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Abstract. The folding pathway of FKBP12, a 107 residue «/f protein, has been characterised in
detail using a combination of experimental and computational techniques. FKBP12 follows a two-
state model of folding in which only the denatured and native states are significantly populated; no
intermediate states are detected. The refolding rate constant in water is 4 s~ 1 at 25 °C. Two different
experimental strategies were employed for studying the transition state for folding. In the first case, a
non-mutagenic approach was used and the unfolding and refolding of the wild-type protein measured
as a function of experimental conditions such as temperature, denaturant, ligand and trifluoroethanol
(TFE) concentration. These data suggest a compact transition state relative to the unfolded state with
some 70% of the surface area buried. The ligand-binding site, which is mainly formed by two long
loops, is largely unstructured in the transition state. TFE experiments suggest that the ¢-helix may be
formed in the transition state. The second experimental approach involved using protein engineering
techniques with ¢-value analysis. Residue-specific information on the structure and energetics of
the transition state can be obtained by this method. 34 mutations were made at sites throughout the
protein to probe the extent of secondary and tertiary structure in the transition state. 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 proteins, such as chymotrypsin
inhibitor 2 and the SH3 domain from «-spectrin. For FKBP12, the central three strands of the S-
sheet (2, 4 and 5), comprise the most structured region of the transition state. In particular Val 101,
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 §-strands, and the ends of the central
B-strands are formed to a lesser degree. The short «-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. These residues are distant in the primary sequence, demonstrating the importance of tertiary
interactions in the transition state. High-temperature molecular dynamic simulations on the unfolding
pathway of FKBP12 are in good agreement with the experimental results.
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1. Introduction

Over the past ten years a variety of experimental and computational approaches
have been used to study the folding pathways of small proteins. A number of
different experimental approaches have been used to study the structure and en-
ergetics of folding transition states. Two main strategies have been adopted — the
first is to study wild-type protein and measure the rates of unfolding and refolding
as experimental conditions such as temperature, denaturant concentration, ligand
concentration, etc. are varied. Temperature-dependence studies provide informa-
tion on the thermodynamic nature of the transition state, as well as its compactness,
as measured by burial of hydrophobic side chains. Studies on the folding and un-
folding of wild-type proteins in the presence and absence of ligand have yielded
information on the structure of ligand-binding sites during folding [1]. Recently,
this type of approach was extended by studying the effect of sugars and alcohols on
the rate of folding and unfolding [2, 3]. These experiments yielded information on
the extent of hydration and secondary structure formation, particularly «-helices,
in the transition state.

The second approach is to use protein engineering techniques, and measure
the relative stabilities and rates of folding of wild-type and mutant proteins. ¢-
value analysis can then used to quantitatively measure the energetics of structure
formation in the transition state [4]. This experimental approach, which provides
detailed, residue-specific information on the energetics of the transition state for
folding, has been complemented by molecular dynamic simulations which have
provided structural information on the transition state [5-7, 8].

In this paper, we present a comprehensive characterisation of the pathway and
transition state for folding of FKBP12. We have employed both experimental ap-
proaches outlined above, as well as performing molecular dynamic simulations, to
give a very detailed picture of both the energetics and structure of the transition
state for folding of this protein. The results obtained using the different experi-
mental strategies are compared, as are the results obtained from theoretical simu-
lations and experiment. This is the first example of the use of all three approaches
to characterise the transition state for folding of a single protein.

2. Structure of FKBP12

Human FKBP12 is a 12 kDa protein, 107 residues in length. It contains no disulph-
ide bridges, and all of its seven prolines are in a trans conformation in the native
state, thus folding is not limited by disulphide bond formation or rearrangement,
or proline isomerisation. In addition, it has been shown that FKBP12 undergoes
a reversible two-state unfolding under equilibrium conditions which can be in-
duced using urea or guanidinium chloride (GdnHCI) [9]. The urea and GdnHCI-
induced denatured states have been characterised using NMR spectroscopy which
has shown that, although there is some evidence for fleeting residual structure,
there is no evidence for extensive structure in the unfolded state [10]. The structure
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Figure 1. Structure of the human FKBP12-rapamycin complex. The major secondary struc-
tural features of FKBP12 are a large, amphiphilic, 5-stranded antiparallel S-sheet with a +3,
+1, -3, -1 topology and a small, amphiphilic a-helix. The a-helix, from Ile 56 to Val 63, packs
against the hydrophobic face of the B-sheet to form the main hydrophobic core of the protein.
The B-sheet comprises of B-strand 1 (Val 2 to Ser 8), B-strand 4 (Arg 71 to Ile 76), B-strand
5 (Leu 97 to Leu 106), B-strand 2 (Thr 21 to Leu 30), B-strand 3, which splits into two (Lys
35 to Ser 38 and Phe 46 to Met 49). The rapamycin-binding site comprises residues Tyr 26,
Phe 46, Val 55, Ile 56, Trp 59 and Phe 99. Rapamycin (RAP) is shown using a ball-and-stick
representation. The secondary structure representation was produced using Molscript [45] and
rendered using Raster3D [46].

