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ABSTRACT: We have analyzed by circular dichroism (CD) and proton nuclear magnetic resonance (NMR)
the helical propensity of the all-â protein acidic fibroblast growth factor (aFGF) and two peptides
corresponding toâ-strand 8 (â8 peptide, amino acids 95-107) and theâ-strand 8/turn/â-strand 9 hairpin
(â8/9 peptide, amino acids 95-114), which has been involved in receptor binding. A secondary structure
prediction of aFGF carried out by several procedures labels the 95-104 sequence as predominantly
R-helical. A titration of aFGF with 2,2,2-trifluoroethanol (TFE) induces a change in the far-UV CD spectrum
of the protein giving rise to a prominentR-helical shape (22%R-helix). The cooperativity of the transition
and the moderate TFE concentrations used (midpoint at 24%) suggest that the effect of TFE is specific.
Moreover, a titration performed at pH 2 yields a higher amount ofR-helix (55%) at a smaller TFE
concentration. Synthetic peptides containing theâ8 andâ8/9 sequences display a random coil conformation
at pH 7 but acquireR-helical structure in the presence of TFE, methanol, and SDS micelles. At pH below
3.0 a significant amount (20-30%) ofR-helical conformation is present in both theâ8 andâ8/9 peptides
even in the absence of other solvent additives. The secondary structure of the peptides was determined by
proton nuclear magnetic resonance (1H NMR). These results suggest that the 95-114 sequence of aFGF
has helical propensity and that the protein may fold nonhierarchically in the early steps of folding, acquiring
its final â-structure by a later interaction with the rest of the polypeptide.

A considerable amount of work has allowed to establish
several models that aim to explain the steps followed by a
polypeptide chain to acquire its final, native structure. Some
sequential models (1-3) assume that intermediate states
accumulate in a well-defined folding pathway and are built
up of nativelike secondary structure segments that are
stabilized by nonspecific hydrophobic interactions (the
“molten globule” state). Other sequential models (4) consider
that the formation of secondary structure is preceded by a
hydrophobic collapse of the nonpolar side chains. In the
nucleation-condensation mechanism (5) the formation of
the nucleus and of the secondary structure is a concerted
event for small proteins or units (foldons), and larger proteins,
built up from such foldons, fold in parts. Finally, in the
“funnel” model (6) there is no single pathway but a multiple
set of parallel microscopic pathways. In most cases, these
theoretical mechanisms describe folding as a strongly
hierarchical process in which only nativelike intermediate
structures are significant whereas “misfolded” structures are
considered “off-pathway”.

Whereas the hierarchical model has been sucessful in
explaining the folding of several all-R and mixed R/â
proteins, it does not provide a satisfactory explanation of
the folding of all-â proteins, where local formation of a
â-strand depends on long-range interactions with another
(preformed)â-strand. In this sense, the studies of all-â
proteins are only very recent, and little is known of the early
steps of their folding (7). However, some of these studies
seem to undermine the notion of hierarchical folding as a
general feature. For example, the far-ultraviolet circular
dichroism (far-UV CD) spectrum of acid-denatured retinoic
acid binding protein displays a larger amount ofR-helix than
in the native state (8). Moreover, kinetic studies on the
folding of â-lactoglobulin monitored by stopped-flow CD
show the formation of a transientR-helical intermediate in
the millisecond time scale (9, 10). The structure of this kinetic
intermediate correlates with the propensity ofâ-lactoglobulin
to form R-helix in equilibrium in mild denaturing conditions
(11) and in the presence of 2,2,2-trifluoroethanol (TFE)1 (12).
Furthermore, peptides corresponding to the sequences of
â-strands ofâ-lactoglobulin that are initially predicted as
R-helix show some helical character in TFE/water solutions
(13). The induction of helix by TFE, especially at moderate
concentrations (<40%), seems specific, since the existence
of a linear correlation between [TFE] and the amount of helix
predicted from the amino acid sequence has been shown (12).
The predicted helix percentage is often very different from
that found in the native state (12).
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The acquisition of different conformations by the same
polypeptidic sequence is a subject of increasing attention.
Zhong and Johnson (14) showed that the same sequence can
be found inR-helix, â-strand, and random coil conformations
depending on the characteristics of the solvent. On the other
hand, Minor and Kim (15) have designed a “chamaleon”
peptide that folds as anR-helix or aâ-strand when placed
in different positions of the sequence of the immunoglobulin-
binding domain of protein G. An important consequence of
these phenomena is that a shift to non-native conformations
may trigger the development of some pathologies such as
Alzheimer’s disease, transimisible encephalopathies, and fatal
amyloidoses [see, e.g., reviews by Thomas et al. (16) and
Carrell and Lomas (17)].

Acidic fibroblast growth factor (aFGF) is an all-â protein
with a wide range of functionalities including the induction
of cell proliferation, effect on cell differentiation, and other
hormone-like activities such as hypotensive response (18).
The mitogenic activity of aFGF is mediated by the binding
of the anionic polysaccharide heparin (19, 20) or myo-inositol
hexasulfate (21). These two ligands protect aFGF against
denaturation (21, 22). The three-dimensional structure of
aFGF has been solved both by X-ray crystallography (23,
24) and proton nuclear magnetic resonance spectroscopy (1H
NMR) (21, 25). The protein folds according to aâ-trefoil
topology (26) with six â-strand pairs, three of which form a
six-strandedâ-barrel structure. Theâ structure of aFGF
accounts for 50% of the overall structure, the rest being turns
and nonregular structure. There are no traces ofR-helix. Due
to its pharmacological application, the study of the folding
of aFGF is of special interest. In this sense, we have
characterized a structured intermediate of the protein that
accumulates at pH 4.0 (27). This intermediate possibly retains
a high amount of the nativelike secondary structure and the
hydrophobic core and is also capable of interacting with
liposomes, a fact that may be related to its competency for
membrane translocation (27).

