Lo L

P

1\

=y

Specific collapse followed by slow hydrogen-bond
formation of B-sheet in the folding of

single-chain monellin

Tetsunari Kimura*, Takanori Uzawa*, Koichiro Ishimori*, Isao Morishima*, Satoshi Takahashi'*, Takashi Konno§,

Shuji AkiyamaT, and Tetsuro Fujisawa*7

*Department of Molecular Engineering, Graduate School of Engineering, Kyoto University, Nishikyo, Kyoto 615-8510, Japan; fInstitute for Protein Research,
Osaka University, Suita, Osaka 565-0871, Japan; SDepartment of Molecular Physiology and Biophysics, Faculty of Medical Science, University of Fukui,
Matsuoka, Yoshida, Fukui 910-1193, Japan; and TRIKEN Harima Institute/SPring-8, Structural Biochemistry Laboratory, Sayo, Hyogo 679-5148, Japan

Edited by Robert L. Baldwin, Stanford University Medical Center, Stanford, CA, and approved December 29, 2004 (received for review October 27, 2004)

Characterization of the conformational landscapes for proteins
with different secondary structures is important in elucidating the
mechanism of protein folding. The folding trajectory of single-
chain monellin composed of a five-stranded B-sheet and a helix
was investigated by using a pH-jump from the alkaline unfolded to
native state. The kinetic changes in the secondary structures and in
the overall size and shape were measured by circular dichroism
spectroscopy and small-angle x-ray scattering, respectively. The
formation of the tertiary structure was monitored by intrinsic and
extrinsic fluorescence. A significant collapse was observed within
300 ps after the pH-jump, leading to the intermediate with a small
amount of secondary and tertiary structures but with an overall
oblate shape. Subsequently, the stepwise formation of secondary
and tertiary structures was detected. The current observation was
consistent with the theoretical prediction that a more significant
collapse precedes the formation of secondary structures in the
folding of B-sheet proteins than that of helical proteins [Shea, J. E.,
Onuchic, J. N. & Brooks, C. L., 111 (2002) Proc. Natl. Acad. Sci. USA 99,
16064-16068]. Furthermore, it was implied that the initial collapse
was promoted by the formation of some specific structural ele-
ments, such as tight turns, to form the oblate shape.

energy landscape | protein folding | submillisecond dynamics | x-ray
scattering

haracterization of the folding dynamics for proteins and

their free energy landscapes offers a key to understanding
protein folding phenomena (1, 2). The coarse-grained approx-
imation of intraprotein interactions (a “funneled” landscape)
has been proposed (3, 4) and has succeeded in explaining the
structures of proteins in the folding transition state (5-8).
However, the molecular basis of the funneled landscape, which
is realized by a complex interplay of various intraprotein inter-
actions and polypeptide dynamics, is largely unknown. For
example, although the hydrophobic interaction and hydrogen
bond (H-bond) are the major stabilizing interactions for the
specific folded conformations of proteins, their contribution to
the energy landscape, including the unfolded conformations, is
controversial (9). Furthermore, the relationship between protein
folds and the characteristics of landscapes has not been well
investigated. Therefore, the observation of the entire folding
process of proteins with various folds is required to characterize
the free energy landscapes.

We previously observed the folding dynamics of a-helical
proteins, cytochrome ¢ (cyt ¢) and apomyoglobin (apoMb),
based on helical content and compactness, which mainly reflect
the formation of the H-bonds and hydrophobic interactions,
respectively (10-12). The characterized landscapes of these
proteins demonstrated the cooperative acquisition of the helical
structure and compactness after the initial collapse and sug-
gested that the hydrophobic environment created by the collapse
facilitates the subsequent conformational search. Our observa-
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tions were consistent with recent molecular dynamics calcula-
tions, in which helix formation and native tertiary packing occur
simultaneously in the folding trajectories of helical proteins,
including cyt ¢ (13-15). Interestingly, Brooks and coworkers
(15-17) further predicted that the initial collapse is more
pronounced for proteins composed of B-sheets (B-sheet pro-
teins). However, the prediction has not been experimentally
verified, because the processes of compaction of B-sheet proteins
have not been characterized at ambient temperature except for
proteins with disulfide bonds (18). Thus, the purpose of this
study is to characterize the folding landscapes of a B-sheet
protein as an experimental test of the prediction by Brooks (15)
and to investigate the implications of the collapse for the folding
of B-sheet proteins.

