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ABSTRACT: Src SH3 is a small all-â-sheet protein composed of a single domain. We studied the folding
behavior of src SH3 at various conditions by circular dichroism (CD), fluorescence, and X-ray solution
scattering methods. On the src SH3 folding pathway, anR-helix-rich intermediate appeared not only at
subzero temperatures but also above 0°C. The fraction ofR-helix in the kinetically observed intermediate
is ca. 26% based on the kinetic CD experiment. X-ray solution scattering revealed that the intermediate
was compact but not fully packed. The analysis of CD implies that the amplitude of the burst phase is
proportional to the helical fraction calculated according to the helix-coil transition theory. This strongly
suggests that the initial folding core is formed by the collapse of much less stably existingR-helices.

The biological function of globular proteins is determined
by their native structure. Therefore, understanding how
proteins fold into their compact forms is a central problem
in modern structure biology (1). In the past few years, we
have been studying the refolding process of proteins such
as ubiquitin (2, 3) and bovineâ-lactoglobulin (BLG)1 (4) at
low temperatures. They are mainly composed ofâ-structures.

It appears that several such proteins formR-helical
intermediates before acquiring their nativeâ-sheet structure.
BLG has been thoroughly studied from experimental and
theoretical points of view (5-8). We have reported how BLG
formed anR-helix-rich intermediate and then converted to
its native-like structure at a temperature as low as-28 °C.
This indicated that theR-helix-rich folding core was formed
in the folding process of theâ-structure-rich protein (4). We
have also studied another smallâ-structure-rich protein (76
amino acids), ubiquitin. It also shows a non-native helix
formation at its early stage, the rate of which depends on
the temperature and the viscosity of the solution, but the
amplitude of the CD value of the intermediate did not depend
on them (3). We therefore pose the question: Does the non-
native helix formed at the early stage of theâ-structure-rich
protein folding process appear in general?

BLG belongs to the UDâ (up and downâ-barrel) family.
Nishikawa and co-workers reported that the helical content

of BLG in trifluoroethanol was correlated with the helical
content predicted by the secondary structure prediction
program, suggesting that the helical structure of BLG in
trifluoroethanol is mainly stabilized by local interaction (9).
In addition, Chikenji et al. reported that the free energy
analysis shows a strong probability of formingR-helix-rich
intermediates in the BLG folding process (10). Secondary
structure prediction analysis of BLG shows a high helix
propensity in sequence as discussed below. Therefore, it
could have been argued that anR-helix-rich intermediate
appears only in the folding process ofâ-lactoglobulin as an
exceptional case due to a consequence of high helix
propensity.

Src homology domain 3 (SH3) is a small protein (50-70
amino acids) that is involved in the signal transduction in
the cell. SH3 domains comprise a huge protein family (11).
They take the same fold topology: two small orthogonal
three-strandedâ-sheets with an associated irregular two-
stranded sheet packing against each other in a sandwich
structure (12). Using several secondary structure prediction
methods, we find that src SH3 has much lower helix
propensity than BLG (Figure 1). Therefore, src SH3 is not
a type of UDâ protein. Qin et al. (13) studied the folding
process of src SH3 at-20 °C in the presence of 45%
ethylene glycol (EGOH) as antifreeze. Surprisingly, they also
found a largeR-helix burst within the dead time of the
stopped-flow (SF) apparatus (6 ms). This result indicated
that even the all-â-structure proteins can form anR-helix-
rich conformation in its folding process, though the experi-
ment was done at subzero temperatures and with 45% EGOH
as antifreeze. Chikenji et al. explored the folding free energy
of src SH3 under physiological conditions. They also found
the large amountR-helix formed at the early stage of src
SH3 folding (14).

To bring the folding condition closer to physiological
values, in the present paper, we investigated the folding
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process of src SH3 in aqueous buffer above 0°C with
multiple probes (CD, fluorescence, and X-ray solution
scattering). We observed anR-helical-rich intermediate on
the src SH3 folding pathway at 4°C. The SH3 homology
protein, the Fyn SH3 domain, showed similar folding
behavior.

MATERIALS AND METHODS

Protein Expression and Purification.src SH3 was ex-
pressed inEscherichia coliBL21(DE3) pLysS (Novagen)
from the plasmid src SH3-pET 15b (15). Cells were lysed
using a combined sonic and freeze/thraw method after
expression and then centrifuged by 12000g for 30 min. After
the single step Zn2+ affinity column (Pharmachia), the
follow-through was further separated by gel filtration,
Sephacryl S-100 (Pharmacia). The His tag was not cut in
the present study. Tris-tricine electrophoresis (16) confirmed
that the molecular weight of the protein was ca. 8700. ESI
mass spectroscopy proved that the molecular weight is 8767,
which is exactly the same as that calculated from the amino
acid sequence. The purity of the protein is better than 99%,
judging from the mass spectroscopy. All experiments were
performed in 50 mM sodium phosphate buffer (PBS) at pH
3.0, unless otherwise stated. The concentration of SH3 was
determined spectrophotometrically by using the extinction
coefficient ε280 ) 16500 M-1 cm-1 (17). The plasmid for
Fyn* W120F was obtained by single point mutation of the
original Fyn plasmid (constructed by Davidson and provided
by the Gruebele group) using site-directed mutagenesis
(Stratagene). Fyn* was also expressed inE. coli (BL21).
After IPTG induction and 4-6 h of growth at 37°C, cells

