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ABSTRACT Acidic fibroblast growth factors from human (hFGF-1) and newt (nFGF-1) (Notopthalamus viridescens) are 16-
kDa, all b-sheet proteins with nearly identical three-dimensional structures. Guanidine hydrochloride (GdnHCl)-induced
unfolding of hFGF-1 and nFGF-1 monitored by fluorescence and far-UV circular dichroism (CD) shows that the FGF-1 isoforms
differ significantly in their thermodynamic stabilities. GdnHCl-induced unfolding of nFGF-1 follows a two-state (Native state to
Denatured state(s)) mechanism without detectable intermediate(s). By contrast, unfolding of hFGF-1 monitored by fluo-
rescence, far-UV circular dichroism, size-exclusion chromatography, and NMR spectroscopy shows that the unfolding pro-
cess is noncooperative and proceeds with the accumulation of stable intermediate(s) at 0.96 M GdnHCl. The intermediate (in
hFGF-1) populated maximally at 0.96 M GdnHCl has molten globule-like properties and shows strong binding affinity to the
hydrophobic dye, 1-Anilino-8-naphthalene sulfonate (ANS). Refolding kinetics of hFGF-1 and nFGF-1 monitored by stopped-
flow fluorescence reveal that hFGF-1 and nFGF-1 adopts different folding mechanisms. The observed differences in the folding/
unfolding mechanisms of nFGF-1 and hFGF-1 are proposed to be either due to differential stabilizing effects of the charged
denaturant (Gdn1 Cl�) on the intermediate state(s) and/or due to differences in the structural interactions stabilizing the native
conformation(s) of the FGF-1 isoforms.

INTRODUCTION

Understanding the mechanism of how a polypeptide

achieves its unique native conformation is one of the main

challenges in structural biology (Rothwarf and Scheraga,

1996; Dill, 1990; Dinner et al., 2000; Fersht and Daggett,

2002; Matthews, 1993). Protein folding obviously is not

a simple stochastic process (Kim and Baldwin, 1982;

Levinthal, 1968). Folding is believed to be a complicated

and directed process involving a definite sequence of in-

termediates with decreasing Gibbs energies (Edgcomb and

Murphy, 2000; Kiefhaber, 1995). Classically, the presence

of defined intermediates on folding pathway(s) is predicted

to overcome the time-space problem (Shakhnovich et al.,

1996). Characterizing these intermediates will be of consid-

erable value in understanding the events and the dominant

forces involved in protein folding.

Recently, several new models for the folding process

involving energy landscapes have been described (Chan and

Dill, 1994; Dill and Chan, 1997; Onuchic et al., 1995). These

models propose that protein folding proceeds through

multiple routes starting from a large set of unfolded confor-

mations and eventually culminating in the formation of

unique native state conformation (Baldwin, 1995; Fersht

et al., 1994). Some of these folding routes might involve the

formation of completely or partially unfolded structures

before the native conformation is realized (Baldwin, 1995;

Fersht et al., 1994; Ptitsyn, 1998).

The classical and the new models of folding can be

investigated experimentally by comparing the folding mech-

anisms of structurally homologous proteins (Dalessio and

Ropson, 2000; Gunasekaran et al., 2001; Hooke et al., 1994;

Martinez et al., 1998). The classical model envisages that if

the native states of proteins adopt similar structural folds,

the structures of the intermediates occurring in the folding

pathway(s) should also be conserved (Baldwin, 1995; Fersht

et al., 1994; Kuwajima, 1989). On the other hand, the new

models predict that structurally homologous proteins could

fold via different folding pathway(s) to finally reach the

same/similar native conformation (Baldwin, 1995). It is in

this context in the present study that we compare the folding

mechanisms of two structurally homologous acidic fibroblast

growth factors isolated from the human (hFGF-1) and newt

(nFGF-1, Notopthalamus viridescens) sources.
Both hFGF-1 and nFGF-1 are ;16-kDa, all b-barrel

proteins lacking in disulfide bonds (Arunkumara et al., 2000;

Chi et al., 2000, 2001; Samuel et al., 2001, 2000; Srisailam

et al., 2002a). The FGF-1 isoforms (hFGF-1 and nFGF-1)

share;80% homology in their primary amino acid sequence

(Arunkumara et al., 2000; Srisailam et al., 2002b) (Fig. 1).

hFGF-1 and nFGF-1 are structurally homologous (with

a RMSD of ;1.0 Å for the superimposed backbone atoms),

and the secondary structural elements in FGF-1 isoforms

include 12 b-strands arranged antiparallely into a b-trefoil

architecture (Arunkumar et al., 2002; Blaber et al., 1996;

Ogura et al., 1999; Pineda-Lucena et al., 1996) (Fig. 2). In
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the present study, we investigate the events in the guanidine

hydrochloride (GdnHCl)-induced folding/unfolding path-

way(s) of hFGF-1 and nFGF-1. It is observed that, despite

the high structural homology, the folding mechanisms of

hFGF-1 and nFGF-1 are distinctly different.

MATERIALS AND METHODS

Ingredients for the Luria Broth were obtained from AMRESCO (Solan,

OH). Aprotinin, pepstatin, leupeptin, Phenylmethylsulfonylfluoride

(PMSF), Triton X-100, 1-Anilino-8-naphthalene sulfonate (ANS, magne-

sium salt), and b-mercaptoehanol were obtained from Sigma Chemical (St.

Louis, MO). Guanidine hydrochloride (ultra pure) was purchased from

Merck (Darmstadt, Germany). Heparin-sepharose was procured from

Amersham-Pharmacia (Piscataway, NJ). All other chemicals used were of

high quality analytical grade. Unless specified, all solutions were made in

100 mM phosphate buffer.