We chose single-chain monellin (SMN) to research B-sheet
proteins without a disulfide bond. SMN is genetically created by
fusing two chains of monellin to retain its topology and activity
(19). SMN is composed of an N-terminal strand (strand I),
segregated helix, and four-stranded B-meander (strands II-V)
separated by three tight B-turns (turns 1-3), as shown in Fig. 5,
which is published as supporting information on the PNAS web
site (20). To multilaterally observe the folding dynamics of SMN
in the time domain from 300 us to 5 s, we used solution-mixing
devices combined with various methods. Circular dichroism
(CD) spectroscopy can detect the amount of secondary struc-
ture. Small-angle x-ray scattering (SAXS) can monitor the
compactness and shape of macromolecules that reflect the
tertiary structure. The transient clustering of hydrophobic res-
idues can be followed by monitoring the fluorescence from
1-anilinonaphthalene-8-sulfonate (ANS). Intrinsic fluorescence
mainly from single Trp-4 is a good indicator of the environment
of the N-terminal strand. By analyzing the kinetic information
obtained from multiple structural probes, we characterized in
detail the features of the folding of SMN.

Materials and Methods

Preparation of SMN. The SMN used in this study is slightly
different from that reported by Lee et al. [SCM (20)] and
contains Met at the N-terminal and a mutation of Cys-45 to
Ser-45. SMN was prepared as described by Konno (19). Lyoph-
ilized SMN was dissolved in water and centrifuged to remove
insoluble components. Unfolded SMN was prepared by adding
appropriate amounts of 1 M NaOH to adjust the pH of the
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solution to 13.0. The reactions were initiated by mixing the
solution of alkaline-unfolded SMN and 300 mM glycine buffer
at a volume ratio of 5:1 to a final pH of 9.4. The protein
concentrations were confirmed by measuring the absorption at
277 nm (e277 = 1.46 X 10* M~ Lcm™1) (19). All measurements
were conducted at 20 * 1°C except for the SAXS measurements,
which were performed at 26 = 1°C. The amount of SMN
consumed for the entire measurements was ~4 g.

CD Measurements. CD spectra were measured by using a CD
spectrometer (J-720, Jasco, Easton, MD). The static samples
contained 12 uM SMN and 50 mM glycine adjusted at various
pHs between 7.0 and 13.0. The midpoint of unfolding and the
number of protons involved are calculated from the Hill equa-
tion (21). Time-resolved CD spectra from 500 us to 15 ms were
collected by using the continuous-flow (CTF) mixer, as reported
(12, 22), whose mixing efficiency was 98% at 130 us. At least five
scans were averaged, and the deformation of CD spectra was
corrected as described (10). The refolding kinetics from 20 ms
to 4 s was followed by using a stopped-flow (STF) mixer
(Unisoku, Osaka) and the same condition used in the CTF
experiments. At least 30 shots were performed and averaged.
The concentration of SMN after mixing was 30 uM. The
secondary structure contents were roughly evaluated by fitting
the CD spectra to a linear combination of the standard spectra
for the a-helix of poly(Glu), B-sheet of poly(Lys), and random
structure of poly(Pro)II helix, with an error of =8% for each.