of native FKBP12, which has been solved by x-ray crystallography and NMR
spectroscopy [11] is outlined below and shows some interesting features which
may affect the folding pathway.

The structure of FKBP12 is characterised by a large, amphiphilic, antiparallel
five-stranded S-sheet with +3,+1,-3,—1 topology, see Figure 1. An amphiphilic «-
helix packs against the hydrophobic face of the S-sheet at an angle of 60° with
respect to the long axis. The B-sheet has a right-handed twist and wraps around the
helix to form a well-ordered hydrophobic core. The immunosuppressant-binding
site, which contains many aromatic side chains, forms a large, shallow hydrophobic
pocket between the «-helix and B-sheet. A notable feature of FKBP12 resulting
from the +3,+1,-3,-1 topology of the B-sheet is a topological crossing of loop-1
(Pro9 — GIn20 which connects g-strand 1 and g-strand 2), and loop-4 (Ala64 —
GIn70 which connects the a-helix to g-strand). Although crossing topologies have
been observed in proteins containing parallel S-sheets they are rare in antiparallel
B-sheet structures. It has been suggested that the topological crossing of loops may
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result in complex folding pathways which would slow folding, and may even result
in misfolded species which would form kinetic traps on the folding pathway [12].

3. Two-State Nature of the Folding Transition

Experimentally, it has long been established that stable intermediates are not essen-
tial for the fast, efficient folding of a protein [13, 14]. In these simple systems only
the denatured and native states are significantly populated, even in the absence of
denaturant, and the folding of these proteins is therefore referred to as two-state.
Such proteins represent the simplest experimental models for studying folding.
More than twenty small proteins have now been shown to fold with simple two-
state kinetics [15] and it is likely that many other small proteins, or domains of
larger proteins, will also fold in this way. Experimentally, it is not possible to ob-
serve intermediates if they are higher in energy than the denatured state. However,
computational studies suggest that, in some cases, high-energy intermediate states
are not present on folding pathways [16].

By determining the unfolding and refolding rate constants over a wide range of
denaturant concentrations we have shown that FKBP12 fits to a two-state model
of folding, Figure 2a [17]. These results are supported by stopped-flow circular
dichroism experiments in which no fast ‘burst’ phase, attributable to the accumu-
lation of an intermediate on the folding pathway, is observed [17]. As discussed
above, experimentally it is difficult to observe intermediate states if they are higher
in energy than the denatured state. In some cases, however, such states have been
stabilised, and therefore become observable, by the addition of a chaotropic salt
such as sodium sulphate [18]. Even in the presence of 0.5 M Na,SO, the folding
kinetics of FKBP12 remain two-state, Figure 2a [17]. Thus, folding intermediates,
if present on the pathway of folding of FKBP12, must be high in energy and
very unstable. We are currently undertaking further experiments to probe the two-
state nature of the folding transition for FKBP12 in detail. Computational studies
[16] suggest that the folding of FKBP12 is truly two-state (Bill Eaton, personal
communication).

