
state for folding of FKBP12 is relatively compact
with retention of approximately 70 % of the buried
surface area of the native state (Main et al., 1999).
Using protein engineering methods and �-value
analysis, complemented with MD simulations, we
have now characterised the structure of the tran-
sition state in some detail. A total of 34 mutants
were constructed to probe speci®c regions of sec-
ondary and tertiary structure. The results from
these studies are shown in Figure 5.

The results indicate that the a-helix is largely
unstructured in the transition state. In particular,
the N terminus of the helix is not formed at all;
however, there is some evidence for weak structure
at the C terminus. This is in contrast to the results
obtained for other a/b or a � b proteins for which
the helices are often partially or completely struc-
tured in the transition state. For example, it is
known from �-value analysis and MD that one
and possibly both of the a-helices in barnase are
structured in the transition state (Serrano et al.,
1992; Matthews & Fersht, 1995; Daggett et al.,
1998), the a-helix in CI2 is partially structured
(Itzhaki et al., 1995; Li & Daggett, 1996; Daggett
et al., 1996) in the transition state, and H/2H exper-
iments and MD have shown that amide protons
are protected from exchange early on the pathway
of folding in the a-domain of lysozyme (Miranker
et al., 1991; Radford et al., 1992; Kazmirski &
Daggett, 1998). A peptide corresponding to the
helical region of FKBP12 has been shown to have
no structure in water; however, this peptide does
adopt a helical conformation in tri¯uoroethanol
(Callihan & Logan, 1999). Results comparing the
structure of this peptide with peptides correspond-
ing to other regions of the protein indicate that it
has a higher tendency towards adopting non-
random conformations (Callihan & Logan, 1999).
These results have been interpreted as suggesting
that the helix forms early during folding; however,
the results presented here do not support this con-
tention. The discrepancies highlight the dangers of
searching for initiation sites of folding in short pep-
tides. As might be expected, and has been
observed for other proteins, loops are generally
unstructured in the transition state and only form
very late on the folding pathway after the rate-
limiting transition state.

The interactions in the b-sheet of FKBP12 are
considerably weakened in the transition state: on
average approximately 30-40 % of the interaction
energy is present in the transition state. Some
regions of the b-sheet, however, are more highly
structured than others (Figures 3, 4 and 5). In par-
ticular, the N terminus Val2 in b-strand 1, Thr21,
Val23, Val24 and Thr27 in b-strand 2, Thr75 and
Ile76 in b-strand 4, and Val101 in b-strand 5, have
slightly higher than average �-values, around 0.5.
In addition, Val63 at the C terminus of the helix
has a slightly higher than average value. The S
values are in agreement with this assessment; but
also extend the list of important residues to include
other nearby residues: Gln3, Val4, Glu5, Lys73,
Val98, Asp100 and Glu102 (these residues have S
values 50.5 in both TS1 and TS2). It is possible to
speculate that these residues participate in a fold-
ing ``nucleus'' around which the rest of the struc-
ture condenses. Interestingly, these residues fall
into two groups; the ®rst has residues pointing
into the hydrophobic core (residues 2, 4, 24, 63, 76
and 101) and the other residues are on the back,
exposed side of the sheet. These residues are
shown in various structures from the D-2 simu-
lation (Figure 7) with residues pointing into the
core coloured green and the others in red. While
these 16 residues have � and S values >0.5, by vir-
tue of being in a b-sheet, some may be carried
along by the actual residues in the nucleus. For
example, if the inner six residues make up the
actual nucleus, when they come into close contact
the outer residues are almost assured to be roughly
in the sheet as well. On the other hand, the
exposed residues may be crucial to the process.
Because these are neighbouring residues it
becomes dif®cult to determine cause and effect. All
of the residues are dispersed throughout the pro-
tein in the unfolded state but are in closer proxi-
mity in the transition state. Further collapse and



