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Does trifluoroethanol affect
folding pathways and can it
be used as a probe of
structure in transition
states?

Ewan R.G. Main and Sophie E. Jackson

Cambridge University Chemical Laboratory, Lensfield Road, Cambridge
CB2 IEW, UK.

Nonaqueous co-solvents, particularly 2,2,2-trifluoroethanol
(TFE), have been used as tools to study protein folding. By ana-
lyzing FKBP12, an a/B-protein that folds with two-state kinet-
ics, we have been able to address three key questions
concerning the use of TFE. First, does TFE perturb the folding
pathway? Second, can the observed changes in the rate of fold-
ing and unfolding in TFE be attributed to a change in free ener-
gy of a single state? Finally, can TFE be used to infer
information on secondary structure formation in the transi-
tion state? Protein engineering experiments on FKBP12, cou-
pled with folding and unfolding experiments in 0% and 9.6%
TFE, conclusively show that TFE does not perturb the folding
pathway of this protein. Our results also suggest that the
changes in folding and unfolding rates observed in 9.6% TFE
are due to a global effect of TFE on the protein, rather than the
stabilization of any elements of secondary structure in the
transition state. Thus, studies with TFE and other co-solvents
can be accurately interpreted only when combined with other
techniques.

To thoroughly analyze the folding pathway of a protein, all
species on that pathway must be characterized, both structurally
and energetically. In the simplest case, where a protein folds in a
two-state manner without populating intermediate states, this
involves characterizing the unfolded state ensemble (U), transi-
tion state ensemble () and native state (F). Although the structure
of both native and unfolded states can be measured directly,
through NMR and X-ray crystallography, the only method for
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characterizing the structure of transition states is indirectly by
analyzing the kinetics of folding and unfolding. Two main experi-
mental approaches have been used to study the structure of fold-
ing transition states. Protein engineering techniques (and
®-value analysis)"? give atomic level resolution, whereas more
global information, such as the average solvent accessibility, heat
capacity, enthalpy and entropy in the transition state, is gained by
changing conditions such as temperature and denaturant concen-
tration®. Recently, co-solvents, especially 2,2,2-trifluoroethanol
(TFE), have been used in an attempt to characterize secondary
structure in transition states of folding®”’.

The co-solvent TFE, which has been used extensively to study
the structure of short peptides, is known to stabilize secondary
structure, for example, d-helices and B-hairpins®®. It has also been
used to study partially folded states and equilibrium intermedi-
ates'®!. More recently, several groups have observed changes in
folding and unfolding rates on addition of TFE®»'>-'4. For
lysozyme, an 0/B-protein for which the majority of molecules fold
through a slow pathway involving a populated intermediate state,
TFE accelerates the folding rate even though the unfolding rate is
unchanged. This has been attributed to a weakening of hydropho-
bic interactions and consequent destabilization of a misfolded
species that acts as a kinetic trap on the folding pathway!'>. For
acylphosphatase (AcP), an a/B-protein that folds with two-state
kinetics, TFE increases both the folding and unfolding rates. In
this case, the rate enhancements were attributed to TFE’s ability to
stabilize a transition state with a relatively hydrated and disorga-
nized core but having a significant level of secondary, particularly
O-helical, structure®’. For stefin B, another 0/p-protein, the addi-
tion of TFE increased the folding rate and caused an O-helical
intermediate to become populated on the folding pathway'.
However, when we studied the folding of FKBP12, an a/3-protein
that folds with two-state kinetics, by protein engineering'® and
with TFE'®, we obtained conflicting results. Protein engineering
experiments showed that, in the transition state, the a-helix is
largely unstructured and no (-hairpins are fully formed®. Yet,
9.6% TFE (v/v) increased the folding rate by a factor of four (Fig.
1¢) and decreased the unfolding rate by a factor of two, suggesting
that the 0-helix or a B-hairpin may have significant structure in
the transition state'®. These conflicting results imply that either
addition of TFE has changed the folding pathway, or TFE does
not act by stabilizing secondary structure in the transition state.
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With the increased use of TFE as a tool for studying protein
folding, it is essential to establish (i) whether TFE perturbs the
folding pathway, and (ii) the exact cause of the observed changes
in rate. To address these questions, we have analyzed the wild
type as well as 15 mutants of the FKBP12 protein that probe dif-
ferent elements of secondary structure including the 0-helix, the
B-sheet and the hydrophobic core. The unfolding and refolding
rates have been measured in water and in 9.6% TFE (v/v) and the
results compared using both Br-value and ®¢-value analysis.