4. Experimental Approaches to Studying Folding Transition States
STRATEGY 1: NON-MUTAGENIC APPROACHES

The unfolding and refolding rate constants for wild-type FKBP12 have been de-
termined over a range of conditions to yield information on the transition state
for folding. The dependence of the rate constants on denaturant concentration is
shown in Figure 2a. From this the average solvent accessibility of main chain and
side chain groups in the transition state relative to the native state, Br, can be
determined. The values calculated using rate constants measured in either urea,
Figure 2a, or guanidinium chloride, GdnHCI, Figure 2c, are within experimental
at 0.7. This indicates that 70% of the solvent accessible surface area buried in the
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Figure 2. Kinetic unfolding and refolding experiments. (A) [urea]-dependence of the natural
logarithm of the rate constants for unfolding and refolding of FKBP12. Rate constants are
measured at 25 °C, in 50 mM TrisHCI, 1 mM DTT, pH 7.5. Points between 0.54-8 M were
obtained by [urea]-jump experiments (closed circles), the point at 0 M urea was obtained by
acid-jump, or alkali-jump experiment (hatched square). Each point is the average of at least
five separate experiments. Also shown are the rates measured in 0.5 M NaySOy (closed tri-
angles), 3.6% TFE (open diamonds), 9.6% TFE (open triangles), and 17% TFE (open circles).
The solid curves shows the best fit of the data to a two-state model [13]. (B) Eyring plot of the
temperature dependence of the unfolding rate constant at a final urea concentration of 7 M,
in 50 mM phosphate, 1 mM DTT, pH 7.5. The solid curve shows the best fit of the data, for
equations see [19]. The data shown has been offset by a constant in order to illustrate the un-
folding and refolding curves under identical conditions, i.e., in water. The data was not offset
during fitting. Eyring plot of the temperature dependence of the fast refolding rate constant at
0 M urea, in 50 mM phosphate, 1 mM DTT, pH 7.5. The solid curve shows the best fit of the
data, for equations see [19]. The intersects of the two curves indicate the midpoint of heat or
cold denaturation, and are +73 °C and —17 °C, respectively. (C) [GdnHCI]-dependence of the
natural logarithm of the refolding rate constant for FKBP12 (closed circles) and the complex
formed between FKBP12 and rapamycin (open circles). Other experimental details as Figure
2a. The solid curves shows the best fit of the data to a two-state model, for equation see [13].
(D) [TFE]-dependence of the natural logarithm of the rate constants for unfolding and refold-
ing of FKBP12. Rate constants are measured at 25 °C, in 50 mM TrisHCI1, 1 mM DTT, pH 7.5.
Points between 0-3% TFE were obtained by pH-jump experiment (closed circles), between
3.6-20% TFE by [TFE]-jump refolding experiment (open circles), and between 36-60% TFE
by [TFE]-jump unfolding experiment (closed triangles). The solid curve shows the best fit of
the unfolding and refolding data to a second order polynomial.
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Table 1. Activation parameters for the refolding and unfolding of FKBP12 calculated from the
Eyring plots

ACH AG* (298K)  AS* TAS* (298K)  AH* (298K)
(kcalmol™!  (kcalmol™!) (kcalmol™! (kcalmol™!)  (kcal mol~!)
K1 K1

unfolding  1.04 +0.08 18.7+0.01 -l6+1 47403 14+£03

refolding -0.67 £0.01 16.6 +0.01 -17£0.2 -5.0 £ 0.07 11.6 & 0.07

native state is already buried in the transition state. These data suggest that, on
average, the structure in the transition state is compact relative to the unfolded
state. This value is typical of small monomeric proteins [15].

The temperature dependence of the unfolding and refolding rate constants is
shown in Figure 2b in the form of Eyring plots. Both unfolding and refolding
Eyring plots are clearly non-linear. Non-linearity is observed when there is a sig-
nificant difference in heat capacity between the initial state and the transition state.
In this case AH¥, the activation enthalpy, and thus AG¥, the activation energy,
are dependent on temperature. These data can be analysed [19] to yield values for
AC };, the change in heat capacity between the initial and transition state, AS*, the
change in entropy between initial and transition state, A H*, the change in enthalpy
between initial and transition state, and AG*, the change in free energy between
initial and transition state. The values are shown in Table 1. Subscript U is used to
denote the activation parameters for the unfolding reaction and subscript F is used
to denote the activation parameters for the refolding reaction.

There is a large enthalpic contribution to the unfolding and refolding activa-
tion energy at 298 K, and a much smaller entropic contribution. In general it is
difficult to interpret changes in enthalpy and entropy as the factors contributing
to these terms are complex and include solvation effects. The activation enthalpy
for unfolding is large and positive, as has been observed for other proteins and
is attributed to the loss of favourable interactions present in the native state. The
large, positive activation enthalpy for folding can be attributed to the formation
of hydrophobic interactions in the transition state. It is interesting to note that the
activation entropies for unfolding and refolding are both small and negative. Values
for AS}, are frequently negative, a result of the decrease in chain entropy. Negative
values for ASli,, however, are less common, and indicate a decrease in entropy
between native and transition state. For FKBP12 this may result from the increase
in solvent accessibility of hydrophobic side chains in the transition state, forcing
water molecules to order around exposed hydrophobic groups.

