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ABSTRACT. Effects of proline isomerizations on the equilibrium unfolding and kinetic refolding of
staphylococcal nuclease were studied by circular dichroism in the peptide region (225 nm) and fluorescence
spectra of a tryptophan residue. For this purpose, four single mutants (P11A, P31A, P42A, and P56A)
and four multiple mutants (P11A/P47T/P117G, P11A/P31A/PATT/P117G, P11A/P31A/PA2A/IPATTIP117G,
and P11A/P31A/P42A/P4TT/P56A/P117G) were constructed. These mutants, together with the single and
double mutants for Pfd and Pré'” constructed in our previous study, cover all six proline sites of the
nuclease. The P11A, P31A, and P42A mutations did not change the stability of the protein remarkably,
while the P56A mutation increased protein stability to a small extent by 0.5 kcal/mol. The refolding
kinetics of the protein were, however, affected remarkably by three of the mutations, namely, P11A,
P31A, and P56A. Most notably, the amplitude of the slow phase of the triphasic refolding kinetics of the
nuclease observed by stopped-flow circular dichroism decreased by increasing the number of the proline
mutations; the slow phase disappeared completely in the proline-free mutant (P11A/P31A/P42A/PA4TT/
P56A/P117G). The kinetic refolding reactions of the wild-type protein assessed in the presence of
Escherichia colicyclophilin A showed that the slow phase was accelerated by cyclophilin, indicating that
the slow phase was rate-limited by €isans isomerization of the proline residues. Although the fast and
middle phases of the refolding kinetics were not affected by cyclophilin, the amplitude of the middle
phase decreased when the number of the proline mutations increased; the percent amplitudes for the
wild-type protein and the proline-free mutants were 43 and 13%, respectively. In addition to these three
phases detected with stopped-flow circular dichroism, a very fast phase of refolding was observed with
stopped-flow fluorescence, which had a shorter dead time (3.6 ms) than the stopped-flow circular dichroism.
The following conclusions were drawn. (1) The effects of the P11A, P31A, and P56A mutations on the
refolding kinetics indicate that the isomerizations of the three proline residues are rate-limiting, suggesting
that the structures around these residues'{PRyc*, and Pré% may be organized at an early stage of
refolding. (2) The fast phase corresponds to the refolding of the native proline isomer, and the middle
phase whose amplitude has decreased when the number of proline mutations was increased may correspond
to the slow refolding of non-native proline isomers. The occurrence of the fast- and slow-refolding reactions
together with the slow phase rate-limited by the proline isomerization suggests that there are parallel
folding pathways for the native and non-native proline isomers. (3) The middle phase did not completely
disappear in the proline-free mutant. This suggests that the slow-folding isomer is produced not only by
the proline isomerizations but also by another conformational event that is not related to the prolines. (4)
The very fast phase detected with the fluorescent measurements suggests that there is an intermediate at
a very early stage of kinetic refolding.

The understanding of the mechanism of protein folding are not directly related to the accumulation of the folding
has remarkably progressed during the past decade. Manyintermediates; the complex folding kinetics of these proteins
globular proteins have been found to accumulate intermediatehave often been interpreted in terms of the heterogeneity of
states during refolding from the unfolded (U) state to the the U state. In most cases, the heterogeneity of the U state
native (N) state. The structure of these intermediates has beemrises from the isomerizations of>Pro peptide bonds in
characterized in detaillc-10). However, certain globular  proline-containing proteing(11—21). Proline isomerization
proteins show complex multiphasic refolding kinetics that is a slower reaction than folding. Therefore, the isomerization
to a native proline isomer in the U state is occasionally rate-
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Ficure 1: X-ray crystal structure of wild-type SNase. The six
proline residues and THY are shown explicitly. The drawing was
generated using the program MOLSCRIRIB)(

is because the isomerization of an-Rro peptide bond is a
significant process in both in vitro and in vivo folding
reactions.