Figure 7. Residues involved in the nucleus along the folding pathway. Snapshots from the simulation beginning
from the NMR structure (D-2) over time. Note that the structures are presented in the direction of folding to illustrate
the disperse nature of the residues important in the transition state in the denatured state and how the residues do
not come together until late in folding. Also, due to the distribution of these residues throughout the protein their
packing interactions in the nucleus are linked to b-structure formation. The residues with large S values in the TS are
depicted explicitly in green or red. The residues pointing into the hydrophobic core in the TS are green: Val2, Val4,
Val24, Val63, Ile76, and Val101. The other residues are on the outside, solvent-exposed side of the sheet: Gln3, Glu5,
Thr21, Val23, Thr27, Lys73, Thr75, Val98, Asp100, and Glu102. The b-strands 2, 4 and 5 are coloured cyan and the a-
helix is shown in blue.
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consolidation of the structure then occurs onto the
scaffold provided by the nucleus, particularly the
six core residues. Some of the residues comprising
a more extended nucleus in TS1 and TS2 (e.g. with
an S value >0.5 in one of the two transition states)
differed, but the participating regions of the struc-
ture were preserved. These results provide support
for lattice simulations that suggest that while the
folding nucleus is probably not unique, the num-
ber of residues involved is limited (Guo &
Thirumalai, 1995, 1997).
Comparison of the structure in the transition
state with residual structure in the
unfolded state

The structure of the urea-unfolded state of
FKBP12 has been studied by NMR spectroscopy
(Logan et al., 1994). There is extensive confor-
mational averaging in the unfolded state, as shown
by Ca proton chemical shift data, vicinal coupling
constants, 3JHN,Ha,

15N T1 and T2 relaxation times,
and amide proton exchange rates, all of which
were as expected for a random coil. However, a
small number of medium-range (i! i � 2) and
(i! i � 3) nuclear Overhauser enhancement cross-
peaks (NOEs) were observed indicative of the tran-
sient formation of secondary structure in the
unfolded state, in particular some weak helical
structure in the region of the a-helix and b-strand
5. The simulations show little evidence of structure
in the unfolded state, but there are some hints of
helical structure in the region of the a-helix as well
as helical turns at the C terminus (Figure 7).
Residual structure in denatured states may play an
important role in the early stages of the folding
pathway by directing the protein along a particular
pathway. We see little correlation between the resi-
dues that are in partially structured regions in the
transition state, as determined from the �-value
analysis, and residues which may be involved in
regions with transient structure in the denatured
state. In particular, although there is evidence for
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the transient formation of helical structure in the
denatured state, the helix appears to be largely
unstructured in the transition state.

The nucleation-condensation mechanism for
protein folding

The data for FKBP12 are consistent with the
nucleation-condensation mechanism of protein
folding, as proposed initially for CI2 (Itzhaki et al.,
1995; Fersht, 1995, 1997). In this model there is a
search of conformations in the unfolded state of
the protein until suf®cient tertiary interactions are
formed to stabilise certain elements of structure.
When suf®cient interactions have been made, the
transition state is reached and there follows a rapid
formation of the ®nal structure. The nucleus of this
folding event does not form stable structure in the
absence of other interactions but requires the pre-
sence of various long-range interactions to form,
i.e. the formation of the folding nucleus is coupled
with more general formation of structure. The fold-
ing nucleus is simply the best-formed part of the
structure in the transition state. For FKBP12 the
folding nucleus appears to involve residues within
b-strands 2, 4 and 5, and the C terminus of the
a-helix. These residues make approximately
50-60 % of the interactions present in the native
state in the transition state. Thus, as with CI2, the
folding nucleus is in the process of being formed
as the transition state is formed.