The kinetics of unfolding and folding were determined as a function of denatur-
ant concentration in the presence of the tight-binding ligand rapamycin, Figure 2c.
As expected the FKBP12-rapamycin complex is more stable than free FKBP12 and
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the complex unfolds many orders of magnitude more slowly. Although the exact
difference in unfolding rate between free and complexed FKBP12 varies slightly
with denaturant concentration, at 3.5 M GdnHCI the difference is greater than 2 x
10°. In comparison, there is relatively little effect on the folding rate, Figure 2c.
These data suggest that the ligand-binding site, formed by a number of long loops,
is only very weakly structured in the transition state.

Trifluoroethanol and other alcohols have recently been used to probe the ex-
tent of secondary structure formation in the transition state for folding of acyl
phosphatase (AcP) [2, 3]. We performed similar experiments on FKBP12 in or-
der to study the extent of secondary formation in the transition state. The [urea]-
dependence of the unfolding and refolding rate constants was measured at three
different TFE concentrations: 3.6%, 9.6% and 17% (v/v), Figure 2a. For all three
TFE concentrations the data fit well to a two-state model. In 3.6 and 9.6% TFE
the protein folds faster and unfolds more slowly than in the absence of TFE, con-
sistent with the equilibrium results which show that low concentrations of TFE
stabilise the native state relative to the unfolded state [17]. In 17% TFE the protein
folds faster but also unfolds faster than in the absence of TFE, consistent with the
equilibrium results which show a slight destabilisation of the native state relative
to the unfolded state under these conditions [17]. Figure 2d shows the variation
in the rate of unfolding and refolding with final TFE concentration. The folding
rate increases with increasing concentrations of TFE up to a maximum rate en-
hancement of 4-fold at 9.6% TFE, the refolding rate then decreases with increasing
TFE concentration. This effect has also been observed for acylphosphatase (AcP),
an «o/f protein which folds with two-state kinetics [2, 3]. In this case, the rate
enhancements were attributed to TFE’s ability to stabilise a transition state with a
relatively hydrated and disorganised core but having a significant level of second-
ary, particularly a-helical, structure. The data on FKBP12 suggest that either the
a-helix or B-hairpin may have significant structure in the transition state.

STRATEGY 2: PROTEIN ENGINEERING METHODS AND ¢-VALUE ANALYSIS

The protein engineering methods and ¢-value analysis used to characterise fold-
ing transition states have been described extensively elsewhere [4]. First, a non-
disruptive single amino-acid substitution is introduced into the protein to produce
a mutant protein. The thermodynamic stability, unfolding and refolding kinetics
of the mutant are then measured and compared to those of the wild-type protein.
The effect of the mutation on the folding pathway is assessed quantitatively using
¢-value analysis: the difference in the change in free energy between the trans-
ition state and denatured state between mutant and wild type (AAG;_y) can be
calculated, and is compared to the difference in the change in free energy between
the native and denatured state, between mutant and wild-type (AAGg_y). The ¢-
value is simply the ratio of these two differences in free energy and is therefore a
measure of the extent to which interactions that the mutated side chain makes in the
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Figure 3. Results of the ¢-value analysis. (A) ¢-values are colour coded from dark blue (¢ =
0), green (¢pF = 0.2), yellow (¢ = 0.3), orange (¢ = 0.4), to red (¢ = 0.6). (B) Residual
structure in the urea- and guanidinium chloride-denatured state of FKBP12 as determined by
heteronuclear NMR NOE data [10]. @N (i, i+2) and N (i, i+3) NOEs are shown in red. aN (i,
i+2) are shown in orange. (C) Conserved residues: red >90%, red-orange >80%, dark-orange
>70%, orange >60%, gold >50%, yellow >40%, khaki >30%, pale yellow >20%, beige
>10%, white >0%. (D) Comparison of results from high-temperature molecular dynamic
simulations and experimentally-determined ¢-values. Snapshot of TS21 at 150 ps, snapshot
of TS2 at 118 ps.

