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ABSTRACT: Folding experiments have suggested that some proteins have
kinetic intermediates with a non-native structure. A simple Go model does not
explain such non-native intermediates. Therefore, the folding energy landscape
of proteins with non-native intermediates should have characteristic properties.
To identify such properties, we investigated the folding of bovine -lactoglobulin
(BLG). This protein has an intermediate with a non-native -helical structure,
although its native form is predominantly composed of S-structure. In this study,

Burst-phase Intermediates

Denatured state

we prepared mutants whose --helical and 3-sheet propensities are modified and observed their folding using a stopped-flow circular
dichroism apparatus. One interesting finding was that E44L, whose 3-sheet propensity was increased, showed a folding intermediate
with an amount of S-structure similar to that of the wild type, though its folding took longer. Thus, the intermediate seems to be a
trapped intermediate. The high a-helical propensity of the wild-type sequence likely causes the folding pathway to circumvent such
time-consuming intermediates. We propose that the role of the non-native intermediate is to control the pathway at the beginning of

the folding reaction.

xperiments have shown that, although small proteins show
Etwo—state folding, the folding of proteins with more than
~100 residues involves a number of intermediate species.' >
The two-state folding process for small proteins is seemingly
consistent with a simple Go model, which is ideal for predicting
an energy landscape with a completely smooth surface. On the
other hand, larger proteins tend to have greater frustration in
their native conformation. Such frustrations likely lead to a more
rugged energy landscape for protein folding, which results in the
involvement of folding intermediates.®” It is not clear whether
such frustrations within the native conformation were introduced
by incidental mutations or by evolutional pressure.

Some researchers refer to an intermediate state to explain
positive effects. Several folding schemes with sgeciﬁc intermedi-
ates, includin% the hydrophobic collapse model®® and the frame-
work model,*'® have been suggested. The intermediates observed
in these models occur in the early stage of the folding process and
are assumed to reduce the conformational space to be searched
for the final, native state. On the other hand, intermediates with
non-native interactions have been shown to stabilize unfolded
forms in the absence of a denaturant, demonstrating that much of
the conformational search for the native structure occurs during
the very initial events of folding.'"'* The formation of non-native
contacts might increase the rate of folding by minimizing the
search for the native state to fewer dimensions.

In addition, some research groups suggested that the tempo-
rary formation of an O-helical intermediate is a general property
of the B-sheet proteins.'*'* Chikenji et al."® presented this idea
based on a simulation of the lattice model of a 5-barrel protein
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with a Go potential. Chen et al.'* also suggested the idea from an
analysis of the amino acid sequence of [3-sheet proteins based on
Lim’s theory."® This theory suggests that the sequences of 3-sheet
proteins inherently have the potential to form an amphiphilic ex-
tended helix of ~3.0 residues/turn as well as amphiphilic 0-helix of
3.6 residues/turn in the early stages of folding and that the potential
to form the extended helix should be higher than that to form the
O-helix for rapid folding because the extended helix is the inter-
mediate in the folding process leading to the final 3-sheet structure.

We have been investigating the folding of bovine [3-lactoglo-
bulin (fLG) to address the significance of a non-native folding
intermediate. SLG is a major whey protein abundant in bovine
milk."”"® It consists of 162 amino acid residues (18 kDa) and
contains two disulfide bonds (residue 66—residue 160 and
residue 106—residue 119) and a free thiol (residue 121). SLG
is a predominantly [3-sheet protein consisting of nine 3-strands
(A—T), of which strands A—H form an up-and-down f3-barrel,
and one major Ot-helix at the C-terminal end."”>' Among its
properties, including the binding of small hydrophobic
compounds>* and formation of a noncovalent homodimer,” is
a transient accumulation of intermediates with non-native o-
helices, followed by conversion to the native [3-sheet structure,
during the refolding process.** >

Previous studies have clarified the mechanism responsible for
the formation of the non-native Qt-helical intermediate as follows.
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Non-native -helices form at the N-terminal half of SLG from
strands A to D in the early stages of refolding via a local 0-helical
preference.“’n_29 Concomitantly, key elements of the native
structure are also formed at strands F—H and the major helix.* It
was reported that this intermediate assumes a compact confor-
mation,® which might result from the formation of the native
and non-native secondary structures. After this stage, the local
interactions are substituted with more stable, nonlocal interac-
tions forming the native S-structure.

To investigate the role of the non-native intermediate in SLG’s
folding, we prepared SLG mutants whose secondary structure
propensity is modified, believing that the at-helical propensity of
the sequence is coupled with the stability of the non-native
intermediate. Then, we measured the folding kinetics of the mutants
by stopped-flow CD as well as the stability of the intermediates in
Gdn-HCI titration experiments. The folding pathway changed
with the a-helical propensity. It is noted that Lim’s theory, which
was introduced above, was found to explain the importance of the
non-native intermediate and the changes in the folding behaviors
caused by the mutations observed in this paper. We suggest that
the SLG molecule circumvents a kinetically trapped state
through the non-native a-helical conformation, making its fold-
ing more rapid. Our results will provide further insights into the
role of folding intermediates.