Protein purification

hFGF-1 and nFGF-1 were expressed in Escherichia coli BL21 (DE3)pLys

bearing the recombinant plasmid pET20a. Recombinant hFGF-1 and nFGF-

1 expressed in E. coli were purified on a heparin-sepharose affinity column

using a stepwise sodium chloride gradient (0–0.85–1.5 M). Desalting of

the purified proteins was achieved by ultra-filtration using an Amicon

(Pharmacia, Uppsala, Sweden) setup. The purity of the proteins was assessed

using SDS-PAGE. The homogeneity was confirmed by ES-Mass analysis.

Preparation of isotope enriched FGF-1

15N isotope labeling (of hFGF-1 and nFGF-1) was achieved using M9

minimal medium containing 100 mg/L 15NH4Cl. The expression host strain

E. coli BL21(DE3)pLys is a vitamin B1 deficient host and hence the medium

was supplemented with thiamin (vitamin B1). The protein yields were in the

range of 20–25 mg/L. Purification procedure was the same as that explained

earlier. The extent of labeling was verified by ES-Mass analysis and the

isotope incorporation was found to be more than 95%.

GdnHCl-induced denaturation

Equilibrium unfolding of hFGF-1 was monitored by fluorescence and

circular dichroism (CD) measurements as a function of GdnHCl concen-

tration. Fluorescence spectra were measured using a Hitachi F-2500 fluorim-

eter at 2.5- or 10-nm resolution, using an excitation wavelength of 295 nm.

All fluorescence measurements were made using a protein concentration

of 100 mg/ml. The sample temperature was maintained at 258C using a

Neslab RTE-110 circulating water bath.

Circular dichroism spectra were measured using a Jasco J720 spectro-

polarimeter. CD spectra were collected with the slit width set to 1 nm,

a response time of 1 s, and a scan speed of 20 nm/min. Each spectrum was an

average of at least five scans. Secondary structure measurements were made

at 225 nm with protein concentrations of 50 mM in a 1-cm path length

cuvette.

Size-exclusion chromatography

All gel filtration experiments were carried out at 258C on a superdex-100

column using an AKTA FPLC device (Amersham Pharmacia Biotech). The

column was equilibrated with 2 bed vol of the buffer (100 mM phosphate

buffer (pH 7.2) containing 100 mM ammonium sulfate) containing appro-

priate concentrations of GdnHCl. The flow rate of the eluent was set at

1 ml/min. Protein peaks were detected by their 280-nm absorbance. The con-

centration of the protein used was ;1 mg/ml.

Stopped-flow fluorescence

Kinetic measurements of protein refolding or unfolding were performed

using a SF-61 stopped-flow spectrofluorimeter (Hi-Tech Scientific, Salis-

bury, UK). For measuring changes in the intrinsic tryptophan fluorescence

(of Trp121) at different concentrations of GdnHCl, an excitation wavelength

of 280 nm was routinely used with a monochromater slit width of 4 nm. All

folding and unfolding reactions were performed at 258C. Unfolding

reactions involved mixing the proteins (hFGF-1 and nFGF-1) with 10-fold

excess of GdnHCl to yield a final protein concentration of ;0.06 mM. The

kinetics associated with refolding involved mixing 1 vol of unfolded protein

with 10 vol of the refolding buffer (100 mM phosphate buffer (pH 7.2)

containing 100 mM ammonium sulfate). The kinetics data were analyzed by

plotting the refolding and unfolding rates as a function of denaturant

concentration in semilogarithmic plots (Chevron plots) as per the following

equations:

ln ku ¼ ln kuw 1mu½D�
ln kf ¼ ln kfw 1mf ½D�;

where ku and kf represent the observed rate constants for the unfolding and

refolding reactions in various concentrations of the denaturant ([D]),
respectively. kuw and kfw are the rate constants of unfolding and refolding

extrapolated to 0 denaturant concentration. mu and mf are slopes of the

unfolding and refolding reactions.

NMR spectroscopy

All NMR experiments were carried out on a Bruker DMX 600-MHz and

FIGURE 1 Amino acid sequences of hFGF-1 and nFGF-1. The amino

acids that differ in both the FGF-1 isoforms are shown in bold.

FIGURE 2 MOLSCRIPT representation of the three-dimensional struc-

tures of hFGF-1 and nFGF-1. The secondary structural elements in both the

FGF-1 isoforms include 12 b-strands (labeled with Roman numbers)

arranged into a b-barrel architecture.
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a Varian Inova 500-MHz spectrometer at 258C. An inverse probe with a self-
shielded z-gradient was used to obtain all gradient-enhanced 1H-15N HSQC

spectra (Palmer et al., 1991). 15N decoupling during acquisition was

accomplished using the GARP sequence (Shaka et al., 1985). A total of 2048

complex data points were collected in the 1H dimension of the 1H-15N

HSQC experiments. In the indirect 15N dimension of the spectra, 512

complex data points were collected. The HSQC spectra were recorded at 32

scans at all concentrations of GdnHCl. The concentration of the protein

sample used was 0.5 mM in 95% H2O and 5% D2O (containing 100 mM

phosphate and 100 mM ammonium sulfate). 15N chemical shifts were

referenced using the consensus ratio of 0.0101329118 (Wishart et al., 1995).

All spectra were processed on a Silicon Graphics workstation using

XWINNMR and Aurelia softwares. The GdnHCl-induced unfolding was

monitored by the disappearance of the crosspeaks (that solely correspond to

the native state of the protein) using the procedure reported by van Mierlo

et al. (2000). Crosspeak volumes instead of crosspeak intensities were

determined to avoid artifacts arising (due to line broadening effect with

increase in the viscosity of the solvent) upon addition of GdnHCl.