native state are present in the transition state. For example, ¢ =0 when AAG;_y
=0, i.e., the mutation has no effect upon the energy of the transition state relative
to the unfolded state. In this case, it can be inferred that the transition state is
unstructured in the region of the mutation. Conversely, ¢ = 1 when AAG;_y =
AAGFE_y, i.e., the interaction energy lost upon mutation is the same in the native
and transition states. This suggests that the transition state is highly structured in
the region of the mutation. Fractional ¢-values are more difficult to interpret and
can arise from a number of different situations. For example, if a protein folds by
parallel pathways in which regions of the protein are native-like in the transition
state of one pathway (i.e., ¢ = 1) but unfolded in the transition state of another
pathway (i.e., ¢ = 0). Brgnsted analysis of the unfolding and equilibrium data for
FKBP12, however, suggests that the transition state is an ensemble of states close
in structure [20]. Even given a single dominant folding pathway, the analysis of
fractional ¢-values can be complicated when there are changes in solvation energy.
However, in the case where a nonpolar side chain is replaced by another nonpolar
side chain and where water does not enter the site of mutation, there should be an
approximately linear relationship between the ¢-value and the extent of formation
of nonpolar contacts in the transition state relative to the native state [6, 21].

CHARACTERISATION OF THE TRANSITION STATE FOR FOLDING BY PROTEIN
ENGINEERING METHODS

Thirty four mutations were made at positions throughout the protein to probe
the extent of secondary and tertiary structure formation in the transition state for
folding of FKBP12. Equilibrium experiments measuring A AG g_y have been pub-
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Table 1I. ®-value analysis: Summary of results, positions and interactions of mutated side chains

Mutant Position Primary interactions % Solvent
accessible
surface area
of side
chain

Val— Ala2 p1 interaction between 1 and 84 3

Val— Ala4 B1 interaction between 81 and g4, loop5

Ile— Val7 Bl interaction between 1 and 84 41

Thr—Ser21 g1 interaction between $2 and 83/85 17

Val—Ala2l g2 interaction between B2 and 83/85 and C-terminus 17

Val—Ala23 g2 interaction between $2 and 83/85 5

Val—Ala24 2 interaction between 82 and $2/83/85 and o

Thr—Ser27 2 interaction between $2 and 3 28

Val—Ala27 g2 interaction between 82 and $3/85 and $2/loop3 28

Phe—Ala36 g2 mainly interaction between B2 and loopb6, to a lesser

degree with 8 and to a lesser degree 53 10

Leu—AlaS0 B3 mainly 83-« but also 83, C-cap «-helix and loop 1 0

Val—Ala55  loop B3 and a-helix 9

Ile— Ala56 N-cap o, loop6, B4, 5 10

Ala—Gly57  «-helix  «-helix formation 19

Ala—Gly60 «-helix «-helix formation 17

Ala—Gly61 o«-helix «-helix formation 4

Val—Ala63  «-helix «-helix formation and tertiary interactions between «-

helix and loops 1&6, B2, 4, B85 0

Val—Ala75 g4 interactions within 84 and between 4 and 81/85 18

Ile—Val76 p4 mainly between $4 and «-helix, also 84/85 0

Ile— Ala76 B4 similar, also g4-81 0

Val—Ala76 g4 B4 and B1, B4, a-helix and loop6 0

Ile—Val91 loop probes mainly the structure of extended loop6, also

loop6-B3 interactions 1

Tle— Ala91 loop probes mainly the structure of extended loop6, also

loop6-B3 interactions 1

Val—Ala91  loop mainly probes interactions within loop6 1

Leu—Ala97 5 mainly the interaction within 85 and between g5-loop6 0

Val—Ala98 g5 interaction between 85 and $2/84 8

Val—AlalOl S5 interaction between 85 and 82 and «-helix 0

Leu— Alal06 g5 interaction between 85 and loopl 6

Data taken from [20, 22]. Only ¢-values for non-polar to non-polar substitutions are reported here.
These ¢-values report quantitatively on the interactions formed in the transition state [4].
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lished elsewhere [22]. The unfolding and refolding rate constants for wild-type
and mutant FKBP12 were determined over a range of denaturant concentrations
and these data used to calculate AAG;_y [20]. ¢-values for the mutants can be
calculated from these data and are summarised in Table II. The results are shown
graphically in Figure 3a.