Intrinsic Fluorescence of Trp-4. The kinetics of the intrinsic fluo-
rescence intensity was obtained by excitation at 280 nm and by
monitoring the emission passed through a 320-nm sharp-cut
filter. The refolding kinetics from 1 to 10 ms was monitored with
a CTF mixer used in a previous Raman study (23). The fluo-
rescence from the channel was imaged onto a charge-coupled
device (Princeton Instruments, Trenton, NJ). The mixing time of
the apparatus estimated based on the fluorescence quench of
N-acetyltryptophanamide by N-bromosuccinimide was 520 us.
The refolding kinetics from 15 ms to 5 s was monitored with a
STF mixer (Unisoku, Hirakata, Japan) coupled with a photon-
counting detector (Hamamatsu Photonics, Hamamatsu, Japan).
The final concentration of SMN was 30 uM. The fluorescence
intensities were normalized with respect to 30 uM SMN in 50
mM glycine buffer at pH 9.4.

Extrinsic Fluorescence of ANS. The kinetics of the fluorescence
from ANS was monitored by excitation at 344 nm and by
selecting the emission by using a 420-nm sharp-cut filter. ANS
was contained in the refolding buffer, giving the final concen-
trations between 30 and 200 uM after mixing. The intensities
were normalized relative to the fluorescence of the solution
containing 80 uM ANS and 40 uM native SMN in 50 mM glycine
buffer at pH 9.4. To confirm the negligible effect of the ANS
binding to the folding of SMN, the following control experiments
were conducted by monitoring the whole kinetic traces by using
the same CTF (from 520 us to 8 ms) and STF (from 10 ms to 5 s)
mixers used for the Trp fluorescence measurements. First, the
existence of ANS either with the refolding buffer or with
unfolded SMN before the mixing did not alter the kinetic traces.
Second, the time constants for the first and second kinetic phases
obtained at the two SMN concentrations of 40 and 80 uM did
not depend on the ANS concentration between 30 and 200 uM.
Third, the time constants were invariant on the SMN concen-
trations at 40, 60, and 80 uM in the presence of 2.5 times excess
of ANS.

SAXS Measurements. All SAXS measurements were performed at

RIKEN beamline I (BL45XU) at SPring-8 (24). The refolding
kinetics from 300 ws to 10 ms was monitored with the CTF mixer
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whose path length was 1 mm with 50-um-thick kapton windows.
The experimental setup was basically the same as reported (11).
The consecutive observation of the sample and baseline scat-
terings without stopping the flow was essential to avoid artifacts
in the baseline subtraction caused by small variations in the path
length. The kinetics after 12 ms was monitored with the STF
mixer as reported (11, 12). The final concentration of SMN was
3.7 mgml~!

The radius of gyration (R,) and the zero-angle scattering
intensity (/(0)) were estimated based on the Guinier approxi-
mation (25):

2p2

In((S) = In((0)) — " Re g
3

where § = (2sinf)/A; 26 is the scattering angle; A is the
wavelength of the incident x-ray; and I(S) is the scattering
intensity at . The maximum § value for the Guinier fitting was
determined by the criterion 277R,S < 1.4. The R values for native
and unfolded states described in the text are the values extrap-
olated to the infinite dilution. The scattering intensities were
scaled by the data collection time, x-ray intensity, SMN concen-
tration, and scattering intensity of the standard protein solution.

The pair-distribution function, P(r), was calculated by using
the GNOM package (26). In brief, a series of trial P(r)s was
calculated with various values of maximum 7 (Dmax) at 1- A
resolution for a scattering profile whose S range was limited from
0.0052 to 0.040 A=, Among the trial P(r)s that can reproduce the
original scattering with a reasonably small rms difference, the
P(r) giving the smallest Dpmax Was selected. The reliability of the
selected P(r) was confirmed by comparing the R, estimated from
the Guinier fitting of the original scattering with the R, calcu-
lated from P(r). The errors in the ordinate values of P(r) were
within 3% at each data point.