In this paper, we have investigated the possible existence
of non-native conformations of aFGF in order to gain a
deeper insight into the folding pathway of the protein.

EXPERIMENTAL PROCEDURES

Materials. N-Phenyl-1-naphthylamine (NPN), dimyris-
toylglycerophosphocholine, and 2,2,2-trifluoroethanol were
purchased from Sigma. Purified peptidesâ8 (Ac-EEALFL-
ERLEENH-NH2) andâ8/9 (Ac-EEALFLERLEENHYNTY-
ISK-NH2) were purchased from Chiron Mimotopes Pty. Ltd.

Protein Preparation.Chymotrypsin-digested aFGF (resi-
dues 23-154) was obtained as previously described (21).
Protein concentration was estimated spectrophotometrically
using an extinction coefficientE0.1% ) 1.26.

Fluorescence.Fluorescence experiments were carried out
in a Perkin-Elmer LS-50B spectrofluorometer. For intrinsic
fluorescence experiments, the protein concentration was 1
or 15 µM, where no inner filter effects are present. The
excitation wavelength was 280 nm, and the excitation and
emission slits were 2.5 and 10 nm, respectively. Buffers (50
mM) were HCl (pH 1.0-2.0), glycine (pH 2.2-3.6), acetate
(pH 3.8-5.6), and phosphate (pH 5.8-7.5) plus 50 mM
NaCl. The pH of the samples was measured directly on a
Unifet pH meter after the measurements.

ForN-phenyl-1-naphthylamine fluorescence experiments,
the concentrations of protein and probe were both 1µM,
the excitation wavelength was set to 340 nm, and the
excitation and emission slits were 5 nm.

Circular Dichroism.CD experiments were carried out in
a Jasco J-720 spectropolarimeter fitted with a thermostated
cell holder and interfaced with a Neslab RTE-110 water bath.
Isothermal wavelength spectra were acquired at a scan speed
of 50 nm/min and averaged over at least six scans. The
response time was 2 s. Ellipticities ([θ]) are expressed in
units of deg cm2 dmol-1 using the mean residue concentra-
tion. Buffers used were the same as described above for
fluorescence experiments.R-Helical secondary structure
content was calculated from far-UV CD traces using the
equation (28):

wherefR is the fraction ofR-helix, [θ]222
exp is the experimen-

tal value of the ellipticity at 222 nm, [θ]222
coil is the ellipticity

value of a random coil spectrum (calculated as [θ]222
coil )

2220- 53t, with t being the temperature in centigrade), and
[θ]222

max is the ellipticity expected for a 100% helical peptide
[calculated as [θ]222

max ) (-44000+ 250t)(1 - 3/Nr), with Nr

being the number of residues].
TFE transitions were analyzed, when appropriate, with the

binding-exchange model of Jasanoff and Fersht (29):

where ∆G(TFE) is the stabilization free energy in the
presence of TFE,∆G(H2O) is the energy in absence of TFE,
andm is a constant.

pH titrations were analyzed with the equation (30):

where [θ]222
H is the ellipticity value at higher pH, [θ]222

L is
the value at lower pH,meq is the number of protons taken
up in the pH-induced transition, and MPeq is the equivalence
midpoint.

Finally, the expected [θ]222 in 40% TFE was calculated
from the predicted percentage of helix by using the equations:

These equations were derived by plotting the experimental
ellipticity at 222 nm observed at 40% TFE and different pH
values for 23 proteins versus the percentage of predicted helix
according to a joint prediction method (12).

Nuclear Magnetic Resonance.NMR samples were pre-
pared by dissolving the peptide in 0.5 mL of 20 mM
phosphate buffer, pH 2.0/D2O (9:1 ratio by volume). The
appropiate amount of 2,2,2-trifluoroethanol-d3 (Cambridge
Isotope Laboratories) was added to the aqueous solution. The
aFGF concentration was 0.1 mM, whereas peptide concen-

fR )
[θ]222

exp - [θ]222
coil

[θ]222
max- [θ]222

coil
(1)

∆G(TFE) ) ∆G(H2O) - m([TFE]/[H2O]) (2)

[θ]222 )
[θ]222

H + [θ]222
L 10-meq(pH-MPeq)

1 + 10-meq(pH-MPeq)
(3)

[θ]222(40% TFE, pH 2)) -13200- 210

(% predicted helix) (4)

[θ]222(40% TFE, pH 6)) -8770- 225

(% predicted helix) (5)
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trations were about 1 mM. pH was measured with a glass
microelectrode and was not corrected for isotope effects. The
temperature of the NMR probe was calibrated using a
methanol sample. Sodium 3-trimethylsilyl[2,2,3,3-2H4]-
propionate (TSP) was used as an internal reference. NMR
experiments were performed on a Bruker AMX-600 spec-
trometer. Phase-sensitive two-dimensional COSY (31), TOC-
SY (32), NOESY (33), and ROESY (34, 35) spectra were
recorded by standard techniques using presaturation of the
water signal and the time-proportional phase incrementation
mode (36). Mixing times of 200 and 150 ms were used for
NOESY and ROESY spectra, respectively. TOCSY spectra
were recorded using a MLEV17 spin-lock sequence with a
z filter (37) and a 80 ms mixing time. Acquisition data
matrices were defined by 2018× 512 points int2 and t1,
respectively. Data were processed using the standard XWIN

NMR Bruker program on a Silicon Graphics computer. The
2D data matrix was multiplied by a square-sine-bell window
function with the corresponding shift optimized for every
spectrum and zero-filled to a 4K× 1K complex matrix prior
to Fourier transformation. Baseline correction was applied
in both dimensions.