Hydrogen-deuterium (H/D) exchange

The native proteins (hFGF-1 and nFGF-1) were lyophilized (1.5 mM in 0.5

ml buffer containing 100 mM phosphate, 100 mM ammonium sulfate, pH

6.0) and dissolved in 0.5 ml D2O, immediately before data collection.
1H-15N HSQC at different time points were collected on Bruker 600MHz

spectrometer. For the native hFGF-1 and nFGF-1, 1H-15N HSQC spectra

were collected continuously for every 20 min for 2 days, every 1 h on the 3rd

day and every 4 h on the 4th day. 1H-15N HSQC spectra were acquired up to

50,000 min with few time points in between. Amide proton delays were

followed by measuring the crosspeak volumes in 1H-15N HSQC spectra. The

crosspeak volume in the HSQC spectra collected at various refolding times

were normalized based on the peak height of the Ile70 g-methyl protons (at

0.2 ppm) in the 1D 1H NMR spectra collected each time before acquiring the

HSQC spectra. The time courses of change in proton occupancies were fitted

to a single exponential decay (y ¼ A exp�kt 1 C, where A is the amplitude

of the phase, k is the apparent exchange rate constant, and C is the final

amplitude) using the Levenberg-Marquardt nonlinear least squares method.

All data analysis was performed using Kaleidagraph software (Synergy

software, Philadelphia, PA).

RESULTS AND DISCUSSION

Equilibrium unfolding of hFGF-1 and nFGF-1

The fluorescence and far-UV circular dichroism spectra of

hFGF-1 and nFGF-1 are similar (Arunkumar et al., 2002;

Samuel et al., 2000). The fluorescence spectra of the FGF-1

isoforms are dominated by tyrosine fluorescence at 308 nm

(Dabora et al., 1991; Sanz and Gimenez-Gallego, 1997) (Fig.

3 A, inset I). The fluorescence of the lone, conserved

tryptophan (Trp121) is significantly quenched in the native

conformation(s). The quenching effect is attributed to the

presence of proximal imidazole and pyrrole groups in their

three-dimensional structures. However, the quenching effect

is relieved upon unfolding, and the fluorescence spectra of

the proteins (hFGF-1 and nFGF-1) in the unfolded state(s)

show an emission maxima at around 350 nm (Fig. 3 A, inset
I). The far-UV CD spectra of the FGF-1 isoforms show

features typical of all b-barrel proteins. The far-UV CD

spectra have a minima at ;206 nm and maxima at 228 nm

(Fig. 3 A, inset II). The minima at 206 nm is typically

observed in class II b-proteins (Venyaminov and Yang,

1996). The positive ellipticity band at 228 nm is a

combination of contributions from secondary structure, in-

cluding b-turns and loops in the protein, and from aro-

matic residues (Venyaminov and Yang, 1996; Woody and

Dunker, 1996). In the denatured state, the positive CD band

at 228 nm disappears (Fig. 3 A, inset II). Hence, the confor-
mational changes occurring during unfolding in hFGF-1

and nFGF-1 could be reliably monitored using fluorescence

and far-UV CD spectroscopy.

Guanidine hydrochloride-induced equilibrium unfolding

curves of hFGF-1 and nFGF-1 monitored by steady state

fluorescence and far-UV CD are shown in Fig. 3, A and B.
Unfolding profile of hFGF-1 monitored by fluorescence

shows that the protein begins to unfold beyond 0.5 M

GdnHCl. Complete unfolding of the protein occurs at

GdnHCl concentrations greater than 1.5 M (Fig. 3 A). The
Cm (the concentration at which 50% of the protein molecules

exist in the unfolded state(s)) and m (the measure of the

cooperativity of the FGF-1 unfolding process) are estimated

to be 0.9 6 0.1 M and 4.7 6 0.1 kcal mol�1 M�1, re-

spectively. The change in the free energy [DG (H2O)] for the

transition from the folded to the unfolded state(s) is 4.56 0.1

kcal mol�1. Interestingly, the GdnHCl-induced unfolding

profile of hFGF-1 obtained by monitoring the ellipticity

changes at 228 nm does not superimpose with that realized

using fluorescence spectroscopy (Fig. 3). The Cm, m, and
[DG (H2O)] values calculated from the unfolding data ob-

tained using far-UV CD are 1.8 6 0.1 M, 3.6 6 0.1 kcal

mol�1 M�1, and 6.5 6 0.1 kcal mol�1, respectively. Nonco-

incidence of the unfolding profiles obtained by two optical

spectroscopic probes clearly indicates that the GdnHCl-

induced unfolding of hFGF-1 is noncooperative and proceeds

with the accumulation of stable equilibrium intermediate(s)

(Samuel et al., 2000).

The GdnHCl-induced unfolding profile of nFGF-1 mon-

itored by fluorescence and far-UV CD are nearly superim-

posable, implying that the unfolding of the protein (nFGF-1)

follows a two-state (Native $ Denatured states) mechanism

without the accumulation of stable intermediate(s) (Fig.

3 B). The Cm, m, and [DG (H2O)] values estimated for

the GdnHCl-induced unfolding of nFGF-1 are 1.6 6 0.2 M,

3.86 0.1 kcal mol�1 M�1, and 6.16 0.1 kcal mol�1, respec-

tively. In summary, the results discussed above reveal that

despite the high degree of amino acid sequence and struc-

tural homology between hFGF-1 and nFGF-1, the GdnHCl-

induced equilibrium unfolding pathways of these proteins

appear to be significantly different.