Results

Equilibrium Unfolding of SMN. We first characterized the equilib-
rium unfolding properties of SMN to determine the initial and
final conditions for the kinetic folding experiments. A negative
peak at 213 nm in the CD spectrum of SMN at pH 9.4 (Fig. 14,
black line) is characteristic of B-sheet proteins. A positive band
~233 nm likely reflects the contribution of aromatic side chains
(27). SMN at pH 9.4 retains the compact conformation because
of a small Ry (15.8 = 0.2 A at the infinite dilution) in the static
SAXS measurements In contrast, SMN at pH 13.0 possesses the
expanded and unfolded conformation as indicated in the CD
spectrum devoid of secondary structures (Fig. 14 , blue line) and
by the expanded R, (25.5 + 0.5 A at the infinite dilution). The
alkaline-induced unfoldlng of SMN monitored by CD at 216 nm
([6216]) indicates the midpoint of transition is pH 11.1 = 0.03 and
the number of protons involved is 3.2 (not shown). Because the
unfolding transition is fully reversible, the kinetic process of the
transition from the unfolded to the native state can be initiated
by a pH-jump from 13.0 to 9.4.

Stepwise Secondary Structure Formation Monitored by CD Spectros-
copy. To observe the overall dynamics of the folding of SMN, we
next monitored the kinetic changes of secondary structure upon
the refolding of alkaline-unfolded SMN. We followed the kinetic
changes of [6,6] after the pH-jump from 13.0 to 9.4 (Fig. 1B).
The CTF and STF systems were used to cover the time windows
from 500 us to 15 ms and from 20 ms to 4 s, respectively. The
two traces obtained independently were connected seamlessly
and exhibited two distinct phases, the first with a time constant
of 14 = 3 ms (amplitude of 57% of the total change) and the
second with a time constant of 1.3 = 0.4 s (43%). The observed
kinetics therefore accounts for the total change in [616]; how-
ever, a close examination of the kinetic CD spectrum immedi-
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Fig. 1. Thetime-dependentchangesinthe CD data for the refolding of SMN
initiated by the pH-jump from 13.0 to 9.4. The concentration of SMN after the
mixing was 30 M. (A) The time-resolved CD spectra of the refolding of SMN.
For clarity, only two time points, 300 us (red circles) and 100 ms (green
diamonds), are presented. The CD spectra of the native (black line) and
unfolded (blue line) conformations measured at pH 13.0 and 9.4, respectively,
are also presented. The a-helix contents estimated from the spectra for the
unfolded SMN, at 300 us and 100 ms and for the native SMN were 3%, 2%, 9%,
and 9%, respectively. The B-sheet contents were 0%, 4%, 13%, and 43% in the
same order. (B) The refolding kinetics of SMN measured by [6,16]. Data
obtained by the CTF and STF methods are represented by open circles and a
thin line, respectively. The open and filled squares represent [6,16] for the
unfolded and native states, respectively. The kinetic data were fitted by a
double exponential with time constantsof 14 = 3msand 1.3 + 0.4s (thick line).
The amplitudes of the first and second kinetic phases were —2,930 + 230 and
—2,220 + 170 deg-cm?dmol~', respectively.

ately after the mixing suggests an additional conformational
change. As shown in Fig. 14, the kinetic CD spectrum at 300 us
(red circles) is distinct from that of the initial unfolded state
(blue line) beyond the experimental errors in the regions around
233 nm and under 215 nm. The rapid changes in the CD
spectrum suggest changes in the main chain conformation. Thus,
the kinetic process of the folding likely consists of three phases:
the burst phase occurring within the mixing dead time (<300 us)
and the first and second phases occurring with the time constants
of ~14 ms and 1.3 s, respectively. These results correspond to the
stepwise formation of secondary structures. We observed that
the kinetic trace after 20 ms is invariant upon changes in the
SMN concentration from 20 to 50 uM (not shown), suggesting
that the second phase is not caused by a formation of multimeric
components.