Lipid Preparation. Small unilamellar vesicules were
prepared by dissolving the solid phospholipid (dimyristoyl-
glycerophosphocholine) in chloroform followed by evapora-
tion to dryness under nitrogen. The lipid film was suspended
in the corresponding buffer and sonicated in a Branson 1210
bath-type sonicator until optical clarity. The solution was
finally centrifuged for 5 min at 14000 rpm prior to use and
stored for at most 6 h onice.

Protein Secondary Structure Prediction.Predictions were
carried out at the Network Protein Sequence Analysis (NPSA

FIGURE 1: Secondary structure prediction for aFGF. Upper panel: predictions were carried out by several methods using the NPSA server
as described in Experimental Procedures. Key: h, helix prediction;e, extended (â) prediction; t, turn prediction; c, coil prediction. Only
SOPMA performs turn predictions. Native aFGFâ-strands are highlighted in bold and represented by arrows. Lower panel: AGADIR
prediction for theâ8 peptide on a per residue level at pH 2.0 (black bars) and pH 7.0 (hatched bars).
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server, Universite´ Claude-Bernard and Centre Nationale de
la Recherche Scientifique) (http://npsa-pbil.ibcp.fr). Methods
selected were DSC (38), GOR4 (39), HNNC (40), PHD (41),
PREDATOR (42), SIMPA96 (43), and SOPMA (44).
AGADIR prediction (45) was carried out at the web address
http://www.embl-heidelberg.de/Services/serrano/agadir/
agadir-start.html.

RESULTS

Secondary Structure Prediction for aFGF.A secondary
structure prediction was run for aFGF using the NPSA server,

as described in Experimental Procedures (Figure 1). The
overall prediction ofâ-strands and loops fits nicely to the
experimental data, except in the cases ofâ-strand 4 (mixed
R and â predictions);â-strands 3 and 11, where the loop
prediction outweights theâ prediction; andâ-8, where there
is a noteworthyR-helix prediction with a high degree of
consensus between the methods tested.â-Strand 8, together
with â-strand 9, forms one of the three hairpins that constitute
the basic structure of theâ-barrel in aFGF (Figure 2), and it
participates in the binding to the membrane receptor through
hydrophobic and van der Waals interactions involving Leu-
103, Tyr-108, and the main chain atoms linking Glu-104 and
Glu-105, as well as hydrogen bonds from the side chains of
His-93 and Asn-95 and an ion pair involving Glu-101 (46).

Effect of TFE on the Structure of aFGF.Since there are
some regions of aFGF that are predicted to haveR-helical
propensity, we have investigated such tendency in the
presence of 2,2,2-trifluoroethanol (TFE) by circular dichro-
ism (CD). TFE has been shown to be a secondary structure
enhancer, especially for local propensities such asR-helix
but also forâ structures (see ref47 for an extensive review).
The far-UV CD spectrum of native aFGF at pH 7.0 is shown
in Figure 3A. It displays a minimum centered at 205 nm
and a broad maximum at 227 nm. The origin of this
maximum is unknown (27), but in any case, the spectrum

FIGURE 2: Localization of theâ8/9 hairpin in the three-dimensional
structure of aFGF. The picture was drawn using WebLab Viewer
(Molecular Simulations Inc.).

FIGURE 3: Effect of TFE on aFGF secondary structure. Panels A, C, and E display the far-UV CD spectra recorded in the presence of 0%
(solid line), 20% (dotted line) and 60% (dashed line) TFE at pH 7.0, 4.0, and 2.0, respectively. The protein concentration was 7µM. Panels
B, D, and F show the variation of [θ]222 with TFE at pH 7.0, 4.0, and 2.0, respectively. The protein concentration in this case was 1.3µM.
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does not reflect the content in secondary structure of aFGF
[around 50% of antiparallelâ-sheet (25)]. Addition of 60%
TFE causes a change in the spectrum of the protein to one
representative ofR-helix, with two characteristic minima
centered at 208 and 222 nm (Figure 3A). We observed
precipitation between 20% and 30% TFE when the protein
concentration was 0.1 mg/mL (7µM), but a suitable titration
could be carried out at 0.019 mg/mL (1.3µM) protein using
a 1 cm path-length cuvette without any visible aggregation
(Figure 3B). However, we could not record the spectra below
215 nm in these conditions due to the high absorbance of
the buffer (data not shown). In any case, we checked that
there was no dependence of [θ]222 on protein concentration
either in the absence or in the presence of 60% TFE (see
below) so then we assumed that both sets of experiments
using different protein concentrations are comparable. As
shown in Figure 3B, the transition from the native to the
TFE-induced state is cooperative, with a midpoint at 24%
TFE and a final [θ]222 of -15250 deg cm2 dmol-1, that
corresponds to 38%R-helix according to Rohl et al. (28).
The cooperativity of the transition, achieved with a relatively
low amount of TFE, suggests a high degree of specificity
on helix induction. On the other hand, we observed that 500
µM heparin protected aFGF against TFE denaturation since
a higher amount of the cosolvent was needed to induce the
transition (data not shown).