B MATERIALS AND METHODS

Construction of an Expression Plasmid for C121A fLG. An
Escherichia coli expression system was selected for producing
C121A LG and its mutants. cDNA encoding C121A LG
within plasmid pPIC/SLG C121A, which was constructed for
the Pichia pastoris expression system,”" was amplified by PCR
using Pfu Turbo DNA polymerase (Stratagene Cloning Systems,
La Jolla, CA). The amplified DNA fragment was cloned into
E. coli expression vector pAED4”” using EcoRI and Ndel. A Met
residue was always present at the N-terminal position of the recom-
binant protein; that is, the amino acid sequence of the N-terminus is
Met0-Alal-Tyr2-Val3-Thr4-GInS-... Other mutations, G17E and
E44L, were introduced using the QuikChange site-directed muta-
genesis kit (Stratagene) as described previously.”

Expression and Purification of C121A LG and Its Mutants.
The mutants were expressed in E. coli BL21(DE3) pLysS
(Novagen, Inc, Madison, WI). C121A SLG and the other
mutants accumulated in inclusion bodies. As these SLG mole-
cules can contain non-native disulfide bonds, disulfide bonds
were reduced by dissolving the inclusion bodies in a 9 M urea
solution containing 20 mM DTT. Then, this solution was diluted
50-fold in 30 mM Tris-HCI (pH 8.0) containing 2 mM cysteine,
2 mM cystine, and 1 mM EDTA and stirred for 1 day at 4 °C for
the formation of correct disulfide bonds and refolding of
proteins. The refolded sample was applied to a column of CM
Sepharose CL-6B (GE Healthcare UK Ltd., Buckinghamshire,
England) equilibrated with S0 mM glycine-HCI (pH 3.0), and
the proteins were eluted with a linear gradient of NaCl (0 to
1 M). The fraction containing the major peak was applied to a
Resource S column (GE Healthcare) equilibrated with 50 mM
glycine-HCI (pH 3.0), and the proteins were eluted with a linear
gradient of NaCl (250 to 750 mM). The fraction containing the
major peak was dialyzed against 4 mM HCI and lyophilized.
Monomeric concentrations of C121A SLG and its mutants were
determined by measuring UV absorption using a U-3000 spec-
trophotometer (Hitachi, Tokyo, Japan). The protein extinction

coefficient (¢ = 18260 M~ ' cm ") was calculated from the amino
acid sequence data.**

Static CD Measurements. CD spectra were recorded with a
J-600 circular dichroism polarimeter (JASCO, Tokyo, Japan).
The sample conditions were 50 mM Gly-HCI (pH 2.0). Protein
concentrations were 0.1 and 1 mg/mL for far- and near-UV
measurements, respectively. The measurement temperature was
25 °C for checking the structure of the mutants (Figure 2) and
4 °C for the Gdn-HCl titration experiments (Figure 3). The
instrumental parameters were as follows: data acquisition inter-
val, 0.1 nm; scan rate, 20 nm/min; response, 4 s; bandwidth,
1 nm; number of accumulations, 4. For back-titration experi-
ments (see Results), a protein solution containing 6.4 M Gdn-
HCI was prepared. After overnight incubation at room tempera-
ture, the solution was diluted to various denaturant concentra-
tions and the CD measurements were taken.

Kinetic CD Experiments. The refolding reaction was initiated
by 8.5-fold dilution of a 7 mg/mL LG solution containing 3.8 M
Gdn-HCl and 50 mM Gly (pH 3.0) with dilution buffer [S0 mM
Gly (pH 3.0)]. The time course of ellipticity after the initiation of
the refolding process was monitored at 14 wavelengths ranging
from 210 to 250 nm. The measurements from 6.3 ms to 10 s were
performed using a stopped-flow CD apparatus (model 400 CD
spectrometer, AVIV Biomedical, Lakewood, NJ), whereas those
from 10 s to 30 min were taken using a CD spectrometer (J-720,
JASCO) with manual mixing. In addition, for E44L, the time-
dependent spectral change after 30 min was measured. The
measurements were performed at 10 °C because of the limit of
the thermostat of the apparatus.