were harvested and lysed in 6 M GuHCl, 100 mM NaH2-
PO4, 10 mM Tris-HCl, 10 mM imidazole, 1 mM phenyl-
methanesulfonyl fluoride, and 1 mM benzamidine at pH 8.0.
Purification was carried out by a batch procedure in the same
buffer using Ni-NTA-agarose resin (Pharmacia). Purified
proteins were eluted with 3 M GuHCl, 100 mM EDTA,
50 mM NaH2PO4,1 mM PMSF, and 1 mM benzamidine at
pH 6.0 and were refolded by a 10 times diluted solution into
50 mM PBS at pH 6.0. The protein solution was concentrated
by a VIVASpin filter membrane (MW 3500), and then the
protein solution was further separated by gel filtration,
Sephacryl S-100 (Pharmacia). Purity was checked by Tris-
tricine electrophoresis. For storage, samples were lyophilized
and kept at-20 °C after dialysis against distilled water. The
concentration of Fyn SH3 was determined by using the
extinction coefficientε280 ) 12500 M-1 cm-1 (17).

CD Measurements.All CD measurements were performed
in the far-UV region (200-250 nm) with the spectropola-
rimeter (Unisoku, Japan) to monitor secondary structures (18,
19). In this paper, the units ofθ are in deg‚cm2‚dmol-1,
unless otherwise stated.

Measurements in Equilibrium.The sample was prepared
in 50 mM PBS at the appropriate pH with various concentra-
tions of GuHCl, respectively. The final concentration of the
protein was kept at 50µM. The temperature was kept
constant by a water bath surrounding the cuvette during
measurements. All samples were prepared freshly before use.
A cuvette of 1 mm path length was used for all measure-
ments.

Kinetic CD Measurements.Kinetic SH3 refolding experi-
ments were performed as described elsewhere (2-4). The
refolding process of src SH3 was initiated by SF. Six
volumes of buffer solution was mixed with one volume of
unfolded protein solution in 5 M GuHCl, thus by 7-fold
dilution of GuHCl, i.e., from 5 to 0.71 M. The refolding
process was monitored with CD at 217, 220, 222, 225, 230,
235, and 240 nm. The calibrated dead time of the SF is 6
ms (unpublished result). The final concentration of the
protein was 50µM. The CD signal was traced with multiple
accumulations until getting a good signal to noise ratio. The
amplitude of the burst phase (the phase which is finished
within the dead time of the SF) was obtained as the difference
of the first point and the level of the initial value at 0 s,
where the initial value was obtained by mixing the protein
in the unfolded solution with the unfolded buffer. The
temperature was kept at 4°C, unless otherwise stated.

Fluorescence Measurements in Equilibrium.Tryptophan
emission fluorescence measurements were carried out using
an F-3000 fluorescence spectrophotometer (Hitachi) with a
cuvette of 1 cm light path. The excitation wavelength was
295 nm to eliminate the nonspecific emission of tyrosine.
The tryptophan emission fluorescence spectra were collected
from 320 to 400 nm.

Kinetic Fluorescence Measurements.The SH3 refolding
process was also monitored by the SF-fluorescence method.
The SF used was the same apparatus used for kinetic CD
measurements. Fluorescence was monitored with a specially
designed optical fiber of less than 1 mm thickness, which
was inserted into the observation cell of the CD from the
above. Fluorescence was excited at 295 nm and integrated
at wavelengths above 325 nm with a cutoff filter. The signal
was traced with 10-20 times accumulation to get a good

FIGURE 1: Predicted secondary structures of BLG and src SH3 by
PHD, predator, GOR V, and SIMPA96: (a) src SH3; (b) BLG.
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signal to noise ratio. The SH3 was unfolded in 50 mM PBS
at pH 3.0 in the presence of 5.0 M GuHCl. The refolding
process was initiated by 7-fold dilution of GuHCl, i.e., from
5 to 0.71 M. The final protein concentration was 50µM.