Staphylococcal nuclease (SNdsé&y a small globular
protein of 149 amino acid residue2?j. SNase lacks both
disulfide bonds and cysteine residues. Its high-resolution
X-ray crystal structure is available (Figure 1); it contains
three helices and a five-strand@dbarrel @3, 24). This
protein shows multiphasic kinetics of folding; there are at
least three (fast, middle, and slow) phases of refolding
kinetics under the present conditions (pH 7.0 and°@).
SNase contains six proline residues RrBro™, Prd?, Prd",
Pro8, and Pré'’) (22). The X—Pro peptide bonds of P¥p
Pro*, Prd*, and Pré® are in the trans form in the N state
(see Figure 1), while the XPro peptide bonds of Ptband
Prot'” can be either in the trans form or in the cis forg®,
26). Thus, the isomerization of some of the six-Rro
peptide bonds of the protein may be responsible for the
multiphasic folding kinetics 27—30). In fact, recently,
Walkenhorst et al.31) have shown that the slow phase of
the kinetic refolding disappears in the Pro-minus mutant in

which all six proline residues of SNase are replaced by other
P P y | (residue 43-53) are not responsible for the slow phase of

amino acids. However, the contributions of the individua
X—Pro bonds to the folding of this protein are not yet fully
understood.

We have previously studied the effects of isomerizations
of Pra#” and Prd'’ on the stability and the folding of SNase
with circular dichroism (CD), absorption spectroscopy, and
molecular dynamics simulatior3@). To study the effect of

1 Abbreviations: SNase, staphylococcal nuclease; CD, circular
dichroism; P42P56, P11A/P31A/PA7T/P117G; P56, P11A/P31A/P42A/
PA7T/P117G; Pro, P11A/P31A/P42A/PATTIP56A/IP117G; CyPA,
cyclophilin A; PPlase, peptidyl prolytis—trans isomerase; EDTA,
ethylenediaminéy,N,N',N'-tetraacetic acid; DNase |, deoxyribonuclease
I; DTT, dithiothreitol; EGTA, [ethylenebis(oxyethylenenitrilo)]tetraacetic
acid.
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isomerization, we constructed SNase mutants (P47A, P47T,
P117G, and P47T/P117G). It has been shown that the P47A
and P47T mutations cause no changes in the stability, nor
do these mutations affect folding kinetics. Molecular dynam-
ics simulations have shown that the loop region, wheré’Pro
is located, is highly flexible. The isomerization of the dis

Pra*’ peptide bond is therefore expected to have no effect
on the folding reaction of the SNase molecule. On the other
hand, the P117G mutation increased stability and changed
both the folding and unfolding kinetics of SNas80).
However, the P47T/P117G double mutant still exhibits
multiphasic kinetics with the slow phase that are known to
be absent in the Pro-minus mutaBi); apparently there are

at least four phases in the refolding of P47T/P117G at pH
7.0 and 20°C. Therefore, other proline residues must be
responsible for the multiphasic behavior of SNase folding.

In this study, we first investigated the isomerizations of
Prol, Prol, Pra®?, and Pré® to determine their roles in the
folding of SNase. To study the role of these isomerizations
in the folding of SNase, we constructed four new single
mutants of SNase (P11A, P31A, P42A, and P56A) and four
multiple mutants of SNase [P11A/P47T/P117G, P11A/P31A/
P47T/P117G (P42P56), P11A/P31A/P42A/PATT/P117G (P56),
and P11A/P31A/P42A/PATT/P56A/P117G (PloEquilib-
rium and kinetic CD measurements were used to study the
equilibrium unfolding and the kinetic refolding of wild-type
SNase, the four single mutants, the P47T/P117G mutant
constructed previously, and the above four multiple mutants.
The refolding of wild-type SNase in the presence of
Escherichia colicyclophilin A (CyPA) was then considered.
Because CyPA has peptidyl prolgis—trans isomerase
(PPlase) activity, the effect of CyPA on the refolding kinetics
provides information about which phases of the multiphasic
refolding are rate-limited by proline isomerizatids2( 33).

The kinetic refolding of Pro was also studied by intrinsic
tryptophan fluorescence for the purpose of investigating a
very early stage of refolding kinetics. This very early stage
is more brief than the fast phase of the refolding but
important for fully understanding the overall folding process.