Calculation of Amphiphilic Helical Potential. The helical
hydrophobic moment ({u4;)), a quantitative measure of helical
amphiphilicity, was calculated according to the method of Chen
et al.'"* using the equation

1/2

Uy ) = |: iis H, sin(én):| + |: iis H, cos(én):| /11

n=i—35 n=i—3
(1)

where (U3, is the helical hydrophobic moment for the ith
residue, O is the angular rotation between residues as viewed
down a helical axis (100° for an 0.-helix and 120° for an extended
helix), and H,, is the hydrophobic value assigned to residue 7.
Hydrophobic values were assigned to each amino acid using the
method of Eisenberg.*

B RESULTS

Design of Mutants with a Modified a-Helical Propensity.
The shuffling of a free SH group of Cys121 with other S—S
bonds that occurs in experiments on SLG folding leads to low
reversibility of the pH- and heat-denatured forms.***' Thus,
folding experiments with SLG have been performed mainly at
low pH, where the disulfide exchange reaction becomes very
slow.**?**~* Previously, we confirmed that a Cys121-substi-
tuted mutant of SLG (ie, C121A) showed an increase in
reversibility’' and that the mutant allowed us to study the folding
of SLG under various conditions. Here, we use this mutant in
folding experiments as a pseudo-wild type.

As mentioned, the ot-helical propensity of the sequence is
thought to be coupled with the stability of the non-native folding
intermediate. Thus, we designed amino acid sequences whose
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Sequence
Wild Type
Cl21A
C121A/Gl7E
C121A/E44L

E F G
Sequence
Wild Type ccecece cceece e
Cl21A cceece cececec
C121A/Gl7E cceece ccecece
Cl21A/E44L cccece ccecee e

MAYVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQKKIIAEKTKIPAV
cchhhhhccccchhhcchhhhhhhhhh? ?hhhh?ccccceeee? ?heccccccc?hhhhhhh?ccc?hhhhhhhhhh?ccc?e
cchhhhhccccchhhcchhhhhhhhhh? ?hhhh?ccccceeee? ?heccccccc?hhhhhhh?ccc?hhhhhhhhhh?ccc?e
cchhhh?ccccchhhhhhhhhhhhhhh? ?hhhh?ccccceeee? ?hccccccc?hhhhhhh?ccc?hhhhhhhhhh?ccc?e
cchhhhhccccchhhcchhhhhhhhhh? ?hhhh?ccccceeeeeee?cccccc?hh?hhhh?ccc?hhhhhhhhhh?ccc?e

H major helix

)

FKIDALNENKVLVLDTDYKKYLLFCMENSAEPEQSLVCQCLVRTPEVDDEALEKFDKALKALPMHIRLSFNPTQLEEQCHT
cccccc?hhhhhhh?ecccccchhhhhhhhhhhhh?cceeeeeccccccc??ccce
eecccccchhhhhhhhhhcccccchhhhhhhhhhhhheccceeeeeccccccc??ccce
cccccchhhhhhhhhhccccc?hhhhhhhhhhhhheccceeeeeccccccc??ccc
cccceccecchhhhhhhhhhecccccchhhhhhhhhhhhhccceeeeeccccecccc??ccce

Figure 1. Predictions of secondary structure for each mutant. Predicted secondary structures are indicated by h (helix), e (sheet), t (turn), and ¢ (coil).
The probabilities were predicted with ANTHEPROT.®® These results were the consensus of the results from GOR1, HNNC, MLRC, and Predator
algorithms. Predictions made with each algorithm are shown in Figure 1 of the Supporting Information.
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Figure 2. Structural comparisons of C121A, C121A/G17E, and C121A/E44L LGs by (A) far-UV CD, (B) near-UV CD, and (C) fluorescence. In
each panel, spectra of C121A, C121A/G17E, and C121A/E44L are colored black, red, and blue, respectively. As a reference, spectra of wild-type SLG are

shown with dotted lines.

secondary structure propensity in the N-terminal region was
modified. We chose two mutants, C121A/G17E (hereafter G17E)
and C121A/E44L (hereafter E44L). Predictions of secondary
structure are shown in Figure 1 and Figure 1 of the Supporting
Information. It is predicted that G17E has a greater a-helical
propensity at strand A with respect to the pseudo-wild type,
whereas E44L has a higher 5-propensity at strand B. From these
predictions, it is assumed that the G17E and E44L mutations lead
to stabilization and destabilization of the non-native intermedi-
ate, respectively.

We expressed the three mutants, C121A, G17E, and E44L, by
using E. coli. We checked their structures by far- and near-UV CD
and fluorescence spectroscopies. We found that their far- and
near-UV CD spectra were almost indistinguishable from those of
wild-type SLG (Figure 2A,B). In addition, the peak wavelengths
of the fluorescence for all mutants were ~330 nm (Figure 2C),
which is a characteristic value for a buried tryptophan residue. It
should be noted that a slight decrease in fluorescence intensity
for G17E was observed probably because the introduction of a
charged side chain, i.e., the carboxyl group of the glutamic acid,
decreased the efficiency of the emission from Trp19, which is the
main contributor to the fluorescence spectrum of SLG. These
observations confirm that there are no significant structural
modifications in the native structure.

Structural Stability of the Native and Intermediate Forms
of the Mutants. Trifluoroethanol (TFE) is known to induce
formation of the ot-helical structure of proteins.*® We checked
the dependence on TFE of the secondary structure for the three

mutants at pH 2.0 and 25 °C (Figure 2 of the Supporting
Information). The results indicated cooperative transitions from
the native to a-helical structure at ~15% (v/v) TFE for all three
mutants.