We were not able to find conditions ensuring a complete
refolding of aFGF upon removal of 60% TFE. The native
CD spectrum is only partially recovered, and the mitogenic
activity of the protein drops to 40% (data not shown). Due
to this lack of full reversibility, we decided not to analyze
the TFE-induced transitions in terms of equilibrium ther-
modynamics.

At pH 4, the transition is biphasic when a protein
concentration of 7µM is used. Figure 3C suggests an
antiparallelâ-sheet spectrum at 20% TFE that changes to
anR-helical shape upon increasing the concentration of the

alcohol. This biphasic behavior disappeared when the protein
was titrated at a concentration of 1.3µM (Figure 3D), which
suggests that the formation ofâ-sheet-containing partially
folded states of aFGF at intermediate concentrations of TFE
is an intermolecular event that might also happen at pH 7,
leading to visible precipitation. On the other hand, the
titration at pH 2 was found to be independent of protein
concentration, and no formation ofâ-structures or aggregates
was detected. As depicted in Figure 3E,F, helix formation
is favored at low pH (reaching 55%), needing a smaller TFE
concentration.

Characterization of the Helical State of aFGF.As shown
above, aFGF possesses extensiveR-helical secondary struc-
ture at pH 7.0 in the presence of>40% TFE (Figure 3A,B).
The tertiary structure of proteins is usually estimated by
monitoring the environment of the aromatic side chains by
near-UV CD spectroscopy. However, the near-UV CD signal
of aFGF is very weak (data not shown). For these reasons,
the three-dimensional packing of the TFE-induced helical
state of aFGF was assessed by checking the state of the
hydrophobic cores of the protein. Solvent-accessible apolar
patches of proteins can be probed by the change in
fluorescence of small, hydrophobic molecules such as
1-anilino-8-naphthalenesulfonic acid (ANS) (48). However,
the structural similarities of ANS with other sulfated ligands
of aFGF such as heparin ormyo-inositol hexasulfate prompted
us to use instead an analogue probe such asN-phenyl-1-
naphthylamine (NPN), lacking the-SO3

- group (49). We
had previously observed that NPN does not bind to the native
state of aFGF at pH 7, suggesting a poor accesibility of the
hydrophobic core to the solvent, although some binding could
be observed at pH 2 (27). On the other hand, as expected,
NPN interacts with bovine serum albumin (Figure 4A), a
protein that binds apolar ligands. Induction ofR-helix in
aFGF by TFE could similarly expose the hydrophobic
regions of the protein. However, no binding of NPN was
observed at any TFE concentration at pH 7 (Figure 4A),

FIGURE 4: Hydrophobic cores of the TFE-induced state. Panel A: Fluorescence intensity of NPN added to bovine serum albumin (BSA)
or aFGF at several TFE concentrations ([aFGF]) 1.3µM). Panel B: Far-UV CD spectra of aFGF (7µM) recorded at several temperatures
in the presence of 60% TFE. Inset: variation of [θ]222 with temperature in these conditions.
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suggesting either that the protein is equally compact in the
helicoidal state or, more likely, that the tertiary structure is
disrupted. This point is confirmed by studying the thermal
denaturation of the TFE-induced state of aFGF monitored
by far-UV CD (Figure 4B). The loss of the CD signal at
222 nm is linear upon increasing the temperature (Figure
4B and inset). This result is not expected for a protein with
a defined hydrophobic core, which would show a cooperative
unfolding transition. The induction ofR-helix on aFGF by
TFE seems then to be accompanied by extensive unfolding
of the tertiary packing of the protein.

The 1D 1H NMR spectrum of aFGF in the presence of
TFE (Figure 5) provides additional support about the lack
of tertiary structure. The absence of signals atδ < 0.7 ppm
in contrast to the large number of these signals observed in
aFGF in the native state and the fact that the large dispersion
of the amide protons found in native aFGF is drastically
reduced in the presence of TFE where these protons are
clustered between 7.8 and 8.8 ppm confirms the absence of
a well-defined tertiary structure.

Helical Propensity ofâ8 and â8/9 Peptides.As shown
above (Figure 1), the sequence 95-104, corresponding to
â-strand 8 is predicted asR-helical by five different
prediction methods. To analyze the real propensity of
â-strand 8 and the hairpinâ8/â9 of aFGF, we synthesized
the peptides corresponding to the 95-107 and 95-114
sequences as described in Experimental Procedures. We

decided to change the residue Cys-97 to Ala in order to avoid
complications due to the thiol group. A mutation to serine
was discarded, as it has been described that such substitution
causes a modification in the activity and stability of aFGF
(50). An R-helical prediction on isolated peptides can be
achieved by the AGADIR algorithm developed by Mun˜oz
and Serrano (45). This program predicts forâ8 an average
helicity of 2.2% in water at pH 7 and 25°C, which is
significantly higher than the prediction for the fragments
corresponding to the rest of theâ-strands (a maximum of
0.28%, predicted forâ12). AGADIR also calculates a higher
content inR-helix for â8 at low pH (3.5%), most probably
due to the protonation of the glutamic acid residues that
would overcome any charge-charge repulsions in the helix.
A per residue calculation of the helix content is shown in
Figure 1.