Accumulation of equilibrium intermediate(s)

Size-exclusion chromatography is a useful technique to

probe the intrinsic changes in the molecular dimensions of

a protein upon addition of a ligand or under denaturant

effect. This technique has been successfully used to identify
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and characterize the hydrodynamic properties of equilibrium

intermediate(s) in the folding/unfolding pathway(s) of

proteins (Uversky, 1993). hFGF-1 in its native conformation

(in 100 mM phosphate buffer (pH 7.2) containing 100 mM

ammonium chloride) elutes as a single peak (retention time

;95 min) on a Superdex-100 SEC-FPLC column (Fig. 4 A).
It is observed that the peak area corresponding to the native

species (retention time ;95 min) progressively decreases

with increase in the concentration of GdnHCl. Interestingly,

one additional peak (apart from the native peak) with

a retention time of ;87 min could also be observed in the

FPLC profiles collected in the GdnHCl concentration range

of 0.2–1.0 M (Fig. 4 A). The population of protein molecules

representing the intermediate peak (retention time ;87 min)

is maximal (;30%) at 1 M GdnHCl. Beyond 1.5 M

GdnHCl, only a single peak (retention time ;78 min) cor-

responding to unfolded state(s) could be observed (Fig. 4 A).
By contrast, the GdnHCl-induced unfolding of nFGF-1moni-

tored using size-exclusion chromatography does not pro-

vide any evidence of accumulation of intermediate state(s).

FPLC profiles show only peaks corresponding to the

native (retention time ;95 min) and unfolded (retention

time ;78 min) species at all concentrations of the denatur-

ant (Fig. 4 B).
Significant differences could be observed in the GdnHCl

unfolding profiles of hFGF-1 and nFGF-1 obtained by moni-

toring the changes in the area under the peak (retention

time ;95 min) corresponding to the native state. The un-

folding curve of hFGF-1 is biphasic (Fig. 4 C). Such

multiphasic equilibrium unfolding profiles, monitored by

size-exclusion chromatography, have been observed in

several proteins and are attributed to the formation of stable

equilibrium intermediates (Uversky, 1993). The first phase

of unfolding extending between 0 and 1.0 M GdnHCl (in

hFGF-1) appears to represent the equilibrium between the

native (N) and intermediate (I) state(s) (Fig. 4 C). The

transition from the intermediate (I) to the denatured state (D)
(in hFGF-1) appears to be relatively sharp and occurs in the

denaturant concentration range of 1.0–2.0 M. Interestingly,

the GdnHCl-induced unfolding profile of nFGF-1 is mono-

FIGURE 3 GdnHCl-induced unfolding profiles of

hFGF-1 monitored by the changes in the 350-nm

fluorescence (open circles) and 228-nm ellipticity

changes (closed circles). The unfolding profiles moni-

tored by both the spectroscopic probes do not overlap,

implying the accumulation of stable equilibrium inter-

mediates in the unfolding pathway of the protein. Insets I

and II depict the fluorescence and far-UV CD spectra of

hFGF-1 in the native (N) and unfolded (D) state(s),

respectively. B depicts the GdnHCl-induced unfolding of

nFGF-1 monitored by the changes in the 350-nm

fluorescence and 228-nm ellipticity changes. The

unfolding profiles monitored by the two spectroscopic

techniques are nearly superimposable, indicating that the

GdnHCl-induced unfolding of nFGF-1 follows a two-

state (Native $ Denatured states) mechanism, without

stable intermediate(s).
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phasic indicating that the protein unfolds by a two-state

(Native toDenatured states) mechanism, without the accumu-

lation of stable equilibrium intermediates (Fig. 4 C).
Therefore, results of the size-exclusion chromatography

experiments provide further evidence that the GdnHCl-

induced equilibrium unfolding pathways of hFGF-1 and

nFGF-1 are significantly different.
1H-15N HSQC spectrum serves as a fingerprint of the

conformational states of a protein under given experimental

conditions. The 1H-15N HSQC spectra of both hFGF-1 and

nFGF-1 are well dispersed and all the crosspeaks have been

unambiguously assigned (Figs. 5 A and 6 A). Hence, the

GdnHCl-induced conformational changes in the FGF-1

isoforms could be reliably monitored based on the 1H-15N

chemical shift perturbation in the HSQC spectra obtained at

various concentrations of the denaturant. 1H-15N HSQC

spectra of nFGF-1 acquired below 0.2 M GdnHCl show no

or very insignificant changes in the chemical shift value and

in the volume of the 1H-15N crosspeaks. However, beyond

0.5 M GdnHCl, most of the crosspeaks show significant (1H,
15N) chemical shift perturbation (Fig. 5 A). 1H-15N HSQC

spectra of nFGF-1 acquired at concentrations of the denat-

urant greater than 1.5 M are crowded and most of the cross-

peaks are concentrated in a narrow region of the spectra (Fig.