Then, Gdn-HCl-induced unfolding of the C121A, G17E, and
E44L SLGs was monitored by CD in the absence and presence of
TFE at 4 °C. It is reported that a non-native Q-helical inter-
mediate accumulates during chemical denaturation in the pre-
sence of TFE at a temperature lower than room temperature, **
and that this equilibrium intermediate is identical to the kinetic
intermediate.”” Panels A—C of Figure 3 show the Gdn-HCl-
dependent spectral changes of each mutant in the absence of
TFE, and panels D—F of Figure 3 show those in the presence of
10% TFE. Figure 3 of the Supporting Information also shows the
direct comparisons of spectra of each mutant at the same
denaturant concentration, i.e., 0, 0.8, 3.2, 4.8, and 6.4 M Gdn-
HCI. Panels G and H of Figure 3 show the Gdn-HCI dependence
of the molecular ellipticity at 222 nm for each mutant in 0 and
10% TEFE, respectively. Furthermore, to check the reversibility of
the unfolding reactions, back-titration experiments, in which a
protein solution containing 6.4 M Gdn-HCl was diluted to
various denaturant concentrations, were performed for each
mutant in the presence and absence of 10% TFE. The results
are plotted in panels G and H of Figure 3 as crosses. The data
agreed with original titration data, confirming the reversibility of
the unfolding reactions for all mutants.

In the absence of TFE, C121A and E44L showed two-state
unfolding (Figure 3G). On the other hand, G17E exhibited a
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Figure 3. Gdn-HCl-dependent ellipticity of each mutant. The Gdn-HCl titration experiments were monitored by CD. (A—F) CD spectra of each
mutant at various concentrations of Gdn-HCl in the absence of TFE (A—C) and in the presence of 10% TFE (D—F). (G and H) Gdn-HCl-dependent
ellipticity at 222 nm in 0% (G) or 10% TFE (H) plotted for each mutant. The solid lines in G and H are the theoretical curves calculated from eq 7. The
crosses are the results of back-titration experiments for confirming the reversibility of the unfolding.

minimum in ellipticity at ~0.8 M Gdn-HCI, which indicates an
accumulation of the intermediate (see Figure 3 of the Supporting
Information). These results indicate that, in the case of G17E, the
difference in energy between the intermediate and native forms is
smaller than that for C121A. The intermediates of C121A and
E44L might not be stable enough to significantly accumulate
during the Gdn-HClI titration in the absence of TFE.

In the presence of 10% TFE, C121A and E44L exhibited
minima in ellipticity at around 2.8 and 3.3 M Gdn-HC],
respectively, which indicates an increase in stability, and the
subsequent accumulation of the intermediate (see Figure 3 of
the Supporting Information). G17E showed an apparent two-
state transition. However, the ellipticity at 0 M Gdn-HCI
(ca. —10000) was markedly greater in magnitude than that of
the native structure at 0% TFE (ca. —5500). Thus, at 10%
TFE, the Gdn-HCl-induced unfolding of G17E starts from the
intermediate.

The Gdn-HCl-dependent changes in the ellipticities at various
wavelengths were simultaneously analyzed by curve fitting. For
the unfolding transition of SLG mutants, we assumed either a
two-state (N and U or I and U) or three-state (N, I, and U)

6501

mechanism. In the case of the three-state model, the equilibrium
constants between N and U or I and U were represented by

AG Gdn-HCI

Kny = exp <— NUo ¥ W;\;}[ t ]> (2)
AG Gdn-HCI

K]U = exp <— 0.0 * m];[]]_'[ 1 ]) (3)

where AGyyo and AGpyy are the free energy changes of
unfolding in the absence of Gdn-HCI, myy and myy are param-
eters for the cooperativity of unfolding, and R and T are the gas
constant and absolute temperature, respectively. From these
equilibrium constants, the fractions in the N, I, and U states
(fn, fi and fy, respectively) are calculated as follows

fn = Knu/X (4)
fi = K /X (3)
fu=1/X (6)
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Table 1. Stability of Each Mutant

sample model AGnu, (kJ/mol)
C121A, 0% TFE two-state —139+0.1
GI17E, 0% TFE three-state —7.8 £ 04
E44L, 0% TFE two-state —163+ 1.3
C121A, 10% TFE three-state —23.0+ 0.5
GI17E, 10% TFE two-state
E44L, 10% TFE three-state —-37.0£3.0

“ This value is fixed (see the text).

myy (k] mol ™' M)

AGyy (kJ/mol) myy (k] mol ' M%)

3.87 £0.29

7.63% —63+02 2.50 £ 0.08

4.93 £0.37

7.63 +0.20 —158 £ 0.5 3.57 +£0.10
—182+1.0 4.38 +0.24

9.18 & 0.62 —28.1+32 6.22 % 0.69

where X = 1 + Kyy + Kyu. The observed spectrum can be
constructed from the equation