It has been argued that the concomitant for-
mation of the folding nucleus and transition state
is preferable to the early formation of a stable
nucleus which may lead to a decrease in the over-
all rate of folding (Fersht, 1995). In contrast to the
nucleation model of folding proposed by Wetlaufer
(1973, 1990), formation of the folding nucleus in
the nucleation-condensation mechanism need not
be rate-limiting, since a signi®cant fraction of the
overall structure must be in place in order to pro-
vide the favourable long-range interactions necess-
ary to form the nucleus, as depicted in Figure 7. It
is now common practice to search for initiation
sites in the folding of proteins by searching for
structure in isolated peptides. Our results on
FKBP12 suggest that this may be a fruitless task.
The residues of most importance in stabilising the
transition state are distant in sequence.
Comparison of folding behavior of FKBP12
with other proteins

There are still relatively few proteins for which
the protein engineering method has been used to
analyse the structure of the transition state for
folding. The best characterised are barnase
(Matouschek et al., 1989, 1990; Serrano et al., 1992),
CI2 (Itzhaki et al., 1995), the SH3 domain from
a-spectrin (Viguera et al., 1996) and src
(Grantcharova et al., 1998), cheY (Lopez-Hernandez
& Serrano, 1996) and the activation domain of pro-
carboxypeptidase (ADAh2) (Villegas et al., 1998).
The folding pathway of FKBP12 shares many simi-
larities with that of CI2. Both fold with two-state
kinetics according to a nucleation-condensation
mechanism in which there is only one nucleus
formed in the transition state (Itzhaki et al., 1995).
It is interesting to compare FKBP12 and CI2 with
the pathways proposed for barnase and cheY
which show three-state folding kinetics. The latter
have been proposed to fold according to a nuclea-
tion-condensation mechanism with multiple
nucleation sites (Itzhaki et al., 1995; Lopez-
Hernandez & Serrano, 1996). FKBP12 has 107 resi-
dues compared with 64 for CI2, 110 for barnase
and 129 for cheY. One might therefore expect the
folding of FKBP12 to fold with multiple nucleation
sites in a manner similar to barnase and cheY.
However, whereas barnase and cheY contain sub-
domains (regions of structure which have more
close contacts within that region than with the rest
of the protein), FKBP12 and CI2 have a single-
domain structure. This suggests that folding nuclei
result from the subdomain structure, not the over-
all tertiary structure.
Are the residues involved in stabilising the
transition state and forming a folding nucleus
highly conserved?

A comparison of the primary sequences of a
number of FKBP12-like proteins shows that 23 resi-
dues out of 107 are invariant in all known FKBPs.
By comparing these residues with �-values
obtained in this study we see little correlation. For
example, Thr21, Val23 and Val24 on b-strand 2
have some of the highest �-values for FKBP12, yet
they are not conserved. Phe36, Val55, Ile56 and
Ile91, which all have very low �-values, are com-
pletely conserved (probably due to functional
requirements; they all bind to the immunosuppres-
sant ligands FK506 and rapamycin). In contrast,
Val101, which has one of the highest �-values in
this protein, is invariant and Val63, whose �-value
is also moderately high, is highly conserved. This
suggests that it may be dif®cult to predict the fold-
ing nucleus on the basis of sequence homology.
Conclusions

Protein engineering techniques combined with
molecular dynamics simulations have been used to
characterise the structure of the transition state for
folding of FKBP12 at high resolution. Although
previous studies have shown that the transition
state is quite compact with some 70 % of the buried
surface area in the native state present in the tran-
sition state (Main et al., 1999), present studies have
established that there are a number of regions
which are largely unstructured in the transition
state including the a-helix and loops. Although no
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region of structure is fully formed in the transition
state, regions of the b-sheet are comparatively
structured, with the structure being centred around
b-strands 2, 4, and 5. The data are consistent with
a nucleation-condensation mechanism of protein
folding in which the nucleus, which is partially
formed in the transition state, comprises
side-chains within b-strands 2, 4 and 5, and the
C terminus of the a-helix. The simulated transition
state ensembles suggest that particular regions of
the protein are retained in the nucleus, but that the
transition state is heterogeneous and the precise
residues involved can be somewhat variable. These
residues are distant in the primary sequence,
demonstrating the importance of tertiary inter-
actions in the transition state.
Materials and Methods