SAXS Measurements.X-ray solution scattering measure-
ments (SAXS) were performed at beamline 15A of the
Photon Factory at KEK (Tsukuba, Japan) (20, 21). The X-ray
wavelength wasλ ) 1.504 Å with the CCD detector for
both kinetic and static measurements (22, 23). To get a good
signal to noise ratio, we used a high concentration of SH3,
4 mg/mL at static and 2 mg/mL at kinetic measurements.
All measurements were performed at 4°C. Helium gas was
flowed in and around the observation cell in order to prevent
frost from forming on the window. X-ray scattering data were
taken both on protein solutions and on the corresponding
buffers. The scattering data of the buffer were subtracted
from those of the protein solution. X-ray scattering data were
analyzed by Guinier analysis, assuming an exponential
dependence of the scattering intensity onh2, whereh ) 4π
sin θ/λ andθ is half of the scattering angle (24). The linear
Guinier region was selected to obtain a radius of gyration
(Rg) and zero angle intensity (I0) in the region ofh e 0.05,
where the value ofRgh is less than 1.

For static experiments, the exposure time of the X-ray
beam was from 50 to 100 s, depending on the concentration
of GuHCl.

For kinetic measurements, the SF apparatus, used in kinetic
CD and fluorescence, was also used with another observation
cell of 50µm sapphire window. To get a good signal to noise
ratio, the data were accumulated 200 times.

RESULTS

Measurements of src SH3 at equilibrium and kinetics were
performed with CD at the far-UV region, fluorescence, and
X-ray solution scattering at various conditions. As the
experiments were carried out with various conditions, we
tabulated the static and kinetic experimental conditions in
Tables 1 and 2, respectively.

Equilibrium Measurements at pH 3.0 and at 4°C. (A)
Circular Dichroism (CD).GuHCl-induced unfolding transi-
tions of src SH3 were monitored by far-UV CD spectropo-
larimeter at wavelengths from 200 to 250 nm. At low GuHCl
concentration (<1 M), the src SH3 shows a typicalâ-struc-
ture spectrum (Figure 2a). The [θ] at 222 nm is ca.-2000.
The smoothed CD spectra at high GuHCl concentration (>3
M) indicate that the secondary structure was totally unfolded
(Figure 2a). The plots ofθ at 222 nm vs GuHCl concentra-
tion show that the protein lost its secondary structure with
the increase of the concentration of GuHCl (Figure 2b). The
native state protein has-2000 ellipticities at 222 nm. The
CD ellipticity value increased to 350 when the protein was
totally unfolded in 5 M GuHCl. The nonlinear least-squares
fitting gives the characteristic S-shape of the denaturation
curves with the midpoint at about 2.1 M.

Table 1: Thermodynamic Parameters of src SH3 Unfolding against
GuHCl

pH
temp
(°C) method midpoint

m
[kJ/(mol M)]

∆G
(kJ/mol)

3.0 4 CD 2.1 5.1 10.8
fluorescence 2.1 5.0 10.6
SAXS 2.1 5.4 11.3
Fl-SFa 1.6,b 2.1c 6.8

6.0 4 CD 2.74 6.2 17.3
a Fl-SF is fluorescence combined with SF.b mf at low GuHCl

concentration (1). c mu at high GuHCl concentration (1).

Table 2: Folding Rates at Various Conditions

protein buffer conditions
temp
(°C) probe

rate
constant

(s-1)

src SH3 pH 3.0, aqueous 4 fluorescence 0.9
4 CD 0.9
4 SAXS 0.94

20 fluorescence 2.7
pH 6.0, aqueous 4 fluorescence 3.15

4 CD 5.5
20 fluorescence 17.7
20 CD 20.3

pH 3.0, 45% EGOH-
55% H2O

4 CD 1.06

4 fluorescence 1.045
-10 fluorescence 0.28
-20 CD 0.09
-20 fluorescence 0.093

Fyn SH3 pH 6.0, aqueous 4 CD 76.5
pH 6.0, 45% EGOH-

55% H2O
-20 CD 1.1, 32

FIGURE 2: CD measurements of src SH3 at various GuHCl
concentrations. (a) CD spectra of native and unfolded src SH3 at
4 °C in 50 mM PBS at pH 3.0 (solid line, 0 M GuHCl; dashed
line, 5 M GuHCl). (b) CD of src SH3 at 222 nm as a function of
GuHCl concentration. The curve is the fit to the experimental data
using the simple two-state model as a function of GuHCl. The
midpoint of the denaturation is 2.1 M.
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The GuHCl-induced unfolding curve (Figure 2b) was
analyzed according to a two-state folding mechanism. At the
two-state model, the free energy of activation for unfolding
at any GuHCl concentration,∆G(D), is derived as∆G(D)
)∆GH2O - m[D], wherem is the slope, [D] is the denaturant
concentration, and∆GH2O is the free energy of activation
for unfolding in water (1). The obtained midpoint,m, and
∆GH2O are tabulated in Table 1.

(B) Fluorescence.Fluorescence emission increased sig-
nificantly with the increase of GuHCl concentration and is
accompanied by a 6 nm redshift, reflecting the increase of
the exposure of the Trp residue to the solvent (data not
shown). Secondary structures as well as tertiary structures
were completely disrupted above 3 M GuHCl, judging from
the CD spectrum and the intensity ratio of 340 nm/370 nm
of fluorescence (data not shown). The GuHCl-induced
unfolding curve was also measured by fluorescence, and the
data were analyzed according to a two-state folding mech-
anism. The derived midpoint,m, and ∆GH2O are also
tabulated in Table 1.