[0]([Gdn-HCI], ) = fiw x [0]5(2) +fi x [0];(2)

+fu x [0ly(4) (7)

where A is a wavelength. [6]x(4) and [0]y(4) are the spectra
obtained at 0 and 6.4 M Gdn-HCI, respectively. It should be
noted that we used [6];0(1), which is the estimated spectrum of
the burst-phase intermediate state (Iy) from the stopped-flow
experiment (see below), as [0];(1) in eq 7, because the I state in
this equilibrium experiment is assumed to be identical to the Iy
state in a kinetic process. It is also noted that the myy value did
not converge in the fitting of G17E in 0% TFE because there are
not enough data points corresponding to the N state. Thus, the
myy value was set to the same value as that for C121A in 10%
TFE, because unfolding of CI21A under these conditions
showed a three-state transition and was assumed to have a similar
conformational transition. The model applied for the analysis
and fitting parameters obtained (Table 1) was validated by an
independent Gdn-HCI titration experiment monitored by fluor-
escence (see the Supporting Information).

The results confirmed that the AG, value of the native form of
G17E was decreased with respect to that of C121A, which leads to
the accumulation of the intermediate of G17E during the Gdn-HCI
titration even in the absence of TFE. It is interesting that the E44L
mutation seems to stabilize both the native and intermediate con-
formations with respect to the wild type. This indicates that the
increase in 3-sheet propensity caused the stabilization of both forms.

CD Stopped-Flow Experiments. We observed the refolding
of the mutants by using CD. The Gdn-HCI titration experiment
revealed that C121A LG assumes the native state at 0.45 M
Gdn-HCI and unfolded state at 3.84 M Gdn-HCl in the absence
of TFE (Figure 3G). Thus, refolding was initiated by 8.5-fold
dilution of the unfolded protein in 3.84 M Gdn-HCI with 50 mM
Gly-HCI (pH 2.0), which results in a final Gdn-HCI concentra-
tion of 0.45 M. All kinetic experiments were conducted at 10 °C
because the folding kinetics would be too fast to monitor with the
apparatus at room temperature.24

The refolding kinetics of the three mutants, as monitored by
measuring the ellipticity at various wavelengths, are shown in
Figure 4A—C. As previously reported for wild-type SLG, the CD
intensity exceeded the native value within the dead time of the
measurement (overshoot) and then returned slowly to the native
value.”** Similar overshoots observed here indicate that these
mutants fold in a manner similar to that of the wild type.

To precisely characterize the folding process for each mutant,
we determined the folding rate and ellipticity of each conforma-
tion from the experimental data. Refolding curves at various

wavelengths (Figure 4A—C) were simultaneously analyzed by
curve fitting with a theoretical equation that assumes one to three
exponential phases after the burst phase.

n

[01(4,1) = [0]o(A) + X AilA) exp( — kit) (8)

i=1

where [0](4,t) is the observed ellipticity at wavelength A and
time £, [0].(4) is the ellipticity at infinity, n is the number of
observed phases, and A;(1) and k; are the amplitude and rate
constant for the respective phases, respectively. It is noted that k;
is the global variable for all traces at any wavelength, whereas
A{(A) and [0]. (1) were the specific variables for individual
wavelengths. Then, the spectra for each state were calculated
from A; and [0] .. For example, when n = 2, the spectrum of the
I, state is calculated as [6]19(4) = [0](A) + A () + A,(1). The
apparent rate constants of the respective phases are listed in
Table 2, and reconstructed spectra for the respective states are
shown in Figure 4D—F. It is thought that the dimerization
reaction is not involved in these phases because SLG exists as a
monomer at acidic pH. It was confirmed that there is no
dimerization process in the folding of wild-type SLG.**

We roughly estimated the secondary structure for the con-
formations identified in the kinetic experiment. We assumed
the CD spectrum to be the sum of pure spectra of a-helix,
B-sheet, and random coil structures, which leads to the following
equation:

[01(2) = fo x [0]4(4) + £ X [6]5(4) +fa > [0]x(2)  (9)

where [60]4(4), [0]5(4), and [0]r(4) are pure CD spectra of
the oi-helix, 3-sheet, and random coil, respectively. fg, fp and fi are
the fractions of each structure. We fitted the spectra of the
identified forms to the equation to obtain fg, f3, and fr. We
quoted the spectra of the a-helix and [-sheet from Greenfield
and Fasman®’ and assumed C121A at 6.4 M Gdn-HCI to have
pure random-coil spectra. The fitting results are summarized in
Figure S and Table 2 of the Supporting Information. This analysis
revealed that the behaviors of the two mutants were significantly
perturbed. It should be noted that the secondary structure
contents evaluated from this procedure might contain some
error because the ellipticity data at <210 nm are not available
because of the high absorbance of Gdn-HCl. However, as
the changes in secondary structure content seem beyond the error,
we can discuss the effect of the mutations on the intermediate
structure.