Folding Kinetics Monitored by Intrinsic and Extrinsic Fluorescence. To
obtain information on the conformational changes of N-terminal
strand, changes in the intrinsic fluorescence intensity from Trp-4
were observed. Unfolded SMN at pH 13.0 exhibits a weaker
fluorescence intensity (open square, Fig. 24) than native SMN
(filled square), indicating the exposure of Trp-4 to solvent and
the deprotonation of the indole group in the alkaline condition.
In contrast, the stronger intensity for the native state likely
corresponds to the protonation of Trp-4 and its partial burial in
the nearby residues (20). The kinetic fluorescence trace for the

2750 | www.pnas.org/cgi/doi/10.1073/pnas.0407982102
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Fig. 2. The refolding kinetics of SMN induced by the pH-jump from 13.0 to
9.4. (A) A representative trace measured by the intrinsic fluorescence from
Trp-4. The final concentration of SMN was 30 uM. Data obtained by the CTF
and STF methods are represented by open circles and a thin line, respectively.
The fluorescence intensities for the initial (open square) and final (filled
square) conformations were measured at pH 13.0 and 9.4, respectively. The
kinetic data were fitted by a double exponential with time constants of 8.0 +
0.2msand 0.89 = 0.06 s (thick line). (B) A representative trace measured by the
extrinsic fluorescence from ANS. The final concentrations of SMN and ANS
were 40 and 100 uM, respectively. The intensities for the initial and final states
(open and filled squares) were measured at pH 13.0 and 9.4, respectively. The
kinetic data obtained by the CTF and STF methods are represented by open
circles and a thin line, respectively. The kinetic data were fitted by a double
exponential with time constants of 19 = 1 ms and 1.3 = 0.1 s (thick line). (C)
The titration of the kinetic ANS fluorescence intensities at 100 ms against the
concentration of ANS. Open circles and filled triangles indicate measurements
for the SMN concentrations of 40 and 80 wM, respectively, with various
concentrations of ANS.

folding of SMN can be fitted by a double exponential function
with time constants of 8.0 = 0.2 ms and 0.89 = 0.06 s (Fig. 2A4),
which correspond to those of the first and second phases
observed in the kinetic CD trace, respectively. Thus, although
the burst-phase change could not be detected, the first and
second phases were confirmed and demonstrated the stepwise
formation of the tertiary contacts around Trp-4.

The first and second phases in the folding of SMN and their
structural changes were also reflected in the changes in ANS
fluorescence. The fluorescence from ANS is amplified upon its
binding to hydrophobic surfaces or clusters that are character-
istics of partially structured proteins (28, 29). We observed a
small amplification of the ANS fluorescence with both the native
(Fig. 2B, filled square) and unfolded (Fig. 2B, open square) SMN
and confirmed that the binding of ANS with these conformations
is weak. In contrast, the kinetic experiments exhibited an in-
crease in intensity with a time constant of 19 = 1 ms and a
decrease with a time constant of 1.3 = 0.1 s (Fig. 2B). These time

Kimura et al.
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constants were essentially independent of the ANS concentra-
tion between 30 and 200 uM, indicating that both the first and
second phases are not rate-limited by the ANS binding. The
similarity in the time constants obtained in CD, Trp, and ANS
fluorescence measurements strongly supports that the ANS
binding does not perturb the folding of SMN. In addition, the
time constants for first and second phases were not affected by
the concentration of SMN between 40 and 80 uM (not shown),
supporting that the two kinetic phases cannot be explained by a
formation of multimeric components. The kinetic titration of
ANS with SMN monitored at the transient fluorescence intensity
at 100 ms evidences the transient binding of ANS to SMN in a
1:1 manner (Fig. 2C), excluding the possibility of a nonspecific
binding of ANS to SMN. We interpret that the changes in ANS
fluorescence correspond to the formation and burial of the single
ANS-binding site with the time constant of 19 ms and 1.3 s,
respectively.