Equilibrium experiments
Urea-induced unfolding was used to measure the relative sta-
bilities of wild type and mutant proteins in 9.6% TFE (v/v)
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Fig. 2 a, Comparison of ®¢-values in 3.9 M urea for FKBP12 protein in 0%
TFE (solid black bars) and 9.6% TFE (hatched bar). ®-values were quoted at
3.9 M, rather than 0 M, to avoid large extrapolation errors. Typical errors
are +0.1; however, the mutants A60G and 176V have larger errors due to the
small AAGy . All values of ®¢in 0% and 9.6% TFE are within experimental
error. b, Comparison of the transition state for folding of FKBP12 protein in
9.6% TFE (v/v) and in water. ®-values between 0 and 0.1 are shown in
green, 0.2-0.4 in yellow, 0.4-0.5 in orange and 0.5 and above in red.
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Fig.1 a, Typical urea-induced denaturation curves of wild-type (O) and
mutant FKBP12 protein (V101A W; E61A, [J; V98A, @) in 9.6% TFE (v/v).
b, Typical urea-induced unfolding kinetics of wild-type (O) and mutant
FKBP12 protein (V101A, B; E61A, [J; VI98A, @) in 9.6% TFE (v/v), with an
example of a typical unfolding fluorescence trace and residual of wild
type in 6 M urea. ¢, Typical refolding kinetics of wild type (¢) and
mutant FKBP12 protein (E61A,  E61G, A; 176V, ) at final [TFE] of
3.64%, 9.6% and 15% (v/v). All solutions were in 50 mM Tris-HCI,
1 mM DTT, pH 7.5 at 25 °C.

and water (Fig. 1a). The addition of 9.6% TFE increases the
stability of the native state of wild type and mutant proteins,
relative to the unfolded state, by an average of 1.61 + 0.24
kcal mol! (Table 1). A similar stabilization energy (1.7 kcal
mol') has been observed for the dimeric a-helical coiled coil
from GCN4 protein'2. The difference in the change in free
energy of unfolding between wild type and mutant proteins,
AAGy g, is remarkably similar in water and in 9.6% TFE (Table
1). If 9.6% TFE stabilizes native-like helices in the unfolded

b 0%TFE
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Table 1 Equilibrium and kinetic data for the unfolding and refolding of wild type and mutant FKBP12 in 0% and 9.6% (v/v) TFE

0% TFE Equilibrium data
My_¢ [urealsoy (M) AGy¢!
(kcal mol* M) (kcal mol")
Wild type 1.43 £0.05 3.87 +0.02 6.11+£0.08
R57A 1.56 £ 0.07 3.36+0.02 5.31+0.07
R57G 1.66 +0.08 2.43+0.02 3.84+0.06
E60A 1.68+0.10 2.53+0.03 4.00 £ 0.07
E60G 1.50 £0.12 2.08 + 0.05 3.29 £ 0.09
E61A 1.47 £0.05 3.34+0.02 5.28 +0.07
E61G 1.57 +£0.06 2.30+0.02 3.63+0.06
V63A 1.69+0.10 2.00+£0.03 3.16 +£0.06
17V 1.41£0.07 3.29+0.02 5.20 +0.07
176V 1.66 £0.10 3.39+0.03 5.36+0.08
L97A 1.89+0.13 1.63+0.04 2.58 +0.07
VI8A 1.48 £0.17 2.51+0.06 3.97£0.11
V101A 1.63 £0.04 2.14+£0.02 3.38£0.05
9.6% TFE
Wild type 1.70+0.09 4.58 +0.03 7.60 +0.05
R57A 1.57 £0.06 4.28 +0.02 7.10 £0.04
R57G 1.55+0.10 3.43+0.03 5.69 + 0.05
E60A 1.45+0.09 3.62+0.03 6.01+£0.05
E60G 1.65+0.13 3.06 £ 0.04 5.08 £ 0.07
E61A 1.54£0.10 4.17 £0.03 6.92 £ 0.05
E61G 1.60£0.13 3.11+0.04 5.16 + 0.07
V63A?2 1.82+£0.09 3.02+0.02 5.01+0.04
17V 1.80+£0.13 3.89+0.03 6.46 + 0.05
176V 1.69 £ 0.07 4.23£0.02 7.02 £0.04
L97A 1.68 £0.21 2.33+0.08 3.87+0.14
VI8A 1.71£0.06 3.16 £ 0.01 5.25+0.02
V101A 1.93+0.10 2.95+0.02 4,90 £0.04
Wild type (3.6% TFE)1.70 + 0.09 4.55 +0.02 7.54 £0.04
Wild type (17% TFE)1.68 + 0.071 3.65+0.02 6.06 +0.04