CI121A was found to refold with a two-phase process. The
analysis of secondary structure confirmed that the burst-phase
intermediate (Iy) of C121A has greater O-helical content than
the native form, and that a decrease in (t-helical content and
increase in f-sheet content occurred concomitantly in the
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Figure 4. Refolding kinetics of C121A (A), G17E (B), and E44L (C) SLGs monitored by CD at various wavelengths. Data from the stopped-flow CD
apparatus (6.3 ms to 10 s) and manual mixing experiment (10 s to 30 min) are linked. The raw data are represented by dots. The solid lines indicate the
theoretical curves resulting from simultaneous fittings of the data at various wavelengths to eq 8, in which two- to four-state transitions are assumed in the
folding processes. (D—F) Spectra corresponding to each kinetic state calculated from the results of the stopped-flow experiments for C121A (D), G17E
(E), and E44L (F). In these panels, the circles indicate the calculated spectra and solid lines indicate the native (black) and denatured (blue) states.

Table 2. Kinetic Parameters Obtained from Stopped-Flow
Experiments

ki (s ky (s7) ks (s71)
CI2IA  930£0.11 (276 £0.02) x10°° —
GI7E 668008 — -
E44L 7154001  (2.0140.00) x 107> (9.03 4 0.00) x 10~°

following phases (Ip — I, and I, — N (Figure S and Table 2 of
the Supporting Information). This process is the same as that
observed for wild-type LG, which further confirmed that
CI121A can be treated as a pseudo-wild type.

G17E also exhibited a burst-phase intermediate with a non-
native Ot-helical structure. Of note, the Q-helical content of burst-
phase intermediates of G17E was greater than that of CI21A.
This observation confirmed that the -helical structure is more
favorable for G17E than C121A, consistent with the prediction of
secondary structure. G17E LG exhibited single-phase refolding.
After the burst-phase intermediate, decreases in O-helical content
and a concomitant increase in [3-sheet content were also ob-
served. However, G17E did not reach a completely folded state.
In this experiment, 0.45 M denaturant remained after the
dilution. Under these conditions, the stability of the intermediate
of G17E is comparable to that of the native form (Figure 3G).

E44L also exhibited behavior different from that of C121A.
E44L showed a three-phase folding reaction. Although the
rate constants for the first two steps were similar to those of
C121A, that for the third phase was 20-fold slower. The folding
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intermediates of E44L had less -helical content than those of
C121A, consistent with the prediction of secondary structure.
The burst-phase intermediate of E44L (I,) contained 11.0%
o-helix and 22.9% [-sheet. The f3-sheet content is similar to
that of I}, I,, and the native form but much greater than that of
intermediates of C121A and G17E. These results indicate that
the folding of E44L adopts a different route. The significant
retardation of folding was probably associated with the increase
in the f-sheet content of the burst-phase intermediate.

B DISCUSSION

Figure S shows that C121A SLG first assumes I, which
contains non-native at-components (Figure S, black line). Then,
the ®t-component decreases with a concomitant increase in the
fB-component from Iy to N via I}, as reported for wild-type
BLG.** GI7E BLG has the burst-phase intermediate with greater
O-helical content, whereas it also shows a decrease in the o-
component with a concomitant increase in the 5-component. On
the other hand, the burst-phase intermediate of E44L SLG had as
much of the f-component as the native form did. Then, via
several intermediates with fewer O--components, it achieved the
native state. Thus, the pathways of both G17E and E44L seem
slightly different from that of C121A.

A detailed folding process of SLG was proposed on the basis of
the previous experimental results.”® Adding some new pictures
based on our results, we propose a modified scenario of SLG
folding as follows (Figure 6, middle row). (i) The first step is
the accumulation of the burst-phase intermediate (), in which
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Figure 5. Plots of the estimated 0.- and [3-contents of each kinetic state
for each mutant. The folding time dependence of the secondary
structure is shown. (A) o- and S3-components for each kinetic state,
which were obtained by decomposition analysis (see the text). (B)
Transition times (i.e., 1/k) plotted vs the o-component. The red, blue,
and black lines correspond to the data for G17E, E44L, and CI21A,
respectively.

non-native Q-helices at strands A—D and core 3-sheets at strands
F—H are concomitantly formed. (ii) Propagation of [3-sheet
formation occurs from the core F—H sheet as the template. The
formation of strands B—E might proceed through either the
sequential development of hydrogen bonds or interactions of
hydrophobic side chains oriented toward the inside of the central
cavity. (iii) Finally, conversion of the non-native helix A to a 3-strand
is induced by the remainder of the molecule. This conclusion was
reached on the basis of the discussions described below.

