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The refolding kinetics of the 140-residue, all b-sheet,
human fibroblast growth factor (hFGF-1) is studied us-
ing a variety of biophysical techniques such as stopped-
flow fluorescence, stopped-flow circular dichroism, and
quenched-flow hydrogen exchange in conjunction with
multidimensional NMR spectroscopy. Urea-induced un-
folding of hFGF-1 under equilibrium conditions reveals
that the protein folds via a two-state (native7 unfolded)
mechanism without the accumulation of stable interme-
diates. However, measurement of the unfolding and re-
folding rates in various concentrations of urea shows
that the refolding of hFGF-1 proceeds through accumu-
lation of kinetic intermediates. Results of the quenched-
flow hydrogen exchange experiments reveal that the
hydrogen bonds linking the N- and C-terminal ends are
the first to form during the refolding of hFGF-1. The
basic b-trefoil framework is provided by the simultane-
ous formation of b-strands I, IV, IX, and X. The other
b-strands comprising the b-barrel structure of hFGF-1
are formed relatively slowly with time constants rang-
ing from 4 to 13 s.

It is still unknown as to how a polypeptide chain folds into a
unique structure out of an astronomical number of energeti-
cally possible conformations in a short period of time (1–3).
Characterization of the conformational properties of the early
stages sampled during refolding are crucial to our understand-
ing the rules determining the folding process (4–8). Much of
our knowledge on the kinetics of refolding/unfolding is derived
employing the stopped-flow optical spectroscopic methods or
the quenched-flow hydrogen/deuterium exchange techniques
(9–14). By using these techniques, several proteins have been
shown to fold via the formation of transient kinetic intermedi-
ate(s) (15–19). Understanding the structural properties of the
intermediates that occur in the folding/unfolding pathway(s)
would explain how the vast conformational space available
could be narrowed down early during folding to yield the native
state of the protein (20–22).

The refolding kinetics of a number of all-helical proteins
have been investigated (23, 24). It is found that helix formation
in proteins occurs within the low millisecond scale of refolding
(24). This aspect is not surprising because formation of a helix

involves intrastrand, local hydrogen bonding interactions. By
contrast, very little information exists on the modes of refolding
of all b-sheet proteins. As the b-sheet formation involves inter-
strand interactions between distant parts of the polypeptide
chain, proteins belonging to this structural class (all b-sheet
proteins) are predicted to refold slowly (25). However, investi-
gation of folding kinetics of several a 1 b proteins using
quenched-flow hydrogen/deuterium (H/D) exchange revealed
that stable b-sheet, and a-helix formation occurs on a similar
time scale (18, 19, 26). Interestingly, folding studies on inter-
leukin-1b, an all b-sheet protein, showed that stable b-sheet
formation only occurs on a time scale greater than 50 s (25, 27).
Thus, it appears that the data base on the refolding kinetics of
all b-sheet proteins needs to be significantly expanded to draw
generalized conclusions on the rates of formation of b-sheets in
proteins (28, 29).

Human acidic fibroblast growth factor (hFGF-1)1 is a single
chain, heparin-binding protein involved in a variety of impor-
tant cellular processes like the proliferation and differentiation
of cells (30, 31). hFGF-1 is a potent mitogen, and due to its
involvement in the wound repair process, it is a potential
therapeutic agent (31). hFGF-1 is a 15-kDa, all b-sheet protein
with no disulfide bonds (32, 33). It has a single tryptophan
residue, whose emission properties are known to describe ef-
fectively the conformational changes occurring during the fold-
ing7 unfolding transition of the protein (33, 34). Furthermore,
high resolution crystal (31) and NMR structures (32) of hFGF-1
are available (Fig. 1). These characteristics render hFGF-1 as
an useful model to understand the folding/unfolding pathways
of all b-sheet proteins. In the present study, we investigate the
events in the refolding kinetics of hFGF-1 using a variety of
biophysical techniques such as stopped-flow fluorescence,
stopped-flow CD, and quenched-flow hydrogen exchange. The
results obtained in this study reveal that refolding of the pro-
tein occurs very slowly via the formation of transient interme-
diate(s). In addition, the b-strands constituting the heparin
binding domain appear to form significantly faster than the
other b-strands constituting the b-barrel structure of hFGF-1.

MATERIALS AND METHODS

1-Anilino-8-naphthalenesulfonic acid-NH4
1 salt was purchased from

Sigma. Ultrapure urea was procured from Merck, and heparin-Sepha-
rose was from Amersham Pharmacia Biotech. Labeled 15NH4Cl and
urea-d4 were obtained from Cambridge Isotope Laboratories. All other
chemicals used were of high quality analytical grade. Unless and oth-
erwise mentioned, all solutions were made in 100 mM phosphate buffer
(pH 7.0) containing 100 mM ammonium sulfate. All experiments were
performed at 20 °C.