Unfolding kinetic data

DMAG'3 In k H20 m;. ¢ (M) In ky
(kcal mol") (3.9 M urea)*
-8.46 £ 0.16 0.89 £0.03 -4.97 +0.08
0.81+0.11 -7.66 £ 0.06 0.93+0.02 -4.05 +0.02
2.28 +0.10 -4.94 +0.16 0.84 £ 0.01 -1.65 + 0.07
2.12+0.11 -5.32+0.10 0.88+£0.03 -1.89 +0.04
2.83+0.12 -3.97£0.19 0.82+0.02 -0.79 £ 0.08
0.84 +0.11 -7.17 £0.17 0.92 +0.03 -3.59 £ 0.07
2.48 +0.10 -5.29+£0.21 0.95+0.03 -1.59 + 0.07
2.96 +0.10 -5.88 + 0.07 0.87 £ 0.01 -2.50 + 0.03
0.92+0.11 -7.15+0.14 0.92 +0.05 -3.55 +0.06
0.76 £ 0.12 -7.71+£0.09 0.91+£0.01 -4.14 £ 0.04
3.54 +0.11 -3.63+£0.21 0.82+0.04 -0.42 £ 0.04
2.15+0.14 -5.95+0.17 0.94 +£0.02 -2.31+0.08
2.73+0.10 -6.68 £ 0.07 0.94 +0.01 -3.00 £ 0.02
-9.39+0.24 0.98 £ 0.03 -5.57 £ 0.11
0.50 £ 0.06 -8.87 £ 0.30 1.07+ 0.04 -4.70 £ 0.14
1.91 £0.07 -6.33£0.21 1.01+£0.03 -2.40 £ 0.09
1.59 £ 0.07 -6.38 £0.20 1.03+£0.03 -2.37 £0.09
2.52 +0.09 -5.59+0.14 1.09 £ 0.02 -1.36 + 0.06
0.68 + 0.07 -8.41+0.18 1.06 + 0.03 -4.28 +0.08
2.44 +0.09 -6.79 £0.22 1.15+£0.03 -2.30 £ 0.09
2.54 +0.06 -9.98 + 1.20 0.87 £ 0.05¢ -2.80 £0.20
1.15+£0.07 -8.34+£0.20 1.10£0.03 -4.06 + 0.09
0.58 + 0.06 -9.10 £ 0.25 1.09 +0.04 -4.85 +0.11
3.74+£0.14 -3.80 £ 0.21 0.82+0.03 -0.62 £ 0.09
2.36 £ 0.05 -6.84+£0.16 1.01 £0.02 -2.90 £ 0.07
2.71 +0.06 -7.50+£0.11 0.91+£0.02 -3.95 +0.05
-9.25+0.1 0.91+0.02 -5.71+0.06
-8.76 £ 0.2 1.15+£0.02 -4.28 £ 0.06

Calculated in 0% TFE using an average my_ (1.59 + 0.02) and in 9.6% TFE using an average my_ (1.63 + 0.04).

20btained by fitting the unfolding data (In ky, versus [urea]) to a second-order polynomial (for further details of this analysis see Fulton et al.'5).
3Some small differences in AAG, . ¢ are observed between water and 9.6% TFE for charged, solvent-exposed residues. In these cases, TFE affects the
solvation energy in the unfolded and folded states, and also the strength of electrostatic interactions in the folded state. Calculation of the differ-
ence in AAGy _¢ for Ala - Gly mutations in the a-helix in water and in 9.6% TFE yields values of 0.06 + 0.17, 0.22 + 0.19 and 0.11 = 0.18 kcal mol-, for
positions 57, 60 and 61, respectively. These values are the same, within experimental error, indicating that 9.6% TFE does not significantly affect the

stability of the a-helix in the unfolded state.