(C) X-ray Solution Scattering.X-ray scattering experiments
of src SH3 were performed at pH 3.0 and 4°C at various
GuHCl concentrations.Rg values of src SH3 were obtained
from Guinier analysis at each GuHCl concentration. The
typical Guinier plots at 0 and 5 M GuHCl are shown in
Figure 3a, and theRg values thus calculated are plotted
against GuHCl concentration in Figure 3c. As seen in
Figure 3c,Rg is constant around 14.6 Å at GuHCl lower
than 1.5 M and 26.7 Å at GuHCl higher than 3 M with the
midpoint at 2.1 M. The derivedm and∆GH2O are tabulated
in Table 1. Kratky plots were also obtained at each GuHCl
concentration (Figure 3b). Kratky plots show a peak at
GuHCl lower than 1.5 M, whereas the peak disappeared at
GuHCl higher than 2.5 M. These results indicate that the
src SH3 takes the compact native conformation at GuHCl
lower than 1.5 M and takes the expanded unfolding state at
GuHCl higher than 3 M (25). This result is consistent with
those obtained from CD and fluorescence.

Rg, which was calculated with the program of SAXS-MD
written by Kojima (26) based on its crystal structure, was
14.3 Å, slightly smaller than that experimentally obtained
at 0 M GuHCl.

All of the experiments with three probes gave essentially
consistent unfolding transitions.

Equilibrium Measurements at pH 6.0 and at 4°C. GuHCl
titration of src SH3 was also performed in 50 mM PBS at
pH 6.0 and at 4°C (Figure 9). The CD spectrum at pH 6.0
is the same as at pH 3.0, indicating the src SH3 took the
same structure at pH 3.0 and 6.0. The same fitting method
was also used to analyze the experimental data at pH 6.0.
Midpoint and thermodynamic parameters were thus obtained
and shown in Table 1. The midpoint at pH 6.0 was 2.76,
whereas that at pH 3.0 was 2.1, indicating the protein is more
stable at pH 6.0 than at pH 3.0.

Kinetic Measurements of src SH3 at pH 3.0.The refolding
of src SH3 was performed by mixing the denatured protein
in 5 M GuHCl with the buffer of six times larger volume,
thus getting 0.7 M GuHCl as the final solvent. The refolding
reaction was kinetically monitored by CD, fluorescence, and
X-ray solution scattering at 4°C (Figures 4, 6, and 8). SF-
CD and SF-fluorescence were also performed at 4°C and
-20 °C in the presence of 45% EGOH as antifreeze.

(A) Kinetic CD.CD-SF was used to study the refolding
process of src SH3 at different conditions, as shown in
Figure 4. The secondary structure conformation change was
determined by the ellipticity at 222 nm. All of them can be
clearly distinguished by two phases during the refolding
process. At 4°C, the CD signal first dropped down to-8000

FIGURE 3: X-ray solution scattering of GuHCl-induced unfolding
of src SH3 at 4°C in 50 mM PBS at pH 3.0. (a) Guinier plot of
the native and unfolded src SH3 (4, 0 M GuHCl;3, 5 M GuHCl).
(b) Kratky plot of src SH3 with 0 M (solid line), 2 M (long dashed
line), 2.5 M (middle dashed line), and 5 M (dotted line) GuHCl,
respectively. From the figure, it is found that the conformation of
src SH3 was changed with the increase of GuHCl concentration,
and the unfolded protein was dominant in GuHCl concentration
higher than 3 M. (c)Rg

2 of src SH3 as a function of GuHCl
concentration.
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within the dead time of the SF apparatus, which we call the
burst phase. The CD signal then slowly increased to-2000
(the value of the native state of src SH3) with a rate constant
of 0.9( 0.1 s-1. The slowly increased phase was fitted with
a single exponential decay. Its amplitude corresponds to
about 76% of the burst. The initial level, obtained by mixing
the protein solution with unfolding buffer (5 M GuHCl), is
ca. 500 by linear fitting of the data. It is very close to the
value of unfolding which we observed at the static experi-

ments at 222 nm. The huge burst signal of SF-CD indicated
that the intermediate has a large amount ofR-helix as
discussed below.

To characterize the transient intermediate in more detail,
we measured the burst phase amplitude by SF-CD from 217
to 240 nm at 4°C. All refolding data were fitted as a single
exponential decay. Figure 4 shows the CD spectrum of the
transient intermediate and the static measurement of src SH3
10 min after initiating the refolding. The initial level at each
wavelength was also compared with the static measurement.
At wavelengths below 215 nm, the data were too noisy to
be fitted, due to the strong absorbance of GuHCl in the short
wavelength region. The transient fraction of theR-helix and
â-structure was calculated according to the program of
CONTIN developed by Provencher (27). Its fitting curve was
also shown in Figure 5. The estimated fraction ofR-helix is
26%. The fraction ofR-helix was also calculated with the
assumption of coexistence of the helix (θ222 ) -42500
deg‚cm2‚dmol-1) and random coil (θ222 )640 deg‚cm2‚dmol-1)
(28, 29), giving the fraction of the helix as 21%. These two
values are in good agreement, demonstrating the existence
of the R-helix at the intermediate state.