Protein Expression and Purification—Expression vector for the trun-
cated form of the human FGF-1 (hFGF-1, residues 15–154) was con-
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structed and inserted between the NdeI and BamHI restriction sites in
pET20b. The plasmid containing the hFGF-1 insert was transformed
into Escherichia coli BL21 (DE3) pLysS. The expressed protein was
purified on heparin-Sepharose column using a NaCl gradient (0–1.5 M).
The protein was desalted by ultrafiltration using an Amicon set up. The
homogeneity of the protein was assessed using SDS-polyacrylamide gel
electrophoresis. The authenticity of the sample was further verified by
electron spray-mass analysis. The concentration of the protein was
estimated from the extinction coefficient value at 280 nm.

Preparation of Isotope-enriched hFGF-1—Uniform 15N isotope label-
ing was achieved using M9 minimal medium containing 15NH4Cl. To
realize maximal expression yields, the composition of the M9 medium
was modified by the addition of a mixture mixture of vitamins. The
expression host strain E. coli BL21(DE3)pLysS is a vitamin B1-deficient
host, and hence the medium was supplemented with thiamine (vitamin
B1). Protein expression yields were in the range of 25–30 mg/liter of the
isotope-enriched medium. The extent of 15N labeling was verified by
electron spray-mass analysis.

Non-fluorescence Measurements—All fluorescence experiments were
carried out on a Hitachi F-4500 spectrofluorimeter using a 1-cm quartz
cell. The final concentration of the protein used was 100 mg/ml. Intrinsic
tryptophan fluorescence was measured using an excitation wavelength
of 280 nm. The tryptophan emission was monitored between 300 and
450 nm. The excitation and emission slit widths were set at 2.5 and 10
nm, respectively. The fraction of unfolded species formed at various
concentrations of urea were estimated based on the 308 to 350 nm ratio.

Far-UV CD Measurements—All far-UV CD experiments were per-
formed on a Jasco J-720 spectropolarimeter using a quartz cell of 1-cm
path length. Each spectra was an average of 5 scans. The concentration
of the protein used was 0.5 mg/ml. Necessary background corrections
were made in all spectra.

Stopped-flow Fluorescence—The kinetics of unfolding and refolding
were monitored by fluorescence using an SF-61 stopped-flow spec-
trofluorimeter (Hi-Tech Scientific Co., UK). Intrinsic tryptophan fluo-
rescence measurements were made by exciting the protein at 280 nm
(2.5 nm band pass) via a 0.2-cm path length cell and monitoring the
emission intensity at 350 nm (at 20 °C). For 1:10 mixing ratios in both
unfolding or refolding experiments gave a final protein concentration of
1 mM hFGF-1 in 100 mM phosphate buffer (pH 7.0), at 20 °C (containing
100 mM ammonium sulfate), in different urea concentrations. From
0.2–5 mM protein, no deviations longer than 5% were detected in the
rates or relative amplitudes. The data were fit to a two exponential
equation and analyzed using the RKBIN software provided by Hi-tech
Scientific Co., UK.

For the stopped-flow ANS binding experiments, the stock solution of
ANS (300 mM) was appropriately mixed (in the concentration range
between 50 and 250 mM) into the native buffer (100 mM phosphate
buffer containing 100 mM ammonium sulfate (pH 7.0)). 10 mM of equi-
librium-unfolded hFGF-1 (in 4 M urea) was diluted 10-fold into 270 ml of
the native buffer containing ANS. This procedure ensured that the
concentration of the protein (1 mM) and urea (0.4 M) remained un-
changed during the refolding reaction in the presence of different con-
centrations of ANS. The binding of ANS was monitored by setting the
excitation and emission wavelengths at 418 and 517 nm, respectively.
The bandwidth used in all the measurements was 2 nm.

The protein concentration-dependent ANS binding experiments were
carried out under similar conditions by varying the protein concentra-
tion (in the range of 0.5 to 5 mM).

Stopped-flow CD Measurements—Stopped-flow CD experiments
were performed using SFM-3 Biologic stopped-flow apparatus attached
to a Jasco J-715 spectropolarimeter. The cell path length was 1 mm, and
the dead time of the instrument was estimated to be about 5 ms.
Refolding was initiated by a 10-fold dilution of the denatured hFGF-1
(in 4 M urea) sample with the refolding buffer (100 mM phosphate buffer
containing 100 mM ammonium sulfate (pH 7.0), 20 °C). The data pre-
sented are an average of 30 scans. The reaction between sodium salt of
2,6-dichlorophenol indophenol and L-ascorbic acid (using a mixing ratio
of 1:1) was used to determine the performance limits of the instrument.
The disappearance of the color of 2,6-dichlorophenol indophenol was
followed at 524 nm. All solutions contained 0.2 M NaCl to minimize the
ionic strength effects.