4Values calculated at 3.9 M are more accurate than those extrapolated to water.

state, it is expected that mutations in the 0-helix would be less
destabilizing in TFE than in water. This is not observed (Table 1).

Kinetic experiments

The rate constants for unfolding (ky) were determined as a
function of urea concentration in 0% and 9.6% TFE. The lin-
ear fit of plots of In ky versus urea concentration was used to
extrapolate In ki at 0 M and 3.9 M urea (Fig. 1b). The unfold-
ing of all proteins was slower in 9.6% TFE as expected
(Table 1). The slope of the plot of In ky versus urea concentra-
tion, m, y, was very similar for all proteins in 0% and 9.6%
TFE, suggesting a similar unfolding pathway.

Refolding rate constants (k) were determined by pH-jump
experiments (from pH 1.5 to pH 7.5) or by TFE-jump experi-
ment: from 40% (v/v) to concentrations between 3.6% and 15%
(v/v) (Fig. 1c). The folding rates increased on addition of TFE,
reaching a maximum rate enhancement at 9.6% TFE.

B:-value analysis and ®;-value analysis
Br-value analysis indicates the degree of compactness of the transi-
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tion state by measuring the fractional change in degree of exposure
of residues between the denatured or native state, and the transi-
tion state. Values for wild type and for mutant proteins in 0% and
in 9.6% TFE are the same within experimental error (Table 2).
These results suggest that there is no significant change in the fold-
ing pathway of FKBP12 on addition of 9.6% TFE.

To estimate the extent to which interactions are formed in the
transition state, ®g-values are calculated. The ®p-value quantifies
the degree of structure formation around each mutated residue in
the transition state'. A value of ®; = 1 indicates that the region
around the site of mutation is as structured in the transition state as
in the folded state. Conversely, a value of ®= 0 indicates that the
region around the site of mutation is as unstructured in the transi-
tion state as in the unfolded state. If ®; is fractional, we have shown
for FKBP12 that this corresponds to partial structure formation at
the site of mutation in the transition state!>. Furthermore, when the
mutation does not involve a significant change in solvation energy
(for example, a nonpolar to nonpolar substitution), fractional ®-
values correspond directly to the extent of structure formation'. In
this study we analyze only nonpolar to nonpolar substitutions.
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Table 2: Values for 3; and @ calculated in 0% TFE and 9.6% TFE

0% TFE Br-value’ DOe-value?
Water 3.9 M urea
Wild type 0.63 - -
R57A3 0.65 - -
R57G3 0.70 - -
A57G - -0.10 0.03
E60A3 0.69 - -
E60G3 0.68 - -
A60G - -0.13 0.08
E61A3 0.63 - -
E61G3 0.64 - -
A61G - 0.33 0.28
V63A 0.70 0.48 0.51
17V 0.61 0.16 0.09
176V 0.67 0.57 0.43
L97A 0.74 0.15 0.22
VI8A 0.63 0.31 0.27
V101A 0.66 0.60 0.57
9.6% TFE
Wild type 0.66 - -
R57A3 0.60 - -
R57G3 0.61 - -
A57G - -0.07 0.04
E60A3 0.58 - -
E60G3 0.61 - -
A60G - 0.50 0.35
E61A3 0.59 - -
E61G3 0.57 - -
A61G - 0.45 0.34
V63A 0.72 0.86% 0.35
17V 0.64 0.46 0.23
176V 0.62 0.704 0.26
L97A 0.71 0.11 0.21
VI8A 0.65 0.36 0.33
V101A 0.72 0.59 0.65

'Errors in By are typically £5%. Compound errors are calculated from the fit-
ting errors associated with m,r and my..

2Errors are typically +0.1. Compound errors are calculated from errors in
AAG; ¢ (calculated from the fitting errors in Inky) and fitting errors associat-
ed with AAGy.