Materials

Wild-type and mutant FKBP12 were constructed,
expressed and puri®ed as described (Main et al., 1998).
Protein concentration was determined spectrophotome-
trically using a molar extinction coef®cient, e, of
9927 Mÿ1 cmÿ1 at 278 nm for both wild-type and mutant
FKBP12. Ultra-grade urea was used (Fisher Scienti®c UK
Ltd.). All stock solutions of urea were made using
volumetric ¯asks, ¯ash-frozen and stored at ÿ20 �C to
prevent degradation. In all experiments the ®nal buffer
concentrations were 50 mM Tris-HCl (pH 7.5), 1 mM
DTT. All other materials were analytical grade and pur-
chased from Sigma.
Methods

Equilibrium experiments

Equilibrium experiments were performed and data
analysed as described (Main et al., 1998).
Kinetic experiments

An Applied Photophysics Stopped-¯ow Reaction Ana-
lyser (model SF.17MV) was used and data were acquired
and analysed using the Applied Photophysics Kinetic
Workstation, version 4.099, supplied. In all studies the
temperature was 25(�0.1)�C.
Unfolding studies

Unfolding was initiated by diluting one volume of
aqueous protein solution (approximately 22 mM FKBP12
in 50 mM Tris (pH 7.5), 1 mM DTT), into ten volumes of
concentrated urea (containing 50 mM Tris-HCl (pH 7.5),
1 mM DTT). The initial urea solutions were such that the
®nal urea concentrations varied between 3.0 and 8.5 M.
Data analysis for unfolding kinetics

Fluorescence traces were analysed using either Kalei-
dagraph or Applied Photophysics software. The data
were ®tted to an equation describing a single exponential
process with linear drift and offset. The drift, when pre-
sent, is very small and results from photolysis and base-
line instability.
Molecular dynamics simulations

Three simulations of FKBP12 were performed for 2 ns
each. Two of the simulations began from the 1.7 AÊ crys-
tal structure of van Duyne et al. (1991, 1fkb). One of
these was a control simulation at 298 K, while the other
was a simulation of thermal denaturation at 498 K, D-1.
Another 498 K simulation (D-2) was performed begin-
ning with the average NMR structure of Michnick et al.
(1991, 1fks). The potential energy function and protocols
for the MD as implemented within the program ENCAD
(Levitt, 1990) have been described elsewhere (Levitt et al.,
1995, 1997). All simulations were performed at neutral
pH (Lys and Arg residues were positively charged and
Asp and Glu residues were negatively charged). Water
molecules were added around the protein to ®ll a rec-
tangular box, with walls at least 8 AÊ away from any pro-
tein atom, resulting in the addition of 3571, 3470 and
4026 water molecules for the 298 K, D-1, and D-2 simu-
lations, respectively. The density of the solvent was set
to the experimental value for 498 K, 0.829 g/ml or
298 K, 0.997 g/ml (Kell, 1967; Haar et al., 1984) by
adjusting the volume of the box, resulting in at least a
10 AÊ shell of water molecules at 498 K. Periodic bound-
ary conditions were used to minimize boundary effects.
Preparation of the systems followed the protocol
described by Daggett et al. (1998). The simulations were
carried out for 2000 ps, 2 ns, each, which was suf®cient
to unfold the protein.

For semi-quantitative comparison with the experimen-
tal � values, structure indices, or S values were calcu-
lated for each residue averaging over the transition state
ensemble identi®ed from the simulation. S is de®ned as
the product of S2o and S3o , i.e. S � (S2o )(S3o ), where S2o is
the fraction of native secondary structure and S3o is the
fraction of tertiary structure retained in this confor-
mational ensemble. The approach is discussed in more
detail by Daggett et al. (1996).
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