FIGURE 4 Elution profiles of hFGF-1

(A) and nFGF-1 (B) on SEC-FPLC at

various concentrations of GdnHCl. The

elution profile of hFGF-1 in 1M GdnHCl

shows two peaks corresponding to the

native (N) and intermediate (I) state(s)

(A). However, the elution profiles of

nFGF-1 at all concentrations of GdnHCl

shows a peak corresponding to the native

(N) or unfolded (U) state(s). C depicts

the GdnHCl unfolding profiles of hFGF-

1 (closed circle) and nFGF-1 (open

circle) monitored by SEC-FPLC. The

fraction of unfolded species formed was

estimated from the decrease in the area

corresponding to the native peak (re-

tention time ;95 min). It could be

observed that the unfolding of nFGF-1

is cooperative, with only two detectable

states (Native and Denatured state(s)). In

contrast, the GdnHCl unfolding of

hFGF-1 proceeds in two phases. In the

first phase (0–1.0 M GdnHCl), the native

to intermediate transition occurs. The

intermediate to unfolded state(s) transi-

tion occurs in the second phase beyond

1.2 M GdnHCl.

Folding of Structurally Homologous All b-Barrel Proteins 463

Biophysical Journal 85(1) 459–472



5 A), implying that the protein (nFGF-1) under these condi-

tions is in the unfolded state(s). Analysis of the 1H-15NHSQC

spectra acquired at various concentrations of GdnHCl shows

that there is a progressive decrease in the crosspeak volume

with the increase in the denaturant concentration, reflecting

depletion in the population of molecules in the native con-

formation (Fig. 5 B), as the concentration of the denaturant

increases. Site-specific change(s) in the crosspeak volume

as a function of the denaturant for most of the residues is

sigmoidal, suggesting that the protein (nFGF-1) undergoes

a cooperative, two-state (Native to Denatured state(s)) un-

folding.

In hFGF-1, site-specific change(s) in crosspeak volume at

various concentrations of GdnHCl could be monitored for 72

out of 126 HSQC crosspeaks (Fig. 6 A). These crosspeaks

are isolated and distributed uniformly all over the 1H-15N

HSQC spectrum. The unfolding profiles of many residues

obtained by monitoring the change(s) in the crosspeak

volume (in the 1H-15N HSQC spectra) are sigmoidal and

resemble typical denaturant-induced two-state (Native to

Denatured state(s)) unfolding curves (Fig. 6 B). However,
in contrast to nFGF-1, there are many residues located in

various b-strands of hFGF-1 that show unfolding curves

reminiscent of a three-state (Native $ Intermediate $ De-

natured state(s)) unfolding process (Fig. 6 B). The unfolding
curves of residues in hFGF-1 (such as Ile144 and Gly47) show

a prominent plateau in the GdnHCl concentration range of

0.8–1.0 M, indicative of the accumulation of stable inter-

mediate species (Fig. 6 B). The nonuniform unfolding pat-

terns of various residues suggest that hFGF-1 undergoes

noncooperative unfolding inGdnHCl. In summary, the results

discussed above clearly corroborate with those of fluores-

cence, far-UV CD, and size-exclusion chromatography and

unambiguously suggest that despite being structurally homo-

logous, hFGF-1 and nFGF-1 fold/unfold by significantly

different mechanisms.

FIGURE 5 1H-15N HSQC spectra of nFGF-1

at various concentrations of GdnHCl (A). B

shows the unfolding profiles of nFGF-1 (at the

individual amino acid level) monitored by the

changes in the 1H-15N crosspeak volume. The

unfolding profiles of Leu98, His116, Lys119, and

Leu145 are sigmoidal, indicative of the cooper-

ative (Native and Denatured states) nature of the

GdnHCl-induced unfolding process.
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1-Anilino-8-naphthalene sulfonate is a useful probe to

identify stable equilibrium intermediates such as the molten

globule (Schonbrunner et al., 1997; Semisotnov et al., 1991).

ANS is a hydrophobic dye and has strong binding affinity to

ordered solvent-exposed hydrophobic pockets in partially

structured intermediates (such as the Molten Globule (MG)

states). The dye exhibits weak binding affinity to the native

and unfolded state(s) of proteins (Semisotnov et al., 1991).

ANS binding affinity of nFGF-1 monitored by changes in the

520-nm fluorescence intensity at various concentrations of

GdnHCl, shows no or insignificant changes in the emission

(520-nm) intensity at all concentrations of the denaturant

(Fig. 7). Similarly, the wavelength of maximal emission of

the dye (ANS) also does not show appreciable change(s)

(Fig. 7, inset A) as a function of the denaturant concentration,
suggesting that the GdnHCl-induced unfolding of nFGF-1

does not involve the accumulation of stable equilibrium

intermediate(s) such as the MG state(s). By contrast, hFGF-1

exhibits strong binding affinity to ANS in the GdnHCl con-

centration range of 0.6–1.1 M (Fig. 7). The 550-nm emis-

sion intensity of the nonpolar dye in 0.96 M GdnHCl is

more than twice that observed with hFGF-1 in its native state

(Fig. 7, inset B). In addition, wavelength spectrum of ANS in

the presence of the protein in 0.96 M GdnHCl shows that the

emission maxima of the dye blue shifts by ;30 nm (from

520 to 490 nm). Increase in the GdnHCl concentration

beyond 0.96 M is not only accompanied by a continuous red

shift in the wavelength maximum, but also involves pro-

gressive decrease in the emission intensity (at 520 nm),

indicating unfolding of the protein (hFGF-1). Therefore, the

ANS binding experiments clearly reveal that the GdnHCl-

induced equilibrium unfolding pathways of nFGF-1 and

hFGF-1 are significantly different. The GdnHCl unfolding

of nFGF-1 is cooperative (without the accumulation of

FIGURE 6 1H-15N HSQC spectra of hFGF-1

at various concentrations of GdnHCl (A). B

shows the unfolding profiles of hFGF-1 (at the

individual amino acid level) monitored by the

changes in the 1H-15N crosspeak volume. The

unfolding profiles of residues Gly47 and Ile144

show a clear three-stage transition with a plateau

between 0.5 and 1.0 M. In contrast, the

unfolding curves of Ile70 and Gln77 appear to

represent a two-state (native state to unfolded

state(s)) transition.
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equilibrium intermediate(s)) but the unfolding of hFGF-1

involves the formation of at least a distinct stable inter-

mediate (with characteristics of a MG state) that accumulates

maximally in 0.96 M GdnHCl.