Rapid Chain Condensation Monitored by SAXS. Finally, to monitor
the compaction and overall shape of the main chain in the folding
of SMN, we conducted time-resolved SAXS measurements by
using the synchrotron x-ray source. We estimated the kinetic
changes in Ry and /(0) based on a Guinier analysis of the
scattering data, which were plotted in Fig. 3 4 and B, respec-
tively. The plot for R, demonstrates the burst phase contraction
of the main chain within 300 us, followed by the slower con-
traction, which can be fitted by a single exponential with a time
constant of 12 = 3 ms (Fig. 34). The obtained time constant is
comparable to the first phase observed in the CD measurements
(14 ms). Extrapolations of the fitted trace to zero and infinite
times yield a R, of 18.2 = 0.4 A and 15.4 = 0.1 A, respectively.
Although the former value is ~6 A smaller than that of the initial
unfolded state (24.3 A), the latter value is similar to that of the
native conformation (15.8 A). Thus, the kinetic SAXS data
demonstrated the burst and first klnetlc phases involving ~6 and
~3 A of compaction, respectively. The change in 1(0) can also be
fitted by an exponential function with a time constant of 10 ms,
consistent with that of the first kinetic phase (Fig. 3B).

The molecular shape of SMN can be deduced from the Kratky
plots of the scattering profiles (Fig. 3C). The Kratky plot of
unfolded SMN possesses a plateau in the moderate angle region
(dotted blue line), which is indicative of a random coil (30). In
contrast, a peak found in the scattering at 300 us (red line)
demonstrates the formation of a globular domain (30). The
single peak of the plot also excludes the accumulation of the
putative dimer that should exhibit a shoulder at a shorter value
of S. Interestingly, the plot at 100 ms (green line) is very similar
in shape to that of SMN in the native state, suggesting that the
overall molecular shape of SMN at 100 ms is similar to the native
conformation. The changes in shape are also seen in the pair
distribution function, P(r), which represents the distribution of
distances between every pair of atoms (Fig. 3D). The P(r)
function for native SMN (black line) shows a peak at ~18 A and
a shoulder above ~30 A that reflect the oblate shape for SMN
in the native state. The P(r) function at 100 ms (green line) is
similar to that of native SMN, confirming the similarity in overall
structure at 100 ms and for the native conformation. The P(r)
function at 300 us (red line) suggests a collapse, because the most
frequent r value and D, are identical with and ~2 A larger than
those of the native structure, respectively. The small difference
in Dmax at 300 us and for the native state excludes a possible
presence of expanded loops. Therefore, it is most likely that
SMN at 300 ws is slightly expanded compared with the native
conformation but already possesses a oblate overall shape.

Discussion

Sequential Folding Scheme of SMN. We observed three kinetic
phases in the folding of SMN by using CD, SAXS, Trp, and ANS
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Fig.3. The time-dependent changes in the SAXS data during the folding of
SMN initiated by the pH-jump from 13.0 to 9.4. The final concentration of SMN
was 3.7 mg'ml~'. (A) The time course of the change in the Ry (open circles)
obtained from the Guinier analysis of the SAXS profiles. The filled diamond
and square represent the Rgs for the unfolded and native states at an infinite
dilution, respectively. The Rq value for the unfolded SMN determined at 3.7
mg-ml~! was 24.3 + 0.4 A (open square). The line represents a single expo-
nential fitting (13 + 6 ms) of the kinetic data from 300 us to 1. (B) The time
course of the change in the /(0) (open circles). The line represents a single
exponential fitting with a time constant of 10 = 6 ms. The filled square
denotes /(0) for the native conformation obtained in the same solution. (C) The
time-resolved Kratky profiles for the same folding process. For clarification,
eight representative profiles are presented, which were obtained for the
native (black line) and unfolded (blue) conformations and for the time-
resolved data at 300 us (red), 1 ms (dotted purple), 3 ms (dotted gray), 8 ms
(dotted orange), 10 ms (dotted brown), and 100 ms (green). (D) The pair
distribution functions [P(r)] calculated from the scattering profiles. The black
line corresponds to P(r) for the native state, whose maximum r (Dmay) is 47 A.
Thered and green lines correspond to P(r)s for 300 us and 100 ms, respectively.
Drmax at 300 ps and 100 ms are 49 and 47 A, respectively. P(r)s were normalized
to have a constant area.