The ellipticity changes at 228 nm were analyzed employing an in-
built Biologic software.

Quenched-flow NMR Experiments—All experiments were carried out
at 20 6 0.1 °C using a RQF-63 rapid mixing quenched-flow apparatus
(Hi-Tech Scientific Co., UK). Complete denaturation and exchange of
the backbone amide protons with deuterium was achieved by dissolving
4 M urea into a uniformly 15N labeled hFGF-1 solution, previously
equilibrated for 24 h in D2O at pD 6.6 6 0.2. Refolding of the denatured
protein was initiated by a 10-fold dilution with 100 mM phosphate
buffer (pH 5.0, containing 100 mM ammonium sulfate) prepared in H2O.
At this pH, negligible labeling occurred. After variable refolding times
ranging from 8 ms to 100 s, the solution was diluted again to 10 times
the initial protein volume with 100 mM phosphate buffer (pH 9.0)
(containing 100 nM ammonium sulfate), to initiate labeling of the deu-
terated amides in hFGF-1 with protons. After a lapse of 10 ms, the
labeling phase was stopped by a further 3.4 times dilution of the initial
protein volume with 1 M phosphoric acid in water. It should be men-
tioned that there were no signs of aggregation during any of the refold-
ing steps in the quenched-flow experiments.

1H-15N HSQC spectrum of each sample was recorded on a Bruker
DMX 600-MHz NMR spectrometer at 20 °C. A 5-mm inverse probe with
a self-shielded z-gradient was used to obtain all gradient-enhanced
1H-15N HSQC spectra. 15N decoupling during acquisition were accom-
plished using the GARP sequence. 2048 complex data points were
collected in the 1H dimension of the 1H-15N HSQC experiments. In the
15N dimension of the spectra, 512 complex data points were obtained.
15N chemical shifts were referenced using the consensus ratio of
0.0101329118. All spectra were processed on a Silicon Graphics Work
station using the UX NMR and Aurelia softwares.

The intensities of the cross-peaks in the HSQC spectra collected at
various refolding times were normalized based on the peak height of the
Ile-70 g-methyl protons (20.2 ppm) in the one-dimensional 1H NMR
spectra collected each time prior to recording the HSQC spectra. The
time courses of change in proton occupancies were fitted to a single
exponential decay (y 5 A exp2kt 1 C, where A is the amplitude of the
phase, k is the apparent rate constant, and C is the final amplitude) by
the Levenberg-Marquardt nonlinear least squares method, yielding
rate constants and phase amplitudes in the kinetic refolding experi-
ment. All data analysis was performed using Kaleidagraph software
(Synergy software).

RESULTS AND DISCUSSION

Two-state Equilibrium Unfolding—The fluorescence spec-
trum of hFGF-1 shows an emission maxima at around 308 nm
(Fig. 2, inset A). The fluorescence of the lone tryptophan resi-
due located at position 121 of the sequence is completely
quenched in the native state of the protein (33, 34). The
quenching effect is attributed to the presence of proximal im-
idazole and pyrrole groups in the three-dimensional structure
of hFGF-1. However, unfolding of the protein relieves the
quenching effect, and the fluorescence spectrum of the protein
in the unfolded state shows an emission maxima at around 350
nm (Fig. 2, inset A). Hence, the refolding/unfolding kinetics of
hFGF-1 was monitored by the changes in the emission inten-
sity at 350 nm.

Fig. 2 shows the urea-induced unfolding curve of hFGF-1
monitored by fluorescence spectroscopy. The protein is com-
pletely unfolded at concentrations of urea greater than 3.2 M.
The urea-induced structural transitions are completely revers-
ible. The concentration of denaturant (Cm) at which the protein
(hFGF-1) is half unfolded (DGu 5 0) is estimated to be 2.3 M.