3d--values are not calculated because mutations change the solvation ener-
gy; ®x values for the composite Ala - Gly mutation are reported instead.
“The discrepancy between @ calculated in water and in 3.9 M urea for
these mutants is a result of slight nonlinearity in plots of In ky versus
[ureal. In these cases, the value at 3.9 M urea is more accurate than at
0 M urea because of the shorter extrapolation.

Unfolding data were used to calculate ®g-values in 0 M and
3.9 M urea for mutants in 0% and 9.6% TFE (Fig. 2 and Table 2).
For a two-state system, ®p-values can also be calculated from
refolding data, and these are similar to those calculated from the
unfolding data as expected (data not shown). Remarkably, there is
no difference (within experimental error) in the ®¢-values deter-
mined in 0% and 9.6% TFE (Fig. 2). 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 no fully structured 3-hairpins (Fig. 2b).
Thus, the observed rate enhancement cannot be attributed to
stabilization of the a-helix or B-hairpin, as has been reported
elsewhere®”. These results suggest that TFE has a global effect on
the protein structure rather than specifically stabilizing any indi-
vidual element of secondary structure. A recent paper by Kentsis
et al.'? reported that TFE increases the refolding rate of an
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Fig. 3 Free energy diagrams for the folding of FKBP12 protein in 0%
(black lines) and 9.6% (red lines) TFE. The unfolded, transition and native
states are designated U, + and F, respectively.

O-helical protein. Their analysis of two mutants suggested that
TFE affects the unfolded ensemble, destabilizing it relative to
both the transition and native states. We have now tested the
generality of this conclusion in a structurally very different pro-
tein, FKBP12, which contains both 0- and -structural elements.
By analyzing mutations throughout different regions of sec-
ondary and tertiary structure, we have shown that TFE does not
affect any single element of structure in the transition state.

Which states on the folding pathway are affected by
TFE?

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. Unfortunately, this is not possi-
ble because TFE affects several structural and physical proper-
ties of the system, as recently pointed out by Ionescu and
Matthews!’. For example, TFE may weaken hydrophobic inter-
actions, strengthen intramolecular hydrogen bonds, change
the dielectric constant of the solvent and act as an osmolyte. It
is not possible to distinguish how these variables affect the
energy of the unfolded, transition and native states (Fig. 3).
One interpretation of our data is that TFE acts mainly as an
osmolyte, disrupting the water structure surrounding the pro-
tein. In this case, we expect the unfolded state to be most
destabilized, the transition state to a lesser extent and the
native state the least (scheme 1, Fig. 3). This agrees well with
recent work on the mechanism of helix induction by TFE,
where it is proposed that, at a TFE concentration less than
20%, TFE stabilizes helical structure by disordering the local
hydration shell around the polypeptide in a chaotropic man-
ner'®. Furthermore, a growing body of evidence supports the
conclusion that low concentrations of TFE affect the solvation
of the protein!>1°.

Efficacy of TFE in elucidating transition states and
folding pathways

Although TFE has been used successfully to stabilize protein
segments in order to study structural preferences for B-hair-
pins® and O-helices®?, its use in the elucidation of the struc-
ture of folding transition states is questionable, as shown by
this and other studies'2. We have shown that TFE does not sig-
nificantly change the folding pathway of FKBP12 protein.
However, although TFE affects the folding and unfolding rate
of FKBP12, we have established that this effect, rather than being

nature structural biology ¢ volume 6 number 9  september 1999
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caused by the stabilization of a single element of structure,
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?!. Thus, an accurate
interpretation of studies using TFE and other co-solvents can be
achieved only by combining them with other techniques such as
protein engineering.

Methods
All reagents were purchased from Sigma except the high-purity
urea, which was purchased from Rose Chemicals Ltd.

Production of wild type and mutant proteins. Wild type and
mutant proteins were expressed and purified as described?.

Chemical denaturation. Equilibrium unfolding was monitored by
changes in fluorescence and is described in detail elsewhere?2. Final
conditions were 50 mM Tris-HCl pH 7.5, 1 mM dithiothreitol (DTT) at
25 °C, with and without 9.6% (v/v) TFE.

Kinetics. Folding was monitored by fluorescence using stopped-
flow techniques to initiate refolding and unfolding. Experimental
details are described elsewhere’s. Final conditions were 50 mM Tris-
HCl pH 7.5, 1 mM DTT at 25 °C, with or without 3.6%, 9.6% or 15%
(v/v) TFE.