fluorescence. The burst phase was demonstrated in the SAXS
data and completed within 300 ws. The first and second phases
detected by the other methods occurred with time constants of
~14 ms and ~1.3 s, respectively. These observations can be
explained by the sequential folding scheme (Scheme 1), in which
the formations of the two intermediates, I, and I,, and the native
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Scheme 1.

state, N, correspond to the burst, first, and second phases,
respectively. As explained in Supporting Text, which is published
as supporting information on the PNAS web site, the scheme is
the most consistent and simplest model to explain the current
observations. Because the apparent rate constants for the phases
are well separated, the kinetic data obtained at 300 us and 100
ms can be considered to represent the data for I; and Iy,
respectively.

L-Shaped Conformational Landscape of SMN. The folding dynamics
of SMN can be separated into distinct structural events based on
the sequential folding scheme. The burst phase occurs within 300
s and forms I; possessing no binding site for ANS and no
tertiary contacts around Trp-4. The total amount of secondary
structure for I, roughly estimated as the sum of «-helix and
B-sheet contents from the CD spectrum at 300 us, is ~6% and
is comparable to that of U (=3%). In contrast, the SAXS data
demonstrated that I; possesses a collapsed main chain and
suggested that its overall shape is oblate. The analysis of the
scattering data based on the triaxial ellipsoid approximation was
also consistent with an oblate shape for I;, which is slightly
expanded compared with N (Fig. 6, which is published as
supporting information on the PNAS web site). Thus, the burst
phase of the folding can be described as a significant collapse to
form the loosely packed and oblate shape by using a small
number of secondary and tertiary structures. Such a rapid
collapse has been observed in the formation of intermediates for
some B-sheet proteins (31-33). For example, the burst-phase
intermediates of dihydrofolate reductase and IL-18 show sig-
nificant protection of the main chain hydrogens in the hydro-
phobic core of the B-sheet, suggesting an initial collapse (31, 32).
A rapid collapse without significant tertiary structures was
observed in the refolding of ubiquitin conducted at subzero
temperature (33), although the protein is the two-state folder at
room temperature (34). The current study unequivocally and
quantitatively demonstrated that a significant collapse is the
initial folding phase for a B-sheet protein without S-S bonds.
The second component, I, is formed with a time constant of
~14 ms and possesses a further collapsed conformation whose
overall shape is very similar to that of the native SMN. I(0)
decreases to the native level in the first phase, which suggests a
decrease in the amount of hydrated waters in the transition from
I; to I, (12, 35-37). I, possesses partial tertiary contacts dem-
onstrated by the specific binding site for ANS and the increased
Trp-4 fluorescence. The total content of secondary structures
estimated from the CD spectrum at 100 ms is ~22% and is
smaller than that of N (=52%). Thus, the transition from I, to
I can be described as the process whereby the partial tertiary
structure and the overall structural framework of SMN are
formed. We suggest that the overall fold of I, might be very
similar to that of the native conformation; however, the H-bond
network for the B-sheet has not been correctly developed.
The final phase, corresponding to the transition from I, to
N, occurs with a time constant of ~1.3 s. Because [62165] and the
fluorescence intensity of Trp-4 develop in this phase, the
formation of main chain H-bonds and the complete side chain
packing characterize the final phase in the folding of SMN. The
final folding phase for B-sheet proteins is frequently the
simultaneous formation of the B-sheet and tertiary structure
(38-40). Furthermore, the formation of the native structure is
generally slower for B-sheet proteins than for helical proteins,
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Fig. 4. Comparison of the folding trajectories for SMN, apoMb, and cyt cin
the 2D conformational space defined by secondary structural content (the sum
of the helix and B-sheet contents) and Ry. The filled diamond and square
represent the unfolded (U) and native (N) conformations of SMN, respectively.
The open squares correspond to the kinetic intermediates of SMN (I1 and I,).
The open circles and triangles correspond to the folding trajectories for
apoMb and cyt ¢, respectively, determined previously (11, 12).