The ¢-values vary between 0 and 0.6. Thus, no mutated residue is in a region
that is completely structured in the transition state, where one would expect the
side chain to make the same interactions as in the native state and the ¢-value
to be 1. Conversely, some of the mutated residues are in regions which must be
largely unstructured in the transition state as, in these cases, the ¢-values are 0.
As discussed above, for those mutated residues which have fractional values, this
indicates that they are in regions of the protein which are partially structured in
the transition state. For the types of mutation made in this study the ¢-value really
reflects the extent to which favourable interactions present in the native state have
formed in the transition state. Thus, for Val 101 which has the highest value at 0.6,
60% of the interaction energy this side chain makes in the native state is present in
the transition state. Therefore, the ¢-values can be used directly as a guide of the
extent of structure formation in the transition state.

Although the non-mutagenic studies show that the transition state is quite com-
pact, the protein engineering results establish that there are a number of regions
which are largely unstructured in the transition state. These include the N-terminus
of the a-helix and many of the loops. Although no region of structure is fully
formed in the transition state, regions of the §-sheet are comparatively structured,
the structure centering around g-strands 2, 4, and 5. In particular Val 101, which is
one of the most highly buried residues and located in the middle of the central §-
strand (B-strand 5), makes approximately 60% of its native interactions. The outer
B-strands, and the ends of the central §-strands are formed to a lesser degree. 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 «-helix. These
residues are distant in the primary sequence, demonstrating the importance of
tertiary interactions in forming and stabilising the transition state.

COMPARISON OF RESIDUAL STRUCTURE IN THE DENATURED STATE AND
STRUCTURE IN THE TRANSITION STATE

The structure of the urea-and GdnHCl-denatured state of FKBP12 has been studied
by NMR spectroscopy [10]. Although there is extensive conformational averaging
in the unfolded state, as shown by chemical shift data, vicinal coupling constants,
relaxation times and amide proton exchange rates, all of which were as expected
for a random coil, a small number of medium-range (i — i +2)and (i — i + 3)
Nuclear Overhauser Enhancement crosspeaks (NOEs) were also observed. These
are indicative of the transient formation of secondary structure in the unfolded
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state. In particular, there is some weak helical structure in the region of the «-helix
and B-strand 5, see Figure 3b [10]. Residual structure in denatured states may play
an important role in the early stages of folding by directing the protein along a
particular pathway. However, we see little correlation between the residues that
are in partially structured regions in the transition state, as determined from the
¢-value analysis, and residues involved in regions with transient structure in the
denatured state. In particular, although there is evidence for the transient formation
of native-like structure in the a-helix in the denatured state, the helix appears to be
largely unstructured in the transition state for folding.

COMPARISON OF STRUCTURE IN THE TRANSITION STATE AND SEQUENCE
CONSERVATION

It has been suggested that the folding nuclei of proteins are likely to be highly con-
served. A comparison of primary sequences shows that 23 out of the 107 residues
are invariant in all known FKBPs. Sequence conservation in the FKBP family is
shown graphically in Figure 3c. Comparing sequence conservation with ¢-values
we see little correlation. For example, Thr 21, Val 23 and Val 24 on S-strand 2
have some of the highest ¢-values for FKBP12, yet are not conserved. Phe 36,
Val 55, Ile 56 and Ile 91, on the other hand, which all have very low ¢-values,
are completely conserved (probably due to functional requirements — they all bind
to the immunosuppressant ligands FK506 and rapamycin). In contrast, Val 101,
which has one of the highest ¢-values, is invariant and Val 63, whose ¢-value is
also moderately high, is also highly conserved. This suggests that it may be difficult
to predict the folding nucleus on the basis of sequence homology.

5. Computational Approaches to Studying Folding Transition States

COMPARISON OF THE TRANSITION STATE DETERMINED EXPERIMENTALLY
AND HIGH-TEMPERATURE MOLECULAR DYNAMIC SIMULATIONS

Two high temperature (498 K) denaturation simulations were performed in water,
beginning from the crystal (D-1 [11]) and NMR (D-2 [12]) structures. In addition,
a control simulation at 298 K was performed beginning with the crystal struc-
ture. Details of the simulations are given elsewhere [20]. At high temperature, the
protein expanded rapidly and reached a Ca root-mean-square (RMS) deviation of
8 and 12 A within 2 ns, for the D-1 and D-2 simulations, respectively. In com-
parison, the protein remained within 2.2 A of the starting structure in the control
simulation. Putative transition state structures were identified in the denaturation
simulations using a conformational clustering method described previously [6, 8,
23]. The transition state ensembles 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). The average structures from these time
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periods are shown in Figure 3d. The two transition state ensembles are structurally
similar with a Coz RMS deviation of 5 A.