FIG. 1. MOLSCRIPT (50) representation of the structure of
hFGF-1. The protein has 12 b-strands folded into a trigonal pyramid
structure.
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The m value, which is a measure of the cooperativity of the
unfolding transition, is found to be 1.53 6 0.4 kcalzmol21zM21.
The free energy of unfolding in the absence of the denaturant
(DGu(H2O)) obtained by extrapolation of DGu to zero denatur-
ant concentration is calculated to be 3.46 6 0.2 kcalzmol21. To
test if the unfolding transition monitored by fluorescence re-
flected a total disruption of the overall structure of the protein,
or just a local unfolding, we analyzed the chemical denatur-
ation of hFGF-1 induced by urea using far-UV CD spectros-
copy. The far-UV CD spectrum of hFGF-1 shows a prominent
positive ellipticity band centered at 228 nm. This CD band (at
228 nm) is a composite signal and is representative of the
secondary and tertiary structural interactions in the protein
(Fig. 2, inset B). Upon complete unfolding of the protein (at
urea concentrations greater than 3.2 M), the 228 nm far-UV CD
band shows negative ellipticity values (Fig. 2, inset B). The urea-
induced equilibrium unfolding curves followed by fluorescence and
CD are nearly superimposable. Within experimental error(s), the
DGu(H2O) (3.40 6 0.4 kcalzmole1) estimated from the urea-induced
far-UV ellipticity is identical to that calculated based on fluores-
cence spectroscopy. These results strongly suggest that the urea-
induced equilibrium denaturation of hFGF-1 follows a two-state
(native7 unfolded state) mechanism, without the accumulation of
stable intermediate(s).

Slow Refolding hFGF-1—Fig. 3 shows the stopped-flow time
traces of the refolding of urea-denatured hFGF-1 (at 25 °C)
monitored by the changes in the tryptophan fluorescence (at
350 nm). Complete signal evolution (at 350 nm) occurs within a
refolding time of 50 s. The fluorescence trace could not be
satisfactorily fit to a single exponential function. A sum of two
exponentials best fits the refolding curve yielding refolding rate
constant values of 0.131 6 0.02 and 0.023 6 07 s21 for the
faster and slower phases, respectively (Table I). The first phase
associated with the faster rate accounts for 80–85% of the total
refolding amplitude. The slower phase has an amplitude of
about 10–20%. This phase of refolding is probably associated
with the cis-trans-proline isomerization (discussed below). No
burst phase is observed to occur as is evident from the close
agreement between the fluorescence signals at time 0 and that
extrapolated from the equilibrium unfolded hFGF-1 base line.
However, we cannot completely rule out the possibility of oc-
currence of the burst phase intermediate(s) because the burst
phase changes cannot be traced under conditions where the
intermediate(s) has similar fluorescence as the unfolded state.

hFGF-1 like many other b-barrel proteins shows a far-UV

positive ellipticity band at 228 nm, signifying the secondary
and, to a lesser extent, the tertiary structural interactions in
the protein. The far-UV ellipticity changes (at 228 nm) are
complete within a time span of 3 s (Fig. 4). The ellipticity
changes could be best fit to a single exponential equation yield-
ing a refolding time constant of 1.24 6 0.65 s21. The slow minor
phase (observed in the stopped-flow fluorescence experiment)
possibly representing the cis-trans-proline isomerization is not
observed in the stopped-flow CD experiments. In addition, no
burst phase ellipticity change(s) could be detected during the
refolding of hFGF-1. Within experimental error, the ellipticity
(at 228 nm) at time 0 is similar to that obtained from the
equilibrium unfolded state base line. It is interesting to note
that the refolding rate constant value of the major phase esti-
mated using the stopped-flow fluorescence (0.131 6 0.02 s21)
and stopped-flow CD do not match (Table I). The fast recovery
of the 228 nm ellipticity signal presumably reflects the rapid
acquisition of some portion(s) of the native structure prior to
the burial of the tryptophan in the interior of the protein. Thus,
the results of the stopped-flow fluorescence and stopped-flow
CD experiments strongly suggest the accumulation of transient
intermediate(s) in the kinetic refolding pathway of hFGF-1.

Occurrence of Kinetic Intermediate(s)—It has been observed
that in many proteins where an intermediate in equilibrium
conditions is not found, the analysis of the refolding kinetics
shows the unambiguous presence of an intermediate. The ki-
netics of refolding were examined at 20 °C over a range of urea
concentrations (up to 6 M) by monitoring the changes in the
tryptophan fluorescence using the stopped-flow fluorescence
technique. Fig. 5 shows the urea dependence of the natural
logarithm of the observed rate constant of folding/unfolding.
Interestingly, the slow phase (minor phase) shows no denatur-
ant dependence and is consistent with it being a rate-limiting
proline isomerization event. The unfolding rate decreases lin-
early with the increase in urea concentration (Fig. 5). However,
a prominent curvature could be observed at low concentrations
of the denaturant (Fig. 5). In general, a deviation from linearity
(“roll over”) is believed to reflect the accumulation of interme-
diate species at low denaturant concentrations (36). For a pro-

FIG. 2. Urea-induced unfolding profiles of hFGF-1, monitored
by fluorescence (●) (308/350 nm) and far-UV CD (E) (228 nm). It
could be noticed that the unfolding profiles monitored by the two spec-
troscopic techniques are nearly superimposable, implying that the
urea-induced unfolding process of hFGF-1 is cooperative without the
accumulation of stable equilibrium intermediates. Inset A depicts the
intrinsic fluorescence spectra of hFGF-1 in the native and 4 M urea-
unfolded states. Inset B shows the far-UV CD spectra of hFGF-1 in the
native and 4 M urea unfolded states.