Effect of the G17E Mutation. The G17E mutation was
predicted to increase the propensity for the O.-structure at strand
A. The quenched-flow experiment followed by nuclear magnetic
resonance (NMR) measurements performed by Kuwata et al.*°
revealed a non-native O-helix in strand A region. The o-
components of the burst-phase intermediates of C121A and
G17E made up 19.6 and 24.8% of the total, respectively. Thus,
the difference was attributed to the increased stability of helix A.

In the folding of C121A and G17E, a similar process follows
the burst phase. However, G17E SLG was trapped as I, in the
folding pathway and could not adopt the native conformation
(steps c and fin Figure 6). The incomplete conversion of I, to N
observed in the folding of G17E might come from overstabiliza-
tion of helix A. The final step in the folding of SLG might
correspond to the breaking of the o-helix and concomitant
conversion to 3-strands in the strand A region, which might be
induced by the formation of the rest of the molecule, probably
strand B, through hydrogen bonds. It is thought that the over-
stabilization of the non-native Qt-helix at strand A inhibits the
conversion. Although it is necessary for an t-helix to form in this

Burst-phase Intermediates  Kinetic Folding Intermediates

Denatured state

E44L
] Native o

B | Native B g
Non-native o. ¢
[_JIncorrect B

Figure 6. Schematic representation of the proposed process of SLG
folding. A series of kinetic states are illustrated for G17E (top row),
C121A (middle row), and E44L (bottom row). at- and 3-structures seen
in the native conformation are colored red and blue, respectively. Non-
native O~ and incorrect f3-structures are colored orange and green,
respectively.

Amphiphilic helical potential

1 1 1
120 140 160

Residue No.

Figure 7. Amphiphilic helical potential at periods of 3.6 (red) and 3.0
(blue) residues/turn in each mutant. The y = 0.35 horizontal line reflects
a “cutoff” value set roughly at a point where three or more consecutive
values that exceed that potential are indicative of native amphiphilic
-helices in ot-helical proteins.'* Areas in which the amphiphilic o
helical potential exceeds the amphiphilic extended helical potential are
shaded light red. Areas in which the amphiphilic extended helical poten-
tial exceeds the amphiphilic extended o-helical potential are shaded light
blue. The orange and green boxes indicate the positions of the mutations
of G17E and E44L, respectively.

region, it is also a requisite that the 0t-helix be unstable as it must
be converted in the later stages of the folding process.

There was no significant difference between the k; values for
CI21A LG and G17E LG (steps b and e in Figure 6), which
suggests that no structural change involving the strand A region
occurs in the step leading from I to I;. The decrease in 0t-content
and the concomitant increase in 3-content might be attributed to
another region, probably the region of strands B—E. Kuwata
et al.* reported a high a--helical propensity and the absence of
strong protection in this region. From these reports, the region of
strands B—E might assume non-native, fluctuating helices, which
can be observed with CD.

Effect of the E44L Mutation. E44L exhibited three-state
folding. It is characteristic that the 3-content of I, was as great
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as that of the native structure with slightly more 0.-content. From
I, to the native conformation, a decrease in 0-helical content was
observed.

Although the 3-content of I; was as great as that of the native
form, E44L took longer to fold than C121A. Thus, the f-
structure formed in the burst-phase intermediate is thought to
have incorrect hydrogen bonds or wrong side chain packing (step
g in Figure 6). It is possible that they include intermolecular
interactions as well as intramolecular ones. Such incorrect
structures might occur when the region of strands A—D solely
forms f3-sheet structure without any guide or template. This state
seems a glasslike state, in which non-native interactions can still
be somewhat stabilizing.*® Previously, we reported that the
disulfide-linked SLG dimers assume such a glassy state in its
folding process. The trapped state appears after the formation of
the core region in the burst phase and assumes considerable
secondary and tertiary structures with additional non-native
interactions between the monomers.” In the case of E44L, various
structures with the wrong registration of hydrogen bonding, each
of which corresponds to a local minimum, are formed at the I,
state and remain present until the I, —N conversion step occurs.
As these structures lead to a rugged surface of the energy land-
scape, it takes time to escape from these states with incorrect
[-sheet structures. On the other hand, in the native conforma-
tion, the high 3-propensity gives additional stability as 5-strands
with hydrogen bonds are stabilized. Therefore, although the high
B-propensity gives a highly stable native structure, it inhibits
rapid folding because it can lead to incorrect interactions. The
high o-helical propensity of the N-terminal half of the SLG
sequence might shift the folding pathways around such a
kinetic trap.

It should be noted that the points discussed above are further
supported by Lim’s theory in terms of the importance of the non-
native intermediate for the 0.—f3 transition and the changes in the
stabilities and structures of the intermediate states caused by the
mutations.'*'® This theory suggests that the region with high
potential for the extended helix is the starting point of the
transformation from the helical to sheet structure, whereas high
potential for the 0t-helix prevents the transformation to slow the
folding. Figure 7 shows amphiphilic helical potentials for the o
helical and extended helical structures calculated from the LG
sequence with the methods of Chen et al."* The spanning region
from strand F to H has no propensity to form the o-helix or
extended helix, whereas the region from strand A to D has the
potential to form both 0t-helices and extended helices, consistent
with the finding that the strands F—H form a [3-sheet core rapidly,
whereas strands A—D form a helical structure followed by an o.—f3
transition. It is interesting that strand E has high potential for the
extended helix, suggesting that it forms after the [3-sheet core, and
then the 0.—/3 transition at strands A—D follows.