FGF-1 isoforms also differ in their kinetic
refolding pathway(s)

It is known that in many proteins where an intermediate in

equilibrium conditions is not found, the analysis of the

refolding kinetics shows the unambiguous presence of

intermediate(s). In this context, the refolding kinetics of

nFGF-1 was examined using stopped-flow fluorescence by

monitoring the changes in the tryptophan fluorescence (at

350 nm). hFGF-1 refolds from the 3 M GdnHCl denatured

state slowly within a time span of;30 s (Fig. 8 A, inset). The
refolding curve best fits to a two exponential equation

yielding rate constants of 2.95 6 0.01 3 10�1 and 1.16 6
0.013 10�1 for the fast and slow phases, respectively. More

than 85% of the amplitude change occurs during the fast

phase of refolding. The slow phase observed in hFGF-1 is

attributed to cis–trans proline isomerization (Samuel et al.,

2001).

Fig. 8 depicts the GdnHCl dependence of the natural

logarithm of the observed rate constants of folding/

unfolding (Chevron plot) of hFGF-1 and nFGF-1. The rate

constant of the fast phase of refolding of nFGF-1 is observed

to decrease linearly with the increase in the denaturant

(GdnHCl) concentration (Fig. 8 A). Similarly, the unfolding

rate of the protein (nFGF-1) increases linearly with increase

in the GdnHCl concentration. The Chevron plot is V shaped

and no prominent curvatures are observed in both the

refolding and unfolding limbs of the plot, suggesting that the

unfolding and refolding of nFGF-1 are cooperative and

proceed without the accumulation of stable kinetic inter-

FIGURE 7 ANS binding of nFGF-1 (closed circles) and hFGF-1 (open circles) at various concentrations of GdnHCl. Inset A shows the fluorescence spectra

of ANS in the presence of nFGF-1 at various concentrations of GdnHCl. No significant change(s) in the fluorescence intensity (at 520 nm) or wavelength of

maximal fluorescence of the dye is observed (at any concentration of GdnHCl). These results suggest that no stable intermediate state(s) similar to the molten

globule occurs in the GdnHCl-unfolding pathway of nFGF-1. In contrast, the ANS fluorescence (at 520 nm) increases by two-folds in 0.96 M GdnHCl

implying the accumulation of the intermediate state(s) similar to the molten-globule state (inset B). The fluorescence spectrum of the dye also shows a 30-nm

blue shift (as compared to the native state) in 0.96 M GdnHCl, indicating the binding of the dye (ANS) to solvent-exposed nonpolar surface(s) in the protein in

the intermediate state(s) (at 0.96 M GdnHCl).
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mediate(s) (Fig. 8 A). It is pertinent to mention that the rate

constant representing the slow phase (minor phase, and with

amplitude ;10%) shows no denaturant dependence and is

consistent with it being a rate-limiting proline isomerization

event.

The refolding of hFGF-1 from its GdnHCl denatured

state(s) is slow and complete refolding takes more than 30 s

(Fig. 8 B). In contrast to nFGF-1, the Chevron plot of hFGF-
1 exhibits a prominent curvature in the refolding limb, below

1.0 M GdnHCl (Fig. 8 B). Such a type of ‘‘roll-over’’ in the

Chevron plot is a clear evidence for the accumulation of ki-

netic intermediate(s) at lower concentrations (\1.0 M) of

the denaturant (Bhuyan and Udgaonkar, 1999; Parker and

Marqusee, 1999). Therefore, it appears that the equilibrium

intermediate(s) accumulated in 0.96MGdnHCl also exists in

the kinetic refolding pathway of hFGF-1.

The m value paradox

It would be interesting to understand the structural basis for

the observed differences in the events of folding/unfolding of

hFGF-1 and nFGF-1. Them value (an experimentally derived

parameter) reflects the amount of newly exposed surface area

upon denaturation of proteins using denaturants like urea or

GdnHCl (Baskakov and Bolen, 1998). The m value rep-

resents the sensitivity of the protein to the chemically induced

denaturation (Shortle and Meeker, 1986). Hence, the m value

is a useful parameter to assess the cooperativity of a protein

folding/unfolding reaction (Shirley et al., 1989). We com-

pared the GdnHCl-induced unfolding profiles of hFGF-1 and

nFGF-1 obtained by selectivelymonitoring the changes in the

fluorescence (at 350 nm) of the sole conserved tryptophan

residue in hFGF-1 and nFGF-1.

FIGURE 8 GdnHCl dependent folding kinetics (Chev-

ron plot) of nFGF-1 (A) and hFGF-1 (B). The Chevron plot
obtained for nFGF-1 is V shaped indicating that the folding

and unfolding of the protein (nFGF-1) are cooperative,

without the formation of stable kinetic intermediates. In

contrast, the roll-over observed in Chevron plot of hFGF-1

(B) at low concentrations of GdnHCl, shows that the

refolding of the protein involves the accumulation of stable

kinetic intermediates. The insets in A and B indicate the

refolding curves (monitored by changes in the 350-nm

fluorescence) of nFGF-1 and hFGF-1, respectively.
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Comparison of the GdnHCl-induced unfolding curves

of hFGF-1 and nFGF-1 reveals that these isoforms differ

significantly in their thermodynamic stabilities (Fig. 9).