The far-UV CD spectra of purifiedâ8 peptide at different
pH and TFE concentrations are shown in Figure 6, and some
relevant data are displayed in Table 1. According to CD,
the peptide is predominantly in a random coil conformation
at pH 7 (Figure 6A). Addition of TFE (Figure 6A) induces
a change toward a clearR-helical structure (51%) in a
cooperative fashion and in a relatively low TFE concentration
(midpoint at 20%; Figure 6B). The helical propensity is
strongly favored at pH 2 so that the peptide is already 30%
helical in the absence of TFE (Figure 6C, Table 1), and the
conformational change is complete at 20% TFE (Figure 6D),
reaching a final value of 76%R-helix (Table 1). We did not
observe any dependence of the CD spectra with the peptide
concentration within the micromolar to millimolar range (data
not shown). The transitions at pH 7 and 2 display isodichroic
points at 203 and 202 nm, respectively (Figure 6), and were
fully reversible (data not shown). This prompted us to
analyze the curves by two-state equilibrium thermodynamics
according to the binding-exchange model of Jasanoff and
Fersht (29) using eq 1, which yields anm value of 27.00(
1.47 kcal mol-1 and a transition midpoint ([TFE]/[H2O])1/2

of 0.050( 0.001 at pH 7. The associated free energy change
(∆G°) is 1.38( 0.33 kcal mol-1. The data obtained at pH
2 were not analyzed due to the lack of a reliable pretransition
baseline. In the case of peptideâ8/9, the helical content
observed at pH 7.0 and 2.0 in the presence of 60% TFE
raises to 67% and 72%, respectively (Figure 7, Table 1),
i.e., a percent amount ofR-helix similar or even higher than
that ofâ8. Given the longer length ofâ8/9, then the absolute
amount of residues with helical conformation should be also
higher inâ8/9. The addition of residues 108-114 to the 95-
107 sequence might give rise to two possible phenomena:
(i) the number of helical residues in the 95-107 sequence
does not change, but the total helical population increases,
or (ii) the R-helix is elongated in the C-terminus. Fitting the
â8/9 data shown in Figure 7B to eq 2 yields a transition
midpoint ([TFE]/[H2O])1/2 of 0.059( 0.002 with anmvalue
of 39.92( 4.90 kcal mol-1 and ∆G° ) 2.36 ( 1.19 kcal
mol-1. Interestingly, themvalue for the TFE titration ofâ8/9
is 1.48 times higher than that forâ8, and according to
Jasanoff and Fersht (29), the value ofm for related peptides
increases with the helix length, possibly linearly. With these
results in mind, we are tempted to predict that the addition
of residues 108-114 induces the elongation of theR-helix
formed in the 95-107 sequence.

FIGURE 5: Selected regions of the 1D1H NMR spectra of aFGF
(A) in 10 mM phosphate buffer, pH 6.0, and 9:1 H2O/D2O at 25
°C and (B) in 10 mM phosphate buffer, pH 6.0, and 40:60 (v/v)
H2O/TFE at 25°C.
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The pH-induced conformational change of theâ8 andâ8/9
peptides in the absence of TFE was monitored by CD as
shown in Figure 8. The transitions are sigmoidal and
reversible and independent of the ionic strength up to 500
mM NaCl (data not shown). We analyzed the curves using
eq 3 (30), according to which roughly 1 proton (0.85( 0.05
for â8, 0.93( 0.07 forâ8/9) is taken up with an equivalence
midpoint of 4.21( 0.04 for â8 and 4.22( 0.04 for â8/9.
Therefore, these results suggest that the coil-helix transition
of both peptides in the absence of TFE is driven by the
protonation of one out of the five glutamate residues in the
peptides. Interestingly, no significant variation of the CD
signal can be seen around pH 6, suggesting that the
protonation state of His-107 does not affect the helical
propensity of the peptides.

The results presented so far indicate a clearR-helical
tendency of the 95-114 sequence of aFGF at low pH or in
the presence of TFE. Moreover, as depicted in Table 1, other
compounds such as 25% methanol and SDS micelles (50

mM) were also successful in inducingR-helix in the peptide,
although to a lesser degree. We also analyzed the effect of
liposomes on the conformation of theâ8 peptide. We found
that, at pH 4.0, small unilamellar vesicles made of 0.25 mg/
mL dimyristoylglycerophosphocholine also potentiated the
helical content ofâ8 ([θ]222 ) -11020 deg cm2 dmol-1, 39%
R-helix) (data not shown).

Despite the fact that the sequence 95-114 is in extended
conformation in native conditions, forming aâ-hairpin
(Figure 2), we could not find any conditions that simulated
the environment of the peptide in the folded state of aFGF
so that the peptide could achieve aâ-strand conformation,
as described for other peptides (14): neither detergents such
as 0.5 mM and 5 mM deoxycholate, 50 mM octyl glucoside,
or SDS in submicellar concentrations (<8 mM) nor other
agents such as 50% glycerol, 20% acetonitrile, or 1 M
saccharose exerted any effect on the structure ofâ8 or â8/9
(data not shown). Some authors have been able to switch
between helicoidal and extended conformations by changing
the temperature (51). However, upon heating of theâ8 and
â8/9 fragments to 85°C, which produced a linear decrease
in the intensity of the CD signal, and subsequently cooling
of the samples, the recovered CD spectrum was virtually
identical to the initial both in the absence and presence of
TFE at pH 2 and 7 (data not shown).