Comparison of the computational results, where only two unfolding simulations
are performed, with experimental data, in which approximately 10'> molecules
are studied, is obviously non-ideal. However, even for a relatively small protein
such as FKBP12, the simulations are so computationally-demanding it is only
realistic to perform a small number. Despite this, there is good agreement between
experimental and computational results.

The simulated transition state structures contain partial structure. The central
core of the f-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
retention of structure at the C-terminus, particularly in TS2. The loops are all dis-
ordered. The simulations are in good agreement with the experimental results. For
a more quantitative comparison see [20].

6. Comparison of Experimental Approaches: An Investigation of the Effect
of TFE on the Folding Pathway of FKBP12

In general, there is good agreement between results obtained using the two exper-
imental approaches. However, there is a discrepancy between results from protein
engineering experiments, which show that the a-helix is largely unstructured in the
transition state and no B-hairpins are fully formed, and results obtained with TFE
that suggest that the «-helix or -hairpin may have significant structure in the trans-
ition state. These conflicting results imply that either there has been a change in the
folding pathway on addition of TFE or that TFE does not act by stabilising second-
ary structure in the transition state. In order to investigate this apparent discrepancy
further, we undertook a ¢-value analysis in 9.6% TFE. Details of these experi-
ments have been published elsewhere [24]. ¢-values calculated for mutants in 0%
and 9.6% TFE are shown in Figure 4a and 4b, respectively. Remarkably, within
experimental error, there is no difference in the ¢-values measured. These results
conclusively show that TFE does not change the folding pathway of FKBP12; the
transition state in the presence of 9.6% TFE still has a largely unstructured o-helix
and has no fully structured B-hairpins. Thus, the rate enhancement observed for the
folding of FKBP12 in 9.6% TFE cannot be attributed to stabilisation of the «-helix

Figures4 and 5. —

Figure 4. Comparison of ¢-values in water and 9.6% TFE. (A) Transition state for folding of
FKBP12 in water (¢-values between 0-0.1 are shown in green, 0.2-0.4 yellow, 0.4-0.5 orange
and 0.5 and above red). (B) Transition state for folding of FKBP12 in 9.6% TFE (¢-values
between 0-0.1 are shown in green, 0.2-0.4 yellow, 0.4-0.5 orange and 0.5 and above red).
Figure 5. Free energy diagrams for the folding of FKBP12. 0% (black lines) and 9.6% (red
lines) TFE. The unfolded state, transition state and native state are designated U, % and F
respectively.
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or B-hairpin as has been reported elsewhere [2, 3]. Instead, these results suggest
that TFE has a global effect on the energetics of the protein structure rather than
specifically stabilising any individual element of secondary structure. In a recent
paper by Kentsis et al. [25] TFE was reported to increase the refolding rate of an
a-helical protein. Their analysis of two mutants suggested that TFE affects the
unfolded ensemble, destabilising it relative to the transition state and native state.
We have now tested the generality of this conclusion in a structurally very different
protein, FKBP12, which contains both « and B structural elements. By analysing
mutations throughout different regions of secondary and tertiary structure we have
shown that TFE does not affect any single element of structure in the transition
state.

Ideally, we would like to be able to assign the differences in rates observed in
TFE to changes in the energy of a particular state on the folding pathway. Unfor-
tunately, this is not possible as TFE affects many different structural and physical
properties of the system, as recently pointed by Ionescu and Matthews [26]. For
example, TFE may weaken hydrophobic interactions, strengthen intramolecular
hydrogen bonds, change the dielectric constant of the solvent, and may act as an
osmolyte. It is not possible to distinguish how these factors affect the energy of the
unfolded, transition and native states, Figure 5. For example, one interpretation of
our data is that TFE mainly acts as an osmolyte, disrupting the water structure
surrounding the protein. In this case, we expect the unfolded state to be most
destabilised, the transition state to a lesser extent and the native state the least
(scheme 1, Figure 5). This agrees well with recent work on the mechanism of
helix induction by TFE, where it is proposed that, at [TFE] <20%, TFE stabilises
helical structure by disordering the local hydration shell around the polypeptide in
a chaotropic manner [27]. Furthermore, there is a growing body of evidence that
supports the conclusion that low concentrations of TFE affect the solvation of the
protein [25, 28].