FIG. 3. Refolding kinetics of hFGf-1 monitored by stopped-flow
fluorescence (at 350 nm). The refolding trace is found to best fit with
a sum of two exponentials. The refolding rates (k) and the amplitude (A)
of the two phases are as follows: k1 5 0.131 6 0.02 s21; A1 5 81.73 6
0.34%; k2 5 0.023 6 0.07 s21; A2 5 15.2 6 0.3%.
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tein folding typically by a two-state mechanism, the Chevron
plot (ln k versus concentration of the denaturant) is expected to
be V-shaped, with no roll over. In summary, these results
clearly suggest that the refolding of hFGF-1 occurs via the
formation of transient intermediate(s).

There is a lot of controversy on the interpretation of the roll
over in the Chevron plot (35–38). Curvatures in Chevron plots,
in addition to accumulation of kinetic intermediates, could also
be ascribed to the movements of the transition state ensemble
(36, 39–41). According to the broad barrier model of protein
folding, the folding process is proposed to occur isoenergetically

at the transition state level, and hence the position of the
transition state ensemble is expected to be sensitive to dena-
turant conditions (36). Recent studies on the human spliceoso-
mal protein have demonstrated that the roll over in the Chev-
ron plot could also be due to the movements of the transition
state along the top of a very broad and flat activation barrier
(Hammond effect, see Refs. 41–44). In general, Hammond ef-
fects (during protein folding/unfolding) are manifested as cur-
vatures in both the limbs of the Chevron plot (35). In this
context, as the roll over is observed in only one of the limbs of
the Chevron plot of hFGF-1, it could be possibly attributed to
the accumulation transient intermediate(s) rather than to the
movement of the transition state ensemble.

Absence of Hydrophobic Collapse—ANS is a popular hydro-
phobic dye used to probe early events in protein folding (45–
47). ANS is known to bind to transiently exposed hydrophobic
patches during folding of many proteins, leading to a promi-
nent increase in the fluorescence intensity of the dye. Refolding
of hFGF-1 was monitored in the presence of ANS at 520 nm. No
prominent intensity changes were observed within the dead
time of the instrument. Thus, it appears that the refolding
hFGf-1 does not involve early burst phase events such as the
hydrophobic collapse. Interestingly, after 1 s of initiation of
refolding, the ANS fluorescence intensity shows a dramatic
increase and reaches a maximum value at around 2.2 s (Fig. 6).
Beyond this refolding time (.2.2 s), the emission intensity
exponentially decreases to reach a steady state value that is
much higher than that of the free ANS (Fig. 6). The changes in

FIG. 4. Stopped-flow kinetics of the refolding of hFGf-1 moni-
tored by far-UV circular dichroism (at 228 nm). The refolding
trace fits well to a single exponential equation yielding a time constant
of 0.8075 s. The arrow in the figure indicates the start of the refolding
trace.

FIG. 5. Urea-dependent folding kinetics of hFGF-1. The solid
circles represent the observed rate constants for refolding and unfolding
obtained from the stopped-flow fluorescence experiments. The solid line
shows the predicted fit of the kinetic data for a two-state kinetic model.
The small curvature observed at low urea concentrations is ascribed to
the formation of transient kinetic intermediate(s) during the refolding
of hFGF-1.

FIG. 6. ANS binding affinity during the refolding of hFGF-1
monitored by stopped-flow fluorescence at 520 nm. The steep rise
in the ANS fluorescence intensity is attributed to the binding of the
fluorescent dye to the heparin-binding domain formed in the time scale
of about 2.2 s.

TABLE I
Rate and time constant of the various phases of refolding of hFGF-1

First phase Second phase

Rate constant Refolding time constant Rate constant Refolding time constant

s21 s

Fluorescence 0.131 6 0.02 7.63 6 1.0 0.023 6 0.07 43.47 6 14.32
CD 1.24 6 0.65 0.806 6 0.27 NOa NO
ANS 0.21 6 0.012 2.76 6 0.21 0.018 6 0.008 53.3 6 17

a NO, not observed.
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the ANS fluorescence intensity (beyond 2.2 s) could be best fit
to a two exponential term yielding folding rate constant values
of 0.21 6 0.012 and 0.018 6 0.008 s21, respectively (Table I).
The amplitudes of the fast and slow phase have been estimated
to be 90 6 0.1 and 10 6 0.2%, respectively.