(B) Kinetic Fluorescence.The refolding reaction was also
monitored by SF tryptophan fluorescence at pH3.0 at various
conditions (20 and 4°C in the absence of EGOH and 4 and
-20 °C in the presence of 45% EGOH). In Figure 6, a trace
was shown at 4°C in the absence of EGOH. In all cases,
we observed a burst phase and the subsequent resolvable
single exponential decay. Obtained rate constants are tabu-
lated in Table 2 as well as in kinetic CD measurements. They
are in fairly good agreement at each condition, whereas the
burst amplitude is more or less the same at all conditions.

In Figure 7, apparent rate constants (kobs) are plotted as a
function of GuHCl concentration. Both unfolding rates at
high concentrations of GuHCl and folding rates at low
concentrations of GuHCl can be fitted by a linear relation,
respectively (1). Data were analyzed according to Grant-
charova and Baker (15). Obtained slopes and∆G are
tabulated in Table 1.

(C) Kinetic X-ray Solution Scattering.To monitor directly
the molecular compaction process in protein folding, the

FIGURE 4: CD-SF-monitored refolding of src SH3 in the acidic
buffer (pH 3.0). GuHCl jump from 5 to 0.71 M, monitored at
222 nm. The black line is the initial signal. The open circle line is
the monitored refolding process. The smoothed solid curve is the
simulated refolding signal as a single exponential. (a) In the absence
of EGOH at 4°C. (b) In the presence of 45% EGOH at 4°C. (c)
In the presence of 45% EGOH at-20 °C.

FIGURE 5: Transient CD spectra obtained by CD-SF from 217 to
240 nm at 4°C in 50 mM PBS at pH 3.0. Dots with error bars are
amplitudes of the burst phase. The solid curve is the CD spectrum
of the refolded src SH3 taken 10 min after mixing. The broken
line is the transient CD spectra calculated by the CONTIN program.
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refolding reaction of src SH3 was measured by SF X-ray
scattering at 4°C in 50 mM PBS at pH 3.0. The final
concentration of protein was 2 mg/mL. The scattering data
were accumulated 100 times in order to get a good signal to
noise ratio. Results are shown in Figure 8. Figure 8a shows
the time-resolvedI0 (zero angle intensity), which is nearly
constant through the refolding process, indicating that no
significant association occurred in the folding process.
Figure 8c shows the kinetic refolding curve of src SH3 in
terms of radius of gyration (Rg). It also shows two phases:
a burst phase and an observable phase. TheRg of the protein
was dramatically decreased from 27 Å (Rg of the unfolded
src SH3 in 5 M GuHCl) to 18.5 Å within the dead time of
the SF. Then it changed to 14.7( 0.4 Å with a single
exponential decay with a rate of 0.90( 0.04 s-1. The final

Rg value of the observable phase is in good agreement with
that of the native state (14.6 Å).

The rate of 0.94 s-1 is similar with the result we observed
from CD and fluorescence experiments (Table 2). Figure 8b
shows the Kratky plot of the refolding process of src SH3.
The src SH3 was already compact within the dead time of
the SF apparatus, though it was different from the refolded

FIGURE 6: Fluorescence-monitored folding process of src SH3 at
4 °C in 50 mM PBS at pH 3.0 in the absence of 45% EGOH.
Fluorescence was excited by 295 nm, and the integrated fluores-
cence above 325 nm was collected. The green line is the final level
(refolded, measured 3 min after refolding). The blue line is the
initial level (unfolded state). Red dots represent the monitored
refolding trace. The black line is the simulated curve to a single
exponential.

FIGURE 7: GuHCl dependence of ln(kobs) at 4 °C in 50 mM PBS
at pH 3.0. The solid line is the best fit from the equation ln(kobs) )
ln[kf,H2O exp(-mf[GuHCl]/RT) + ku,H2O exp(mu[GuHCl]/RT)] (1).
The kinetic parameters in 0 M GuHCl were calculated on the basis
of the equation and summarized in Table 1. Open circles represent
the folding at low denaturant concentration, and open triangles
represent unfolding at high denaturant concentration. FIGURE 8: Time-resolved SAXS-monitored folding process of src

SH3 at 4°C in 50 mM PBS at pH 3.0. (a) Time course of zero
angle intensity. The intensity did not change through the folding
process within 5 s. It indicates the protein did not show aggregates
during the process. (b) Kratky plots of src SH3 at 50 ms (open
squares) and 5 s (open circles) after initiation of refolding by GuHCl
concentration jump from 5 to 0.71 M. (c) Time-resolved radius of
gyration (Rg). The burst phase and the observable phase can be
clearly distinguished. TheRg was dramatically decreased from 27
to 18.5 Å within the dead time of the SF apparatus. The slow
isomerization phase gave a rate constant of 0.90( 0.04 s-1,
accompanied with a further package of src SH3.
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state (5 s later after mixing). Furthermore, the peak position
of the intermediate Kratky curve appeared at the smaller
angle than the refolded curve. This indicates that the
compactness of the intermediate is not so tightly packed as
the refolded one.Rg calculated from the peak of Kratky plots
are 18.2 and 13.8 Å, in fairly good agreement with those
estimated from Guinier analysis (30).