The effects of isomerization of individual proline residues
on kinetic refolding were found to be remarkably different.
This study shows that isomerizations of the proline residues
(Pra%, Pra®, and Pré&®) that are involved in a hydrophobic
core formed by a five-strandgtibarrel and helix 1 are rate-
limiting and are responsible for the slow phase of refolding.
On the other hand, the isomerizations of the proline residues
(Prag*” and Prd") that are close to or within a flexible loop

refolding. These results also show that not only the slow
phase but also the middle phase of refolding is associated
with proline residues. However, in contrast to the slow phase,
the middle phase is not rate-limited by proline isomerization.
The relationship of these results to the mechanism of SNase
folding will be considered in the Discussion.

MATERIALS AND METHODS

Chemicals.A specially prepared reagent grade urea for
biochemical use was purchased from Nacalai Tesque Inc.
(Kyoto, Japan). The urea stock solution was deionized with
a mixed-bed column of Amberlite IR-120B and IRA-402
for removal of cyanate and ammonium ions. Cyanate in
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particular is known to modify the amino groups of proteins with 50 mM sodium cacodylate, 50 mM sodium chloride,
(34). The urea solutions were used within several days. An and 1 mM EGTA. The sample solutions for equilibrium
Atago 3T refractometer was used to determine the concentra-measurement were prepared by diluting the protein solution

tion of urea with a refractive index of 589 nr&4). All other thus prepared with the same buffer containing an appropriate
chemicals were either specially prepared or guaranteedconcentration of urea. The concentrations of wild-type SNase
reagent-grade chemicals. and all mutants used were 6:8.5 mg/mL.

Single and Multiple Mutants of SNaséhe expression Sample Preparation for Kinetic Measuremerithie re-

plasmids of single and multiple mutants of SNase were fo|ding buffer solution for kinetic measurements in the
constructed from pMT7-SN and pMT7-SN-P47T/P117G apsence of CyPA contained 50 mM sodium cacodylate, 50
(30), respectively, using the Kunkel method, employing @ mm sodium chloride, and 1 mM EGTA. The solution for
MUTA-GENE phagemid in vitro mutagenesis kit (Bio-Rad) measurements in the presence of CyPA contained 25 mM
(35). Both pMT7-SN and pMT7-SN-P47T/P117G involve phosphate, 50 mM sodium chloride, 1 mM EGTA, and 1
a promoter for T7 RNA polymerase to overexpress the mm DTT. The lyophilized protein was dissolved in a buffer
proteins 86) and an intergenic region of phage M13 DNA.  solution that contained 4.5 M urea (pH 7.0) for refolding,
All the sequences of the genes of the single and multiple which was induced by a urea concentration jump (4.5 to 0.39
mutants of SNase were identified by an ALF express M), Another method of dissolving the lyophilized protein
autosequencer (Pharmacia). included a pH 1.8 solution, which induced refolding by
Purifications of Single and Multiple Mutants of SNase. causing a jump in the pH. The protein solutions were filtered
The single and multiple mutants of SNase were purified by through a membrane filter (MILLEX, pore size of 0.48)
methods reported previously3@, albeit with a small  and degassed before measurements. Refolding was initiated
modification. The cells containing the protein were lysed by by stopped-flow mixing of the unfolded protein solution and
sonication in a buffer containing 50 mM Tris-HCI, 1 mM  the refolding buffer solution. CyPA was contained in the
ethylenediamingy,N,N',N'-tetraacetic acid (EDTA), 100 mM  refolding buffer when the extent of refolding was measured
sodium chloride, and 138M phenylmethanesulfonyl fluo-  in the presence of CyPA. The pH of the refolding buffer for
ride (pH 8.0). The supernatant was collected, to which the pH jump was adjusted so that the final pH was 5.9 or
deoxyribonuclease | (DNase I) and MgGlere added so  6.6. The final pH value of 5.9 was chosen because it was
that the concentrations of DNase | and Mg@ere 0.1 mg/ yseful in reducing the rate of refolding for detecting the very
mL and 2 mM, respectively. After the protein solution was fast phase. The concentrations of wild-type SNase and all
incubated fo 1 h atroom temperature, ammonium sulfate  of the mutants of SNase were 0.1 mg/mL for the kinetic CD
was added to 35% saturation and further ammonium sulfatémeasurements and 0.01 and 0.1 mg/mL for the kinetic
was added to the supernatant to reach 80% saturation. Theluorescence measurements, respectively.
precipitate by the ammonium sulfate fractionation was
dissolved in a buffer containing 100 mM ammonium acetate, o
10 mM dithiothreitol (DTT), ad 6 M guanidine hydrochlo-