as demonstrated by the correlation found for the rates of
formation of native states from intermediates against the
absolute contact orders (41). The significant energy barrier
confirmed for the final phase in the folding of SMN might be
explained by a breakage of the potential nonnative contacts
formed in I, having the collapsed conformation without the
correct H-bond network.

To demonstrate the remarkable differences between helical
and B-sheet proteins, the folding trajectories of SMN, apoMb,
and cyt ¢ were compared in the 2D space defined by R, and the
amount of secondary structure (Fig. 4) (11, 12). The L-shaped
trajectory of SMN contrasts with the more diagonal trajectories
of helical proteins, indicating that the folding landscapes are
distinct for proteins composed of different secondary structures.
Although both cyt ¢ and apoMb exhibit the cooperative acqui-
sition of helices and R, after the initial collapse, SMN shows
extensive collapse (=70% of the total change) with a small
increase in the content of secondary structure in the initial stage
and subsequently builds up its B-sheet in the collapsed confor-
mation. Brooks and coworkers (14, 15) found for the helical
proteins that native tertiary and secondary structures are formed
more or less commensurately. In contrast, their calculations on
B-sheet proteins showed L-shaped energy surfaces (15-17). Our
results are consistent with the theoretical prediction and suggest
the importance of the initial collapse for the B-sheet formation.

Origins of the L-Shaped Landscape of SMN. To understand the
origins of the rapid collapse in SMN, we first noticed that I
possesses no binding site for ANS and only a small content of
secondary structure. These observations seemingly suggest that
the significant collapse reflects the nonspecific condensation of
hydrophobic elements (42) and the possibility that the hydro-
phobicity of SMN might be significantly higher than that of
apoMb or cyt c. However, the average hydrophobicity of SMN
(—0.85) calculated with the Kyte-Doolittle scale (43) is com-
parable to that of cyt ¢ (—0.85) and smaller than that of apoMb
(—0.37). In fact, the primary sequence of SMN is less hydro-
phobic than those of two-state proteins that fold without an
initial collapse, such as the IgG-binding domain of protein L
(—0.53), ubiquitin (—0.60), and common-type acylphosphatase
(—0.62). Accordingly, it is difficult to interpret the initial col-
lapse only in terms of a nonspecific and random event. In
addition, the oblate shape of I; is less likely to be formed as the
result of a nonspecific random collapse. The collapse dynamics
of SMN should involve the formation of specific structural
elements to create the oblate shape of I;.

We propose the following mechanisms to explain the initial

Kimura et al.
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folding dynamics of SMN. The native-like overall shape of I;
can be naturally explained if we assume the formation of tight
turns in SMN and an extended conformation between the
turns. In line with this possibility, turn structures have been
demonstrated as a part of folding nucleation sites for many
B-sheet proteins that fold in the two-state manner (44-48). In
addition, B-sheet proteins generally possess many middle-
range contacts separated by 10-30 residues in the primary
sequence due to neighboring strands extending from tight
turns (49). Thus, once the tight turns are formed, they might
induce the formation of the middle-range contacts without the
correct H-bond network. The intrinsic length limits of the
two-stranded sheet extending from a tight turn might also

—
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explain the compactness of I; (50). The initial formation of
tight turns is reminiscent of the classical proposal that two-
stranded B-ribbons might be formed initially in Greek key
B-barrels (51). We propose that the specific collapse observed
in SMN would be important for the construction of the
topology of other B-sheet proteins.
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