The kinetic data for all three kinds of probes can be fitted
with a single exponential decay with an initial offset for the
burst phase. The well-fitted signal gave similar rate constants.
They are summarized in Table 2. The burst signal of the
CD indicates that the intermediate has anR-helix-rich
conformation.

Refolding of src SH3 at pH 6.0.We also performed the
refolding experiments of src SH3 at physiological conditions,
namely, in 50 mM PBS at pH 6.0 and 4°C. As seen in
Figure 10, a large overshoot burst phase is seen, suggesting
that theR-helix-rich intermediate was formed within the dead
time of the SF apparatus. The CD value changed from 500
to -6700 at the overshoot, and the slow isomerization
process, corresponding to 56% of the signal, was ac-
companied with the decrease inR-helix content.

The kinetic fluorescence experiments were also performed
at 4 °C, as shown in Figure 11. The burst and the single

exponential phase can be clearly distinguished. The experi-
ment was also done at 20°C, which also demonstrates the
existence of the burst phase and the single exponential phase,
though the folding rate at 20°C is faster than at 4°C.
Obtained rate constants were summarized in Table 2, as were
those obtained by kinetic CD. At 4°C, the rate constant is
similar to that of the kinetic CD. The folding rate constant
at 20°C is similar to other groups’ results (31).

The kinetic results demonstrate that theR-helix-rich
intermediates always appear and do not depend on the
experimental conditions: pH, temperature, or the presence/
absence of ethylene glycol.

Refolding of the src SH3 Homology Protein, Fyn SH3.
The refolding experiment of Fyn SH3 was performed at 4
°C in 50 mM PBS at pH 6.0 in the absence of EGOH and
at -20 °C in 50 mM PBS at pH 6.0 in the presence of
antifreeze (45% EGOH). The measured CD results are shown
in Figure 12. In both cases, we observedR-helix-rich
intermediates on the folding pathway, as we did in the case
of src SH3. The signal trace at 4°C could be well fitted
with a single exponential process. The CD overshot from

FIGURE 9: CD measurements of src SH3 in equilibrium in 50 mM
PBS at pH 6.0. (a) CD spectra of the native and GuHCl-induced
denatured src SH3 at 4°C in 50 mM PBS at pH 6.0 (solid line,
0 M GuHCl; dashed line, 4.5 M GuHCl.) (b) Equilibrium GuHCl
denaturation of src SH3 followed by CD at 4°C. The CD signal
was recorded at 222 nm. The curve is the fit to experimental data
using the nonlinear least-squares method. The midpoint of dena-
turation is 2.76 M.

FIGURE 10: CD-monitored refolding process in 50 mM PBS at pH
6.0 at 4°C from 5 to 0.71 M GuHCl.

FIGURE 11: Fluorescence-monitored folding process of src SH3 at
4 °C in 50 mM PBS at pH 6.0. Fluorescence was excited at 295
nm, and integrated fluorescence was collected above 325 nm. The
green line is the final level (refolded, measured 3 min after
refolding). The blue line is the initial level (unfolded state). Red
dots are the monitored refolding traces. The black line is the
simulated curve to the single exponential.
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2200 to-4700 deg‚cm2‚dmol-1, and the slow isomerization
process corresponds to 62% of the signal at 222 nm.
However, the signal trace at-20 °C was fitted only with
the double exponential process, of which the slow phase was
70 times slower than the phase observed at 4°C. At
-20 °C, the amplitude of the fast phase corresponds to about
26% of the signal changes, and the slow phase takes 48%
signal changes. Interestingly, the amplitude of these two
phases (observable phase at 4°C and the slower phase at
-20 °C) was nearly identical. This suggests that the slow
phase obtained at-20 °C is corresponding to the phase
obtained at 4°C. The phase corresponding to the faster phase
obtained at-20 °C was not observed at 4°C. Probably the
faster phase was too fast to be detected by the SF apparatus
due to its dead time (6 ms). Obtained rate constants are
shown in Table 2 in comparison with those of src SH3.