hFGF-1 unfolds completely beyond 1.5 M GdnHCl. In con-

trast, complete unfolding of nFGF-1 occurs only beyond 2.5

M GdnHCl. The m values estimated for the GdnHCl-induced

unfolding of hFGF-1 and nFGF-1 are estimated to be 4.7 6
0.11 kcal mol�1 M�1 and 3.8 6 0.095 kcal mol�1 M�1,

respectively. The estimated m values indicate that the

GdnHCl-induced unfolding (to the denatured state(s)) of

hFGF-1 is more cooperative than that of nFGF-1. These

results are surprising and do not corroborate with the other

data obtained in this study. As the GdnHCl-induced equi-

librium unfolding of hFGF-1 proceeds via the accumulation

of a stable intermediate state(s) (at around 0.96 M GdnHCl),

the m value of hFGF-1 is expected to be less than that of

nFGF-1 (which unfolds cooperatively). Such discrepancies

in them value have been reported in staphylococcal nuclease,

and have been ascribed to basic problems of distinguishing

between ‘‘compact denatured ensemble’’ that has residual

structure from a ‘‘discrete intermediate state,’’ existing be-

tween thenative and amore fullydenatured state(s) (Baskakov

andBolen, 1998; Carra et al., 1994; Carra and Privalov, 1995;

Gittis et al., 1993; Shortle, 1995). In this context, it appears

that the m value anomaly is possibly due to differences in

the dimensional and thermodynamic characteristics of the

denatured ensembles of nFGF-1 and hFGF-1 as detected by

fluorescence spectroscopy (used to probe the GdnHCl-

induced unfolding). Therefore, considerable caution needs

to be exerted in the interpretation of the correlation between

the estimated m values and the cooperativity of the protein

folding/unfolding process.

Molecular basis for the difference(s) in the
cooperativity of the folding/unfolding
process of hFGF-1 and nFGF-1

Stabilization of the intermediate by GdnHCl

The complete unfolding of a protein involves the disruption

of noncovalent intramolecular interactions within the protein

and subsequent hydration of the backbone and amino acid

side chains. Urea and GdnHCl are the most extensively used

chemical denaturants, and they presumably exert their ef-

fect(s) by interacting with peptide bonds (Creighton, 1993;

Mayo and Baldwin, 1993). These chemical denaturants are

known to stabilize/destabilize equilibrium or kinetic inter-

mediates occurring in the folding/unfolding pathways of

proteins (Gianni et al., 2001; Gupta et al., 1996; Ropson

et al., 1990). In addition, structure-based prediction methods

for protein folding intermediates also revealed that the

probability of accumulation of intermediates in folding/un-

folding pathway(s) of proteins strongly depends on the sta-

bilization of the charges on the protein in the intermediate

state by the chemical denaturants (Xie and Freire, 1994). In

this context, we examined the distribution of charges in the

three-dimensional solution structures of hFGF-1 and nFGF-1.

Comparison of the three-dimensional structures of hFGF-1

and nFGF-1 reveals that the backbone folding of both

these proteins are nearly identical (Fig. 2). The secondary

structural elements in both the FGF-1 isoforms include 12

antiparallel b-strands arranged into a b-barrel architecture.
The Stokes radius of FGF-1 isoforms measured by gel-

filtration technique are also observed to be similar (15.76 6
0.6 Å for hFGF-1 and 15.63 6 0.8 Å for nFGF-1) (Ackers,

1967; Uversky, 1993). The solvent accessible hydrophobic

FIGURE 9 Comparison of the GdnHCl-induced unfold-

ing profiles of hFGF-1 (open circle) and nFGF-1 (closed
circle) monitored by changes in the tryptophan fluores-

cence. It could be observed that the slope of the unfolding

curve (m value) of hFGF-1 is greater than that of nFGF-1.

These results suggest that the GdnHCl-induced unfolding

of hFGF-1 is more cooperative than that of nFGF-1.
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contacts in hFGF-1 and nFGF-1 are mostly conserved with

the exception of residues at the C-terminal end. The nonpo-

lar side chains of residues located in the C-terminal segment

in hFGF-1 (residues 115–130) such as Val115, Phe122, and

Ile125 are relatively more solvent exposed than in nFGF-1. In

addition, the distribution of the positively charged residues

on the surface of hFGF-1 and nFGF-1 are significantly

different. A dense, positively charged cluster comprised of

residues located in b-strand V, b-strand XI, b-strand XII,

and residues in the loop between b-strands XI and XII (such

as Arg49, Arg51, Arg136, Lys126, Lys130, and Lys142) is found

in the structure of hFGF-1 (Fig. 10 A). Unlike hFGF-1, the

distribution of the positively charged residues is not contin-

uous in nFGF-1 (Fig. 10 B). The side chains of the positively
charged residues are relatively uniformly distributed on the

surface of the nFGF-1 molecule and consequently the cat-

ionic cluster (observed in hFGF-1) is not very obvious. The

differences in the distribution of the positively charged resid-

ues could be responsible for the observed difference(s) in

the folding/unfolding mechanisms of hFGF-1 and nFGF-1.

GdnHCl being a charged denaturant (contributing Gdn1 and

Cl� ions) could stabilize the protein (hFGF-1) by effectively

screening the repulsive forces among the closely positioned

positively charged residues (in the cationic cluster) in the

native and possibly in the intermediate state(s) (realized at

0.96 M GdnHCl) of hFGF-1. As a result both the native and

intermediate states of hFGF-1 could be stabilized. In contrast,

as nFGF-1 lacks prominent cationic clusters (Fig. 10 B), any
intermediate(s) possibly formed in the folding/unfolding

pathways are not influenced (stabilized) by GdnHCl. As a

consequence, the equilibrium and kinetic folding/unfolding

pathways of nFGF-1 follow a two-state mechanism with no

detectable intermediate(s). Our proposal of the role of

GdnHCl in the stabilization of intermediates in the folding/

unfolding pathway of hFGF-1 appears meaningful because

the urea (nonionic denaturant) induced equilibrium unfolding

process of hFGF-1 was observed to be cooperative without

the accumulation of stable intermediate(s) (data not shown).