NMR Conformational Study.2D 1H NMR methods were
used to investigate with deeper detail the conformational
properties of peptidesâ8 andâ8/9 at low pH. Conformational
behavior of peptideâ8 was studied in aqueous solution and
in 30% TFE solution. That of peptideâ8/9, however, could
be only analyzed in 30% TFE solution because of its
insolubility in water at the NMR concentrations.

FIGURE 6: TFE titration of theâ8 peptide. Panels A and C: far-UV CD spectra of theâ8 peptide (7µM) in the presence of 0% (solid line),
20% (dashed line), 40% (dotted line), and 60% (dashed-dotted line) TFE at pH 7.0 and 2.0, respectively. Panels B and D: variation of
[θ]222 with [TFE] at pH 7.0 and 2.0, respectively.

Table 1: Effect of Additives on the Secondary Structure ofâ8 and
â8/9 Peptides

[θ]222 (deg cm2 dmol-1) % helical contentb

pH additiona â8 â8/9 â8 â8/9

7.0 none -2610 -2680 12 11
7.0 60% TFE -14730 -21720 51 67
7.0 25% methanol -3920 -5960 16 21
7.0 50 mM SDS -5970 -6740 23 23
2.0 none -8080 -7775 30 26
2.0 60% TFE -22680 -23340 76 72

a The sample is dissolved in all cases in 50 mM sodium phosphate
buffer, pH 7.0, plus 50 mM NaCl or 50 mM glycine, pH 2.0, plus 50
mM NaCl. b According to eq 1.
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1H NMR spectra were assigned by using standard two-
dimensional sequence-specific methods (52, 53) (data avail-
able in Supporting Information). The sequential NN,RN,
and âN NOE connectivities used for assignment are sum-
marized in Figure 9. Several NMR parameters provide
information on the structural features of peptides. The most
conclusive evidence about the existence of preferred struc-
tures in peptides comes from the NOE connectivities, in
particular from the nonsequential ones. The pattern of
nonsequential NOEs allows to identify the type of secondary
structure. Thus, stretches ofdRNi,i+2, dRΝi,i+3, dRΝi,i+4, dRâi,i+3,
anddΝΝi,i+2 NOE connectivities are characteristic of helices
(53). The deviations of theδ values measured for the CRH
protons in a peptide with respect to those expected for

nonstructured peptides [conformational∆δCRH shifts,∆δ )
δobserved- δRC (ppm)] provide additional information about
the presence and nature of the preferred conformation
adopted by a peptide. These deviations are negative in helices
and positive in extended orâ-sheet conformations (54, 55).
The NOE connectivities observed forâ8 in aqueous and in
30% TFE solutions and that of peptideâ8/9 in 30% TFE
solution are summarized in Figure 9. Apart from the
sequential NOE connectivities used for assignment, nonse-
quential NOE cross-peaks were also observed for peptide
â8 in aqueous solution. They are a stretch ofdRâi,i+3,
characteristic of helices, and a few nonsequentiali,i+3 and
i,i+4 NOE connectivities involving side chain protons which
are also compatible with the formation of helical structures.
The negative and large in absolute value (|∆δ| > 0.1 ppm)
conformational∆δCRH shifts found for residues 97-103 and
106 (Figure 9A) again indicate the formation of a helical
structure. In 30% TFE solution, the number of nonsequential
NOEs observed for peptideâ8, all of them indicative of a
helical structure, increases, and the conformational∆δCRH

shifts become more negative (Figure 9B). This indicates an
increment of the helix population in the presence of 30%
TFE, in agreement with the CD data. Taking into account
nonsequential NOEs and conformational∆δCRH shifts, the
helix spans residues 96-106 in aqueous solution and residues
95-106 in 30% TFE solution. The population of the helix
adopted is about 40% and 59% in aqueous solution and 30%
TFE, respectively, as estimated from the averaged∆δ of the
CRH within the helical region 95-106 (41-43). The set of
NOE connectivities observed for peptideâ8/9 in 30% TFE,
which contains long stretches ofdRNi,i+3, dRΝi,i+4, dRâi,i+3, and
dΝΝi,i+2 NOEs (Figure 9C), is characteristic of anR-helix.

FIGURE 7: TFE titration of theâ8/9 peptide. Panels A and C: far-UV CD spectra of theâ8/9 peptide (7µM) in the presence of 0% (solid
line), 20% (dashed line), 40% (dotted line), and 60% (dashed-dotted line) TFE at pH 7.0 and 2.0, respectively. Panels B and D: variation
of [θ]222 with [TFE] at pH 7.0 and 2.0, respectively.

FIGURE 8: pH titration of peptidesâ8 andâ8/9. The graph displays
the variation of [θ]222 with pH for â8 (b) andâ8/9 (O), together
with the fittings to eq 3, (s) and (- - -), respectively.
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The negative and large in absolute value (∆δ > 0.1 ppm)
conformational∆δCRH shifts observed for residues 95-113
confirm the formation of helix. Thus, NMR data clearly
indicate that peptideâ8/9 adopts a helix spanning residues
95-113 in 30% TFE. The population estimated from the
averaged∆δ of the CRH within this helical region was about
58% (56-58).