DISCUSSION

The Intermediate on the src SH3 Folding Pathway.One
of the most important questions in protein folding is whether
intermediates are formed or not. Recently, studies revealed
that there are possible intermediates existing even in the case
of small proteins. In this paper, we combined multiple probes

to monitor the refolding process of src SH3. In CD
experiments, we could observe an overshoot within the dead
time of the SF (6 ms), both in the presence and in the absence
of 45% EGOH. The amplitude did not change at various
conditions, irrespective of the presence of EGOH. This
demonstrates that the EGOH does not apparently affect the
amplitude of the folding process of src SH3. This conclusion
is consistent with our previous study on ubiquitin (2, 3),
where we combined experimental results and molecular
dynamics to investigate the EGOH effect on protein folding.
Both of them showed that EGOH did not influence the
amplitude of the folding process, while the observable folding
rate is slowed down in the presence of EGOH partly due to
the increase of viscosity of the buffer. Actually, the folding
rate was 30 times and 100 times slower at-10 and-20 °C
than that at 4°C.

To characterize the secondary structure of the intermediate,
we plotted the amplitude of the burst phase at the wavelength
region from 217 to 240 nm (Figure 5).

Is the CD Burst Due toR-Helix or Due to Aromatic
Residues?It is notable that tryptophan, tyrosine, and the S-S
bond also could make detectable CD signal changes at far-
UV regions, during protein folding (32, 33). As for S-S,
src SH3 has no S-S bonds. Therefore, we cannot ascribe
the observed burst to the S-S bond. src SH3 has four
tyrosines and two tryptophans. These aromatic residues
would give CD signal changes of at most 590 deg‚cm2‚dmol-1

in the 220-230 nm region (34). In the present experiments,
the burst amplitude is 2.6× 103 deg‚cm2‚dmol-1 even at
230 nm, much bigger than the value above. The burst signal
is getting the largest at 222 nm but not at longer wavelength,
indicating that the CD signal is mainly determined by the
peptide bonds. Furthermore, the aromatic residues also give
a CD signal in the near-UV region (35, 36), while the SH3
burst shows nearly zero at 240 nm, which also confirms that
the detected burst phase at lower wavelength is caused by
secondary structure change. From these findings, we can
conclude that the CD burst signal was mainly due to the
secondary structure change, though the minor contributions
from aromatic residues are not excluded.

The burst phase was also observed in kinetic fluorescence
and X-ray solution scattering experiments. Rates of slow
phases observed by the three methods are also in good
agreement with each other. This indicates that the intermedi-
ate state was packed with the large amount of non-native
R-helix.

We also performed fluorescence-SF with the same condi-
tions as with SF-CD. The kinetic results were in good
agreement. There is a clear intensity difference between the
initial level and the starting level of the single exponential
folding process. Although the experimental conditions were
very different, the burst phase appeared at all conditions.
Thus it is not due to the buffer conditions. We then propose
the folding scheme of src SH3 as in Figure 13, where the
unfolded src SH3 takes the compactR-helix-rich intermediate
in its folding process.

Homologous Proteins Are Folded with a Similar Folding
Pathway.In the present paper, we used the CD-SF to monitor
the refolding process of another SH3 domain protein, Fyn
SH3. src and Fyn SH3 domains have sequence homology
as high as 73%. They share the same three-dimensional
structure and folding topology (37). From the CD-SF result,

FIGURE 12: CD-monitored Fyn SH3 refolding. (a) The refolding
process of Fyn SH3 at 4°C in the absence of EGOH. The smoothed
line represents a simulated kinetic curve as a single exponential,
which gives a rate constant of 76 s-1. (b) The kinetic refolding of
Fyn SH3 at-20 °C in the presence of 45% EGOH as antifreeze.
The black line is the refolding trace. The smoothed line shows the
simulated one with a double exponential, which gives rate constants
of 32 and 1.1 s-1, respectively.
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it is clear that a similar helical burst phase appeared on the
folding pathway of Fyn SH3. This indicates that Fyn SH3
also formed a non-nativeR-helix-rich intermediate in its
folding pathway. Fyn SH3, however, showed another faster
phase at-20°C. This indicates that conversion of theR-helix
to the nativeâ-sheet takes two steps in the case of Fyn SH3.

Helical Structure Formation on the Refolding Process of
the Protein. We have studied several proteins including
R-helix-rich proteins [λ repressor (38), apomyoglobin
(Matsumoto et al., unpublished)],â-structure-rich proteins
[BLG (4), ELG (39), and ubiquitin (3)], and fully â-sheeted
proteins (src SH3 and Fyn SH3). We have also measured
some otherR/â proteins [ribonuclease A ( Li et al.,
unpublished) and lysozyme (Li et al., unpublished)]. In all
cases, we found that folding goes through at least two
steps: appearance of anR-helix-rich burst followed by a
resolvable folding process to the native state.