The amphiphilic helical potentials for G17E and E44L are
shown in Figure 7 (top and bottom panels, respectively). The
G17E mutation increases the potential for the 0-helix rather than
the extended helix (indicated by an orange box), supporting the
enhanced stability of helix A and the prevention of the subse-
quent transition to the native state. On the other hand, the E44L
mutation induces a loss of potential for amphiphilic helices
(indicated by a green box), suggesting that the decrease in the
level of transient formation of the helical structure enhances the
rapid formation of the 3-sheet structure.

Role of the a-Helical Intermediate of Wild-Type LG and
Other f-Sheet Proteins. It should be noted that the concepts of

“on-pathway” and “obligatory” intermediates should be distin-
guished. Both are based on the energy landscape theory, in which
there are uncountable fluxes from the unfolded ensemble to the
native conformation. In the case of relatively simple proteins, we can
assume a simplified sequential folding scheme (e.g, U —1— N)
and the terms on- and off-pathway intermediate seem approp-
riate.*”*® However, for more complex proteins, there will be
more states on the energy surface, and each of them is inter-
changeable with other states. In such situations, it is difficult to
define clearly whether individual states are on- or off-pathway inter-
mediates. Because the folding of SLG is such a case, we focus only
on whether the non-native intermediate of SLG is obligatory.

Our answer to the question mentioned above is that the non-
native O-helical intermediate is not an obligatory intermediate.
According to various reports,”' "> some proteins potentially
have multiple folding pathways and which pathway is followed
varies depending upon the folding conditions and the presence of
mutations. In such cases, there are multiple choices, leading to no
obligatory intermediates. On the basis of this view, the I, states of
C121A and E44L are on different pathways, and therefore, the
non-native O-helical structure seen in the wild type is not an
obligatory intermediate state. However, these pathways appear to
be closely related and comprise similar events; i.e., a collapse of
the polypeptide chain occurs during the burst phase,’® and a
rearrangement of the secondary structure occurs during the
following steps. Therefore, C121A and E44L have similar folding
rate constants. Multigéle pathways of SLG folding were indicated
in a previous report.

However, the non-native 0-helix contributes to suppression of
the formation of an incorrect f3-structure in the region of strands
A—D. In the case of E44L, the total folding time was longer than
that of the wild type because an incorrect f3-structure is assumed
to form. As described above, we suggest that the -barrel of SLGs
is formed in a stepwise manner; that is, the first step is the
formation of the f-sheet consisting of strands E—H, and the
second step is the formation of the other 3-sheet consisting of
strands A—D. At the first step, the non-native t-helices in strands
A—D form as a result of the local secondary structure preference.
Probably, the formation of the non-native Q-helices in these
regions has an important role in sequestering redundant donors
and acceptors of the hydrogen bonds in these strands from
strands E—H not to interrupt the formation of the core f-sheet.
Kuwata et al.>® also published a similar discussion about the
significance of the «-helical intermediate. To confirm our
suggestions and to obtain a more detailed picture of LG folding,
conformational changes at the residue level should be precisely
investigated using NMR in the future.

Recently, Tsukamoto et al.>* reported the folding of human
tear lipocalin (HTL), one of the lipocalin proteins. Although
the burst-phase intermediate of HTL also showed a large
contraction in the radius of gyration, it does not contain signi-
ficant at-helical content. Nevertheless, HTL accomplished its
folding within 20 s, which is more rapid than that of wild-type
BLG, whose folding time is more than 1000 s at 4 °C or 100 s at
20 °C.*° From these results, they suggested that the non-
native O-helical intermediate is unnecessary for the folding of
lipocalins. However, according to Lim’s theory, helical inter-
mediates could not be observed because, although HTL has
the potential to form the extended helix, it could just be
refolding rapidly. This possibility needs to be tested with
kinetic experiments in the presence of TFE like those that
Chen et al."* have performed.
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Bl CONCLUSION

We addressed the significance of the non-native folding
intermediate of SLG. We suggest that the formation of the
non-native O-helices causes the folding pathways to circumvent
accumulative misfolded species. In other words, the non-native
intermediate channels the folding pathway away from nonpro-
ductive f3-sheet formation. Moderate-sized proteins could adopt
strategies by which such nonproductive intermediates are avoided.
This strategy may be widely adopted by other proteins. It is likely
that there are other strategies for the effective folding of proteins,
and elucidating them will lead to a clearer understanding of
protein folding mechanisms.
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