Differences in the structural interactions stabilizing the
native conformation

It is well known that the structural interactions in the native

conformation not only govern the thermodynamic stability

but also dictate the pathway(s) that a protein adopts during

folding/unfolding (Johnson and Fersht, 1995). It is believed

that residues that form the most stable core are the ones that

importantly influence the crucial steps in protein folding (Bai

et al., 1994; Kim and Woodward, 1993). Therefore, identi-

fication and comparison of the residues that contribute

significantly to the stability of the structures of hFGF-1 and

nFGF-1 would provide useful clues to understand the ob-

served difference(s) in the mechanism(s) of folding/unfold-

ing (of hFGF-1 and nFGF-1).

Hydrogen-deuterium exchange monitored by two-dimen-

sional NMR spectroscopy provides valuable information on

the residues that contribute to the thermodynamic stability of

a protein (Bai et al., 1994; Kim and Woodward, 1993). In

this context, we monitored the H/D exchange (using 1H-15N

HSQC spectra) of hFGF-1 and nFGF-1 under identical

FIGURE 10 Surface charge distribution (side view) in the structures of

hFGF-1 (A) and nFGF-1 (B). A dense, positively charged cluster comprising

of residues His35, Arg51, Lys126, Lys132, Lys136, and Lys142 (indicated in

blue) could be observed in the structure of hFGF-1. GdnHCl appears to

stabilize the intermediate state (in hFGF-1 at 0.96 M GdnHCl) by screening

the charge-charge repulsion among the closely positioned positively charged

residues in the cationic cluster. In contrast, the positively charged residues in

nFGF-1 are relatively uniformly distributed and consequently the cationic

cluster is not dense. In the absence of a prominent cationic cluster (in nFGF-

1), GdnHCl does not influence (stabilize) the equilibrium intermediates that

possibly occur in the unfolding pathway.
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conditions for ;600 h. Comparison of the 1H-15N HSQC

spectra of hFGF-1 and nFGF-1 acquired after ;600 h of

exchange reveals that most of the crosspeaks have been

completely exchanged out (Fig. 11 A). About 25 crosspeaks

are observed to be protected in both hFGF-1 and nFGF-1.

Some of the residues (such as Leu37, Arg38, Leu40, Glu57,

Val68, Ile70, Lys71, Ser72, Tyr78, Ala80, Leu100, Leu145, and

Leu147) protected after ;600 h of exchange are common in

FIGURE 11 1H-15N HSQC spectra of hFGF-

1 and nFGF-1 in D2O. The spectra were

collected after about ;600 h of exchange.

Some of the residues protected against H/D

exchange (after ;600 h of exchange) are

common in both hFGF-1 and nFGF-1, in-

dicating that some of structural interactions

stabilizing the structures of the FGF-1 isoforms

are similar. However, there are several residues,

which are strongly protected in nFGF-1 but not

in hFGF-1 (or vice versa), indicating the

differences in the residues contributing to the

stable core in the two FGF-1 isoforms. The

differences observed in the folding mechanism

of hFGF-1 and nFGF-1 could be due to the

differences in the structural interactions stabi-

lizing their native conformation.

470 Srimathi et al.

Biophysical Journal 85(1) 459–472



hFGF-1 and nFGF-1 (Fig. 11). This observation implies that

some of the interactions stabilizing the structures of hFGF-1

and nFGF-1 are similar. About six amide protons that are

prominently protected from exchange in nFGF-1 (collected

after 600 h of H/D exchange) are observed to exchange

rapidly in hFGF-1. These include the amide protons of Tyr35,

Asp46, Thr48, Ile56, Glu96, and Phe139 (Fig. 11 B). Analysis
of the three-dimensional structure of nFGF-1 shows that

some of these residues (Thr48, Ile56, Tyr35, and Phe139) are

buried in the interior of the protein (nFGF-1) and are

involved in hydrogen bonds (Arunkumar et al., 2002).

Similarly, there are at least eight residues in hFGF-1 (Leu40,

Gln57, Tyr69, Tyr78, Leu86, Phe97, Leu145, and Asp154 (Fig.

11 A) that are resistant to H/D exchange. These residues are

completely exchanged out in nFGF-1 in the same time period

(;600 h) of exchange (Fig. 11 B). Most of these residues

are involved in short-range hydrogen bonds stabilizing the

structure of the protein (hFGF-1). These results clearly indi-

cate that although some of the interactions stabilizing the

structures of hFGF-1 and nFGF-1 are common, there are

several residues in the stable core, which are unique to each

FGF-1 isoform. The difference(s) observed in the interac-

tions stabilizing the native conformation (of hFGF-1 and

nFGF-1) could also influence the stability of the intermedi-

ate(s) in their folding/unfolding pathway(s). At the present

juncture, we are unable to precisely explain the molecular

basis for the differences observed in folding/unfolding path-

ways of hFGF-1 and nFGF-1. However, we believe that the

differences in the distribution of the charged residues and/

or the differences in the nature of forces stabilizing the na-

tive conformation could be important factors in driving the

structurally homologous proteins (hFGF-1 and nFGF-1) to

adopt different folding/unfolding pathway(s). Work is cur-

rently underway to validate some of the proposals put forth

in this study using several site-specific mutants of hFGF-1

and nFGF-1.
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