7. Discussion

There are still relatively few proteins for which ¢-value analysis has been used to
analyse the structure of the transition state for folding. The best characterised are
barnase [29-31], CI2 [32], the SH3 domain from «-spectrin [33] and src [34] cheY
[35] and the activation domain of procarboxypeptidase (ADAh2) [36]. The folding
pathway of FKBP12 shares many similarities 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 [20, 32]. It is interesting to com-
pare 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 nucleation-condensation mechanism with multiple nucleation sites [32, 35].
FKBP12 is 107 residues, compared with 64 for CI2, 110 for barnase and 129
for cheY. One might therefore expect the folding of FKBP12 to fold with mul-
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tiple nucleation sites in a manner similar to barnase and cheY. However, whereas
barnase and cheY contain subdomains (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 overall tertiary structure.

Both experimental and computational results indicate that the o-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 many other o/f or a+8
proteins for which the helices are often partially or completely structured in the
transition state. For example, it is known from ¢-value analysis and MD that one
and possibly both of the «-helices in barnase are structured in the transition state
[8, 31, 37], the a-helix in CI2 is partially structured [5, 6, 32] in the transition
state, and H/D experiments have shown that amide protons are protected from
exchange early on the pathway of folding in the «-domain of lysozyme [38, 39]. 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 TFE
[40]. Results comparing the structure of this peptide with peptides corresponding to
other regions of the protein indicate that it has a higher tendency towards adopting
nonrandom conformations [40]. These results have been interpreted as suggesting
that the helix forms early during folding, however, the results presented here do
not support this view. This discrepancy highlights the dangers of searching for
initiation sites of folding in short peptides.

As might be expected, and has been observed for other proteins, loops are gen-
erally unstructured in the transition state and only form very late on the folding
pathway after the rate-limiting transition state.

The data for FKBP12 are consistent with the nucleation-condensation mech-
anism of protein folding, as proposed initially for C12 [14, 32, 41]. In this model
there is a search of conformations in the unfolded state of the protein until sufficient
tertiary interactions are formed to stabilise certain elements of structure. When
sufficient interactions have been made, the transition state is reached and there
follows a rapid formation of the final structure. The nucleus of this folding event
does not form stable structure in the absence of other interactions but requires
the presence of various long-range interactions to form, i.e., the formation of the
folding nucleus is coupled with more general formation of structure. The folding
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
reached.

It has been argued that the concomitant formation of the folding nucleus and
transition state is preferable to the early formation of a stable nucleus which may
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lead to a decrease in the overall rate of folding [14]. In contrast to the nucleation
model of folding proposed by Wetlaufer [42, 43] formation of the folding nucleus
in the nucleation-condensation mechanism need not be rate-limiting since a sig-
nificant fraction of the overall structure must be in place in order to provide the
favourable long-range interactions necessary to form the nucleus, as depicted in
Figure 3a.

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, at least for this structure, this is a fruitless task as the residues most important
in stabilising the transition state are distant in primary sequence. For FKBP12,
therefore, there is little correlation between transient structure in peptides and the
folding pathway. For other proteins, however, particularly those which have more
significant structure in isolated peptides, there may prove to be a correlation. The
extent to which residual structure either in the unfolded state, or in peptides, plays
a role in folding is therefore likely to vary from protein to protein and structure to
structure.

8. Conclusions

We have shown that the 107-residue FKBP12 folds with simple two-state kinetics
in water [17]. It folds efficiently without populating intermediate states or mis-
folded species which could act as kinetic traps. Thus, both its size and structure,
which includes the topological crossing of two loops, do not prevent it from folding
with a simple two-state mechanism. The transition state has been characterised
using three different experimental and computational approaches which are in good
agreement [17, 20]. Although no region of structure is fully formed in the trans-
ition state, regions of the B-sheet are comparatively structured, with the structure
centering 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, comprising side chains within g-strands 2, 4 and
5 and the C-terminus of the «-helix. These residues are distant in the primary
sequence, demonstrating the importance of tertiary interactions in the transition
state.

In addition, we have shown that TFE does not significantly change the fold-
ing pathway of FKBP12 [24]. However, although TFE affects the folding and
unfolding rate of FKBP12, we have established that this effect is not caused by
the stabilisation of a single element of structure [24]. Instead, the effect appears
to be global in nature affecting all regions of the protein structure equally. There
is evidence that other co-solvents may exert their effects by similar mechanisms
[44]. Thus, an accurate interpretation of studies using TFE and other co-solvents
can only be achieved by combining them with other techniques such as protein
engineering.
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