DISCUSSION
Experimental and theoretical evidence has led to the

formulation of different protein folding models (2, 5, 6)
which mainly differ in the sequence of events that occur in
the folding process. Nevertheless, it seems difficult for a
unique model to include all experimental data (sometimes
apparently conflicting), and for a particular case one par-
ticular model may give a better explanation than the others.
The study of all-â proteins complicates this panorama,
although any complete folding model must aim to explain
the folding of this type of polypeptide. Acidic fibroblast
growth factor belongs to the all-â family and is a good
candidate for folding studies, since its three-dimensional
structure is known (21, 23-25) and is accessible to protein
engineering manipulation.

The prediction of the secondary structure of aFGF by
several procedures (Figure 1) identifies most of the residues
in the correct conformation. Most of the mismatches occur
in the â-sheet edges. The prediction for the sequences
corresponding toâ-strands 3 and 11 yields a somewhat
higher preference for the coil conformation. Interestingly
enough, the sequence ofâ-strand 8 is unequivocally predicted
asR-helical by five out of the seven methods used. Therefore,
the possibility existed that some sequences of aFGF had a
local propensity that might vary substantially when inserted
into the context of the folded protein, as described for the
“chamaleon sequence” of Minor and Kim (15) or for
â-lactoglobulin (12). The model of nonhierarchical folding,

described by several groups (12, 59), suggests that folding
is initiated on the basis of local (short-range) propensities,
so that in some cases segments of non-native structure may
form. As folding proceeds, the new environment created by
the preformed tertiary structure may force such non-native
structures to change their conformation (60).

We analyzed the helical propensity of aFGF in the
presence of trifluoroethanol (TFE). TFE is known to increase
the local propensities of peptides by stabilizing theR-helical
conformation in the majority of cases, although this solvent
can also stabilizeâ-turns andâ-hairpins (ref29and citations
therein). Moreover, TFE has also been found to stabilize non-
native R-helices (12, 61, 62) and to induce, at high
concentrations (around 80%),R-helical character to charged
homopolypeptides at neutral pH, when they are supposed to
exist in random coil conformation (63). Before proceeding
with the discussion, we must ensure that our approach in
using TFE for analyzing “true” propensities is valid. Ac-
cording to Buck (47), TFE is a worse hydrogen bond partner
than water, promoting intramolecular bonds within the
polypeptide chain. Moreover, since TFE has a low dielectric
constant, such hydrogen bonds are strengthened; finally, TFE/
H2O mixtures are more hydrophobic than pure H2O and then
the hydrophobic groups of the protein are better solvated.
Therefore, these conditions might mimic the early steps of
folding, where long-range tertiary interactions are absent and
local interactions are dominant. The specificity of TFE is
given by the cooperativity of the transition induced by the
solvent as well as by the concentrations used; i.e., a very
cooperative transition occurring in a relatively low percentage
of TFE (<40%) is very likely to be specific (61). Higher
concentrations of TFE may affect the pKa of charged
residues, as probably happens with polyglutamate or poly-
lysine peptides at neutral pH (63). Those sequences with little
helical propensity will need higher amounts of TFE, form

FIGURE 9: NMR experiments on peptidesâ8 andâ8/9. Summary of NOE connectivities, secondary structure, and conformational∆δCRH
shifts [∆δCRH ) δCRH(observed)- δCRH(random coil) (ppm), whereδCRH(random coil) are theδ values corresponding to random coil peptides (38)]
observed for peptideâ8 in 20 mM phosphate buffer at pH 2.0 and 20°C (A) and in 30% TFE at pH 2.0 and 20°C (B) and for peptideâ8/9
in 30% TFE at pH 2.0 and 20°C (C). The thickness of the lines reflects the intensity of the sequential NOE connectivities, i.e., weak,
medium, and strong. An asterisk (*) indicates unobserved NOE connectivity due to signal overlapping, closeness to diagonal, or overlapping
with solvent signal. NOE conectivities involving side chains are indicated by dsch.
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lessR-helix noncooperatively, or form noR-helix at all (12,
64).

aFGF acquires 40%R-helix in the presence of TFE at
neutral pH (Figure 3). The titration is cooperative and occurs
with a midpoint of 24% TFE at pH 7. The TFE-induced state
lacks any detectable tertiary structure: it does not bind the
hydrophobic probe NPN (Figure 4A), nor does it display a
cooperative thermal unfolding transition (Figure 4B), indicat-
ing the absence of a defined hydrophobic core, which is
confirmed by the broad, featureless 1D1H NMR spectrum
shown in Figure 5. The amount of TFE-induced helix (38%)
is clearly higher than predicted by any of the methods tested
(15% at most; Figure 1). In this sense, Shiraki et al. (12)
have found empirically that TFE stabilizes a somewhat higher
helical content than predicted, although there is a neat linear
relationship between the predicted and the experimental
R-helical quantities for a number of proteins (see Figure 9
of ref 12). According to the equations derived by these
authors (eqs 4 and 5) and assuming a prediction of 15% helix,
the [θ]222 value of aFGF in the presence of 40% TFE should
be -16350 deg cm2 dmol-1 at pH 2 and-12145 deg cm2

dmol-1 at pH 7. These values are very similar to the
experimental values of-16250 and-13250 deg cm2 dmol-1

at pH 2 and 7, respectively (Figure 3).
It has previously been described that aFGF acquires at pH