To investigate theR-helical burst from another point of
view, we have used several secondary structure prediction
programs [PHD (40), Predator (41), SIMPA96 (42), GOV4
(43), ALB (44), AGADIR (45, 46), and Helix2 (47)]. Results
did not give a good correlation with theR-helical burst
(correlation coefficients are less than 0.6) except Helix2,
which gave a correlation coefficient of 0.83. Calculatedθ222

(θH) by Helix2 is plotted against theR-helical burst (θexp) in
Figure 14 and tabulated in Table 3. Some other data from
refs 3, 4, 32, 38, and 48 are also shown in comparison.
Although the calculated absolute amplitudes are roughly 20

times smaller than the experimentally obtainedθ222, linearity
betweenθH andθexp is fairly good. Helix2 implements the
Lifson-Roig helix-coil transition theory incorporating the
capping effects (29, 47), while other many modern prediction
programs were developed for predicting the native secondary
structure with the use of empirical information including the
tertiary structure from the Protein Data Bank. Actually,
Helix2 is programmed only with the use of the interaction
between the adjacent residues. These results might imply that
the long-range interaction does not take a role in the early
events of protein folding, and the local interaction takes
dominant role in the early events of protein folding.

We thus propose that the initial event of protein folding
is to form anR-helix due to a rapid helix-coil transition,
and then someR-helices are stabilized by the interaction with
each other. Such interaction leads to a compact state of the
protein which can further reorganize to the native structure.
Such intermediates are formed very rapidly.

The difference of the absoluteθ value might indicate that
R-helices formed in the early stage of folding are less stable,
until they are collapsed to form more stable intermediates.

Compaction during src SH3 Refolding.The protein folding
process is a complicated process, which involves thousands
of weak bond formations and disruption. Hydrophobicity is
one of the main forces to drive protein folding. Therefore,
the time scale of hydrophobic collapse and correlation with
secondary structure and tertiary structure formation is the
most important question to be answered in protein folding.

X-ray solution scattering, combined with the rapid mixing
technique, is a powerful tool to observe the conformational
change of protein folding. There are several parameters used
to describe the conformation of macromolecules in solution.
The radius of gyration is a direct probe associated with
molecular compaction.

It is notable that the large conformation changes in the
structure of src SH3 were observed in all three probes: CD,
fluorescence, and X-ray solution scattering. Good agreement
of thermodynamic parameters indicates that the conformation
changes, observed by different probes, took place simulta-
neously. Kinetic X-ray solution scattering shows a burst

FIGURE 13: Proposed folding scheme of src SH3: U, unfolded state;
I, intermediate; N, native state.

FIGURE 14: The calculated value of ellipticity at 222 nm by Helix2
(θH) versus the experimental value of ellipticity at 222 nm (θexp)
of theR-helical burst for nine proteins.θH is calculated according
to the equationθ ) f(H)/100[-42500(1- 4/N) - 640], where
f(H) is the fraction of helix calculated by Helix2 andN is the
residual number. The correlation coefficient betweenθH andθexp

was estimated asr ) 0.83, demonstrating that theR-helix in the
burst is strongly correlated to the helical fraction formed in
equilibrium with a short lifetime.

Table 3: Experimentally Observedθ222 Values of theR-Helical
Burst Amplitude andθ222 of the R-Helix Calculated by Helix2 for
Nine Proteinsa

protein pH
burst amplitude
(θexp × 10-3)

calcdθH × 10-3

by Helix2

horse heart apo Mb 6 9b 0.335
BLG 2 11c 0.382
ELG 4 6d 0.319
ELG 8.7 12b 0.347
Fyn SH3 6 8.7e 0.283
src SH3 3 8.2e 0.176
src SH3 6 6.7e 0.201
ubiquitin 5.9 9.8f 0.253
λ5-85-repressor 7 22.0d 1.019
hen egg lysozyme 8 10.8,g 10.8b 0.511
hen egg lysozyme 2 8.1b 0.488
bovine ribonuclease A 8 4.3,h 4.6b 0.305

a Units of θexp and θH are deg‚cm2‚dmol-1. b Unpublished data.
c Reference4. d Reference38. e The present work.f Reference3. g Ref-
erence32. This value is calculated with the assumption that the final
value of Goldberg’s experiment is the same with our measurement.
h Reference48.
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phase similar to that of kinetic CD, in which the protein size
dramatically decreased in 8.5 Å within the dead time of the
SF (6 ms). The folding traces obtained by X-ray solution
scattering, CD, and fluorescence at the same condition are
well-fitted to the single exponential simulation with a nearly
identical rate constant. It is reasonable that the helix burst is
accompanied by the hydrophobicity-driven protein collapse.
The Kratky plot of the first frame of the refolding process
showed a peak, but not as high as the native state. This
suggests that the protein was folded (at the intermediate state)
but not as fully compact as the native state.

Thus, three probes lead to the conclusion that the less
stable helix-rich compact intermediate was formed as a
precursor of the native state. The slow phase was ac-
companied by the disruption ofR-helical intermediates and
the formation of the native conformation. The overshoot of
fluorescence indicates that the native-like tryptophan package
is accompanied with the disruption of the helix. This is in
good agreement with our previous study on ubiquitin, where
the compaction is associated withR-helix formation.
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