The use of an extrinsic probe such as ANS to monitor the
folding reactions raises the possibility that the binding of the
probe to the protein may perturb the folding reaction (46, 47).
We examined this possibility by studying the refolding of
hFGF-1 at varying concentrations (50–250 mM) of ANS in the
refolding buffer. It was found that the hydrophobic dye did not
have significant effect(s) on the refolding time constant of the
two phases of folding (data not shown). In addition, the kinetics
of refolding of hFGF-1 monitored by changes in the intrinsic
tryptophan fluorescence (at 350 nm) was also unaffected by the
presence of ANS (up to a concentration of 250 mM) in the
refolding buffer (data not shown). Thus, these results suggest

that ANS does not significantly perturb the refolding kinetics
of hFGF-1.

It is important to understand the dramatic increase in the
ANS fluorescence (at ;2.2 s) observed during the refolding of
the protein. hFGF-1 is a heparin-binding protein, and its cell
regulatory properties are known to be strongly dependent on
binding to the proteoglycan. Available crystal and solution
structures of hFGF-1 reveal that the heparin-binding site is in
the segment (consisting of residues, 110–130) of the protein
spanning b-strands IX and X (31–33). Recent studies indicate
that several polysulfonated compounds could nonspecifically
bind to the positively charged heparin-binding site (33). In this
background, the drastic increase in the ANS fluorescence in-
tensity observed at around 2 s could be attributed to the tran-
sient binding of ANS to the solvent-exposed, heparin binding
domain (residues spanning b-strands IX and X) formed in this
time scale (;2.2 s). This explanation is consistent with the

FIG. 7. 1H-15N HSQC spectra of hFGF-1 samples prepared by quenched-flow hydrogen exchange experiments at various refolding
time periods.
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average time constant of refolding of the b-strands IX and X
(constituting the polyanion binding site), estimated from the
quenched-flow H/D exchange experiments (see below). The he-
parin-binding site is densely populated by cationic residues and
is interspersed with many nonpolar residues such as Asn-109,
Tyr-111, Ala-111, Trp-121, and Val-123. It appears that the
strong ANS binding affinity of the folding species realized at
;2.2 s is mediated by both the charge and hydrophobic inter-
actions with the fluorescent dye. However, in the subsequent
stages of folding of the protein (.2.2 s), the nonpolar groups in
the heparin-binding site appear to be sequestered into the
interior of the protein, leading to a decrease in the binding
affinity of ANS to the protein. This aspect is exemplified by the
exponential decrease in the ANS emission intensity beyond
2.2 s (Fig. 6).

Recently, transient aggregates have been shown to form
during the in vitro refolding of proteins from their random coil
states (39–41). In this context, it could be argued that the
increase in ANS intensity observed during the refolding (at
;2.2 s) of hFGF-1 could be due to the higher binding affinity of
the hydrophobic dye to the transiently formed aggregates
(formed in the time scale of ;2.2 s). In the event of formation of
transient aggregates (during refolding), the refolding rate con-
stants of the various phases of folding are expected to show a
linear decrease with the increase in the concentration of the
refolding protein. However, it is found that the rate constants
of both the phases (major and minor) of refolding (observed by
monitoring the changes in the tryptophan fluorescence) do not
significantly change as a function of the protein concentration
(data not shown). These results clearly suggest that refolding of
hFGF-1 does not proceed via the formation of transient protein
aggregates. The observed increase in the ANS emission signal
(at ;2.2 s) is probably due to binding of the dye to the heparin
binding domain formed in this time scale (;2.2 s).

Refolding Events Detected by Quenched-flow Hydrogen Ex-
change—Stopped-flow optical techniques only report gross con-
formational changes that occur during the refolding of proteins.
They do not provide any information on the structural changes
that occur at a residue level. However, the quenched-flow H/D
exchange measurements allow the determination of the time
scales of formation of various hydrogen bonds involved in sec-
ondary structure during refolding of the protein (23). It is in
this context that we used the quenched-flow H/D exchange to
monitor the chronology of events in the refolding pathway of
hFGF-1.

The 1H-15N HSQC spectra of hFGF-1 has been completely
assigned (32). Hence, it is possible to follow unambiguously the
folding kinetics of 75 well separated, slowly exchanging amide
residues involved in secondary and tertiary structural interac-
tions in the protein (Fig. 7). These amide protons are distrib-
uted throughout the protein molecule. The exchange kinetics of
all residues are adequately described by a single exponential
(Fig. 8).