4.0 a partially folded conformation which is very structured
(27, 65). This and the TFE-induced equilibrium intermediate
of the protein might represent kinetic counterparts as there
is increasing evidence of the equivalence between equilib-
rium and kinetic intermediates (66). This would confirm the
hypothesis a nonhierarchical folding of the protein, in which
the equilibrium conformations obtained in the presence of
TFE or at pH 4.0 may resemble kinetic intermediates that
occur very early and very late, respectively, in the folding
process, with other intermediates in between. This hypothesis
is attractive but must be clarified in the future with further
experiments (see below). In any case, the acquisition of the
native structure of aFGF is certainly a complex, multistep
mechanism. Mach et al. (65) described the existence of a
kinetic intermediate of aFGF that accumulates in the first
200 ms of folding and that binds the hydrophobic probe ANS.
On the other hand, Samuel et al. (67) have recently claimed
that a partially folded intermediate occurs in the folding
pathway of aFGF as deduced from the noncoincidence of
the fluorescence and CD stopped-flow time traces, as well
as NMR quenched-flow experiments. Although no “over-
shoot” can be seen in the dead time of the stopped-flow
experiments, the presence of kinetic helical intermediates
cannot be completely ruled out as they are probably little
populated (in fact, AGADIR prediction is never higher than
5% throughout the sequence; data not shown). In this case,
addition of small amounts of TFE might help to stabilize
the helical intermediate (should it exist) so that the kinetic
overshoot could become more evident (see ref9). Moreover,
a kinetic and thermodynamic analysis of aFGF mutants that
decrease or increase the helix propensity ofâ-strand 8/turn/
â-strand 9 hairpin could help to define the folding pathway
of the protein in terms of non-native intermediates.

Kinetic intermediates have also been studied for other all-â
proteins, such as theâ-trefoiled human interleukin 1-â (68),
whose structure is homologous to that of aFGF. In both cases,
the intermediates display far-UV CD spectra characteristic

of â-structure, although they are very flexible as deduced
from NMR experiments. There are no signs of helical
intermediates, but concomitantly their sequences show little,
if any, propensity to formR-helix according to the programs
used in this work (data not shown).

We can have an estimate of the early steps of folding of
aFGF using peptide fragments of its sequence. The study of
two peptides seems obvious: sequence 95-107, correspond-
ing to â-strand 8, for which anR-helical conformation is
predicted (Figure 1), and sequence 95-114, corresponding
to â-hairpin 8/9, that containsâ-strand 8 and that constitutes
a loop relatively isolated from the rest of the protein (Figure
2). The AGADIR prediction confirms the helical tendency
of the isolated 95-107 sequence (Figure 1). Although the
â8 andâ8/9 peptides are mostly unstructured at pH 7, TFE
induces a high amount of helicity in a specific fashion, as
the CD (Figures 6 and 7 and Table 1) and NMR (Figure 9)
data demonstrate. The content inR-helix increases substan-
tially upon decreasing the pH (Figure 8) due probably to
the uptake of one proton by Glu101 or Glu105, which would
lie in the same helix ridge: protonation of these residues
would abolish any electrostatic repulsion between them. TFE
is not the only agent affecting the structure ofâ8: methanol
and SDS micelles (Table 1), as well as lipid vesicles, can
stabilize theR-helix of â8. On the other hand, we have been
unsuccessful in inducingâ structure in both peptides.

Binding of heparin (the so-called “low-affinity receptor”)
protects aFGF against TFE denaturation. The binding site
of the polysaccharide is located in the turn/â11/turn region
spanning residues 126-142, through a network of van der
Waals, electrostatic, and hydrogen bonds (46). This region
is located at some distance of theâ8/â9 hairpin. Upon
binding of heparin or heparin analogues, the structure of
aFGF is stabilized as a whole (26), so that a higher amount
of any denaturant such as TFE is needed to unfold the
protein. On the other hand, it is somewhat intriguing that
the â8/â9 hairpin, the aFGF sequence with most helical
propensity, belongs to the main patch recognized by the
membrane cell receptor (46). It is possible that aFGF mutants
that decrease or increase the helical propensity of the hairpin
and do not modify the residues actively involved in binding
might have an effect on the stability (and flexibility) of the
hairpin and, accordingly, on the affinity to the receptor.

In summary, in this work we have compared the native
structure of aFGF with the local propensity of its sequence.
Despite being an all-â protein, some segments of aFGF are
predicted asR-helical. Such segments have a tendency to
form R-helix in solution when isolated. aFGF itself can form
a helical intermediate state in equilibrium in the presence of
moderate amounts of TFE, and this may represent an
amplified model of an early kinetic folding intermediate. All
of these results suggest that the folding of aFGF is non-
hierarchical and that non-native intermediates, based in local
propensities, may arise in the folding pathway. More studies
on this subject need to be carried out since, if nonhierarchical
mechanisms are widespread, it complicates the panorama of
protein structure prediction because of the “folding feedback”
concept (14): a reliable prediction of the native secondary
structure of the protein needs paradoxically essential infor-
mation of the tertiary structure, since the latter may change
the local propensity of the sequence. This could explain why
the best secondary structure prediction methods not based
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in sequence similarities with proteins of known three-
dimensional structure only achieve 70% success on average,
suggesting that they might instead predict the structure of
folding intermediates.

SUPPORTING INFORMATION AVAILABLE
One table giving chemical shifts of peptidesâ8/9 andâ8

in 30% TFE. This material is available free of charge via
the Internet at http://pubs.acs.org.
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