®-value analysis. This value is described by equation (1).

_ 4 DAG (1
P =1-AAGy

where AAG, ¢ is the difference in free energy change between tran-
sition and folded states, between wild type and mutant proteins,
and AAGy is the difference in free energy between folded and
unfolded states between wild type and mutant proteins. Assuming
two-state folding, ®; can also be described by equation (2).

o= LGy @
™ DAAGys

where AAGy is the difference in free energy change between

transition and unfolded states between wild type and mutant pro-

teins. AAG,  is obtained from refolding kinetics, AAG, ¢ is obtained

from unfolding kinetics and AAG is obtained from equilibrium
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unfolding experiments. A more detailed description of the analy-
sis can be found elsewhere’.

Br-values. The value of my can be related to the average fractional
change in degree of exposure of residues between the native and
transition states using a Br-value?s. This can be defined as:

L Mg (3)
Br=1- My.¢

where m, is the slope of the plot of In ky versus urea concentration
and my is the slope of the transition region of an equilibrium unfold-
ing experiment. B; is a measure of the fractional change in degree of
exposure of residues between the unfolded state and the transition
state.

Acknowledgments
S.E.J.is a Royal Society University Research Fellow and E.R.G.M. is supported by a
BBSRC studentship. We thank F. Chiti and C. Dobson for helpful discussions.

Correspondence should be addressed to S.E.J. email: sej13@cam.ac.uk

Received 6 January, 1999; accepted 24 May, 1999.

. Fersht, A.R., Matouschek, A. & Serrano, L. J. Mol. Biol. 224, 771-782 (1992).

. Itzhaki, L.S., Otzen, D.E. & Fersht, A.R. J. Mol. Biol. 254, 260-288 (1995).

Chen, B., Baase, W.A. & Schellman, J.A. Biochemistry 26, 691-699 (1989).

. Tanford, C. Adv. Prot. Chem. 23, 121-282 (1968).

. Tanford, C. Adv. Prot. Chem. 24, 1-95 (1970).

Chiti, F. et al. J. Mol. Biol. 283, 883-891 (1998).

Chiti, F. et al. Nature Struct. Biol. 6, 380-387 (1999).

. Blanco, F, Rivas, G. & Serrano, L. Nature Struct. Biology 1, 584-590 (1994).

. Jasanoff, A. & Fersht, A.R. Biochemistry 33, 2129-2135 (1994).

. Schonbrunner, E.R., Wey, J., Engels, J., Georg, H. & Kiefhaber, T. J. Mol. Biol.
260, 432-445 (1994).

11. Hamada, D. & Goto, Y. J. Mol. Biol. 269, 479-487 (1997).

12. Kentsis, A. & Sosnick, T.R. Biochemistry 37, 14613-14622 (1998).

13. Lu, H., Buck, M., Radford, S.E. & Dobson, C.M. J. Mol. Biol. 265, 112-117

cwENOUAWN=

(1997).

14. Zerovnik, E., Virden, R., Jerala, R., Turk, V. & Waltho, J.P. Proteins 32, 296-303
(1998).

15. Fulton, K.F., Main, E.R.G., Daggett, V. & Jackson, S.E. J. Mol. Biol. 291, 429-444
(1999).

16. Main, E.R.G., Fulton, K.F. & Jackson, S.E. J. Mol. Biol. 291, 445-461 (1999).

17. lonescu, R.M. & Matthews, C.R. Nature Struct. Biol. 6, 304-307 (1999).

18. Walgers, R., Lee, T.C. & Cammers-Goodwin, A. J. Am. Chem. Soc. 120,
5073-5079 (1998).

19. Storrs, R.W., Truckses, D. & Wemmer, D.E. Biopolymers 32, 1695-1702 (1992).

20. Luidens, M.K., Figge, J., Breese, K. & Vajda, S. Biomolecules 39, 367-376
(1996).

21. Wang, A. & Bolen, D.W. Biochemistry 36, 9101-9108 (1997).

22. Main, E.R.G., Fulton, K.F. & Jackson, S.E. Biochemistry 37, 6145-6153 (1998).

835