Representative 1H-15N-HSQC spectra of hFGF-1 samples
collected after various refolding times are depicted in Fig. 7.
Only a few stable hydrogen bonds were observed to form during
the dead time (;8 ms) of the quenched-flow apparatus. This

FIG. 8. Comparison of the observed time courses of selected
residues as a function of length of the refolding time. All residues
were fit to a first order exponential decay. A depicts the percentage of
proton occupancy of residues located in the various b-strands. The
percentage of proton occupancy of residues located in the unstructured
region is represented in B.

FIG. 9. A plot of the time constant of refolding versus the
amino acid residue number (A). It could be observed that most of the
residues located in b-strands I, IV, IX, and X have low refolding time
constant values. The y axis scale is broken to depict clearly the differ-
ences in the refolding time constant values of the fast folding residues.
B, average time constant of various b-strands in hFGF-1. The y axis
scale is broken to indicate clearly the trends in the average time
constant values of various b-strands in the protein.
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aspect is consistent with the conclusions drawn from the
stopped-flow fluorescence experiments. After 3 s, there were
only about 20 amide protons whose intensities decrease by
50–60%. This observation is in marked contrast to the stopped-
flow CD data (at 228 nm) where the ellipticity changes (pri-
marily representing the secondary structural interactions) are
found to be almost complete (;95%) within 3 s of initiation of
folding (Fig. 4). The backbone hydrogen bonds that are formed
and detected by the far-UV CD signal could be unstable due to
the local breathing or sliding of one strand relative to the other.
The net consequence of this structural motion(s) is the rapid
formation and disruption of hydrogen bonds. The short lifetime
of the hydrogen bonds probably accounts for their weak protec-
tion (against exchange) observed in the 1H-15N HSQC spectra
collected at refolding times lesser than 5 s (Fig. 7). Interest-
ingly, 50–60% resonance intensity decrease for half of the
amide protons involved in the secondary structure formation
occurred only after 5 s of refolding. The secondary structure
formation in another b-barrel protein interleukin-1b, moni-
tored by quenched-flow H/D exchange, also revealed a similar
trend (26).

If we arbitrarily subdivide the time constants of refolding (t)
of various residues estimated by the quenched-flow H/D ex-
change technique into three classes, as fast (1 , t , 3 s),
medium (5 , t , 10 s), and slow (t . 20 s) folding, most of the
residues in b-strands I, IV, IX, and X fit into the fast folding
category (Fig. 9). The slow folding residues are mostly confined
to the unstructured loop regions inter-spread between the var-
ious b-strands. There are 11 residues whose refolding time
constant fits into the medium folding set. These residues are
mostly concentrated in b-strands III, V, and VIII (Fig. 9).

It is interesting to note that the amide protons of some
residues, which are highly protected from deuterium exchange
in the native state, could not be observed even in the 1H-15N

HSQC spectra collected after 8 ms of folding. These include the
amide protons of Leu-13, Tyr-15, and Val-137. This feature
could be rationalized on the basis of the three-dimensional
structure of hFGF-1. hFGF-1 is a b-barrel protein and the N
and C termini of the molecule are strongly bridged by three
hydrogen bonds between, Leu-13-NH and Leu-135-CO, Tyr-
15-NH and Leu-133-CO, Val-137-NH and Pro-11-CO (31, 32).
The absence of the 1H-15N cross-peaks representing the amide
protons of Leu-13, Tyr-15, and Val-137 in the first 1H-15N
HSQC spectrum obtained following the dead-time of the
quenched-flow apparatus (,8 ms) strongly suggests that the
formation of hydrogen bonds linking the extreme ends (N and
C termini) of the b-barrel is probably the first event in the
refolding pathway of hFGF-1 (Fig. 10).

The three-dimensional structure of hFGF-1 could be best
described as a trigonal pyramid with three topological units
consisting each of four antiparallel b-sheets (31, 32). The
b-strands comprising the structural units A are b-strands I–III
and XII. The structural units B and C consist of b-strands,
IV–VII and b-strands VIII–XI, respectively.

Comparison of the time constant of folding of various
b-strands comprising the b-barrel structure of hFGF-1 shows
that there is a clear pattern in the rates of the formation of the
12 b-strands. The average time constants of the b-strands in
the protein are as follows (Fig. 9): b-strand I, t 5 1.89 6 0.24 s;
b-strand II, t 5 11.52 6 0.25 s; b-strand III, t 5 8.50 6 0.31 s;
b-strand IV, t 5 2.44 6 0.1 s; b-strand V, t 5 4.39 6 0.25 s;
b-strand VI, t 5 11.78 6 0.41 s; b-strand VII, t 5 13.33 6
0.15 s; b-strand VIII, t 5 9.50 6 0.30 s; b-strand IX, t 5 2.33 6
0.34 s; b-strand X, t 5 2.5 6 0.21 s; b-strand XI, t 5 6.32 6
0.34 s; and b-strand XII, t 5 11.69 6 0.41 s. The hFGF-1
molecule with the N- and C-terminal ends bridged together
appears to constitute the basic mold for subsequent folding
events (Fig. 10). The b-strands in the three topological (A, B,

FIG. 10. Schematic representation
of the initial events in the refolding
of hFGF-1. A, hFGF-1 in the 4 M urea-
unfolded state. B, the bridging of the N-
(indicated in yellow) and C-terminal ends
(indicated in green) of the hFGF-1 mole-
cule through backbone hydrogen bonds
(indicated by green dotted lines) between
Leu-13-NH and Leu-135-CO, Tyr-15-NH
and Leu-133-CO, and Val-137-NH and
Pro-11-CO appears to be the first detect-
able event in the refolding of hFGF-1. The
N- and C-terminally linked topology prob-
ably provides the structural mold for sub-
sequent events. C among the various
b-strands in hFGF-1, b-strands, I, IV, IX,
and X form (indicated in yellow) in similar
time scales (;2–2.5 s) and appear to pro-
vide the basic b-trefoil framework. Subse-
quently, D, the trigonal pyramid struc-
ture (as seen in the native state) is built
by progressive layering of the various
other b-strands (indicated in blue) (in the
order of strand V, strand XI (t 5 5–7 s) .
strand XII, strand VIII, strand III, strand
II, strand VI, and strand VII (t 5 10–13
s)).
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and C) units comprising the trigonal pyramid structure (of
hFGF-1) appear to form in a phased manner. b-Strands I, IV,
IX, and X appear to form simultaneously to establish the first
layer of the trigonal pyramid structure (Figs. 9 and 10). The
drastic increase in the ANS fluorescence intensity observed
after 2.2 s could be attributed to the transient binding of the
polysulfonated dye to the heparin binding domain (comprising
of the residues in b-strands IX and X) formed in this time scale
(t ;2.2 ms). The simultaneous formation of b-strands I, IV, IX,
and X could be ascribed to the hydrogen bonds linking these
b-strands (strands I, IV, IX, and X) with each other in the
native state of the protein (Figs. 9 and 10).

In the second phase of folding (average t 5 4 to 6.5 s),
b-strands V and XI are formed (Fig. 9B). The formation of
b-strands, II, III, VI—VIII, and XII occurs simultaneously in
the final phase (average t 5 9–12 s) of refolding of hFGF-1.
Thus, it appears that the protein regains most of its native
interactions within a time span of about 20 s. The slow phase of
folding (t .20 s) probably pertains to conformational reorgani-
zation events arising out of cis-trans-proline isomerization.

Comparison with the Refolding Kinetics of Interleukin-1b—
The three-dimensional structures of hFGF-1 and interleu-
kin-1b exhibit strong structural homology. Although both pro-
teins share only 10–15% sequence similarity, their backbone in
9 of the 12 b-sheet strands could be superimposed with a root
mean square deviation of 0.5 Å (48). The folding pathway of
interleukin-1b has been investigated using a variety of spec-
troscopic techniques including quenched-flow hydrogen ex-
change experiments (26, 49). It is informative to compare the
events in the refolding kinetics of hFGF-1 and interleukin-1b.
Striking similarities could be observed in the refolding kinetics
of hFGF-1 and interleukin-1b. Both the proteins fold very
slowly, and complete folding of these proteins occurs on a time
scale greater than 50 s (26). As observed in hFGF-1, the for-
mation of unstable b-sheets in interleukin-1b is shown to occur
rapidly, but stabilization of the three-dimensional structure
with the establishment of native hydrogen bonds begins only
after 1 s of initiation of refolding. Additionally, the refolding of
both hFGF-1 and interleukin-1b involves the formation of ki-
netic intermediate(s).

The refolding kinetics of hFGF-1 and interleukin-1b also
show significant difference(s). Unlike hFGF-1, where no burst
phase hydrophobic collapse has been observed, the refolding
pathway of interleukin-1b involves clustering of the hydropho-
bic residues as evidenced by the strong ANS binding in the
burst phase of refolding. In hFGF-1 the formation of hydrogen
bonds between the N- and C-terminal ends is the first detect-
able event. Thus, comparison of the folding kinetics of these
two structurally homologous proteins reveals that although the
time scale for refolding of the proteins is dependent on their
overall structural architecture, the individual events in the
refolding pathway appear to be governed by the unique local
and long range interactions present in the protein in context.

The results of the present study support the general notion
that folding/unfolding of large proteins (.100 amino acids) is
complex and essentially involves the formation of intermedi-
ate(s). Detailed folding studies using appropriate mutants of
hFGF-1 are in progress to understand the relationship between
the conformational stability and rate of refolding of the protein.
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