MeasurementAll measurements were carried out at 20
C with circulating water. Equilibrium CD spectra were
. . X . Obtained with a Jasco J-720 spectropolarimeter. The mean
ride (pH 8.0) to completely dissolve the protein. The protein o e ellipticity was calculated by taking 113 as the mean

solution was loaded onto a Sephacryl S-100 column equili- ociq,e wei

; ' ght of SNas@%). The path lengths of the sample
brated W'.th a 100 r_nl\_/l ammonium acetate buffer (pH 8.0). cells for the equilibrium measurements were 1.00 and 10.0
The fractions containing the protein were collected and then m for the far- and near-UV regions, respectively. Kinetic

passed through a fast-flow S Sepharose column equilibrated~ 1 easurements were carried out using a stopped-flow

with @ 50 mM Tris-HCI buffer (pH 8.0). The column was o 3115 (specially constructed by Unisok, Inc., Osaka,
eluted W'th a linear gradlent_ (.jf S°d'“”.‘ chlor!de to a f|na_1| Japan) with a dead time of 23 ms. The apparatus was attached
concentration of 1 M. The purified protein _splutlon was again 1, the" ahove spectropolarimete&39( 40). The path length
applied to a Sephacryl S-100 column equilibrated with a 100 and the mixing ratio of the stopped-flow apparatus were 3.8

mM ammonium acetate buffer (pH 8.0), which was then 5, anq 1:10.4, respectively. Kinetic fluorescence measure-
followed by lyophilization. The concentrations of wild-type ments were carried out using a stopped-flow fluorometer,

SNase and a.‘” of the_ mutants qsec_i were d_et_ermi?ed SPECWhich was specially designed and constructed by Unisok,
trophotometrically using an extinction coefficied®, ¢, Inc. This fluorometer has a dead time of 3.6 ms. The
of 9'3. at 2.80 nm22). . , refolding reaction was assessed by monitoring time-depend-
Purification of CyPA. E. col(HB101) cells carrying the o changes of the tryptophan fluorescence intensity of the
genes of CyPA on a plasmid pATtrpEPPIb were described . o1ain The excitation wavelength was 295 nm. The emis-
previously 87). CyPA was purified with a previously  gjon ight above 320 nm, obtained with an SC32 high-pass

described method). o filter which cut off the light below 320 nm, was detected.
Sample Preparation for Equilibrium Measuremernibe The path length and mixing ratio were 2 mm and 1:9.7,
lyophilized protein was dissolved in a buffer containing 50 respectively.

mM sodium cacodylate, 50 mM sodium chloride, 1 mM

[ethylenebis(oxyethylenenitrilo)]tetraacetic acid (EGTA), and ResuULTS

a high concentration of urea (typically 8 M) (pH 7.0). A

high concentration of urea is necessary for the protein CD Spectra of Wild-Type and Mutant SNaBgures 2a,b
molecules to be monomeric. After filtration through a and 3a,b show the far- and near-UV CD spectra of wild-
Millipore membrane filter (MILLEX-HV) with a pore size  type SNase, its four single mutants (P11A, P31A, P42A, and
of 0.45 um, the protein solution was passed through a P56A), and its four multiple mutants (P11A/P47T/P117G,
Sephadex G-25 column (NAP-25, Pharmacia) equilibrated P42P56, P56, and Prpin the native (N) state in the absence
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FiGure 2: Far- and near-UV CD spectra of wild-type SNase and

its four single mutants in the N state, in the absence of urea, and g re 3: Far-

in the U state, in the presencé ®M urea, at pH 7.0 and 26C

(50 mM sodium cacodylate, 50 mM sodium chloride, and 1 mM
EGTA). (a) The far-UV CD spectra of wild-type SNase (solid line),
P11A (dotted line), P31A (dashed line), P42A (ddash line), and
P56A (double dotdash line) in the N state (thin lines) and in the
U state (thick lines). (b) The near-UV CD spectra of wild-type
SNase (solid line), P11A (dotted line), P31A (dashed line), P42A
(dot—dash line), and P56A (double dedash line) in the N state
(thin lines) and in the U state (thick lines).

of urea and in the fully unfolded (U) state ¥ M urea at pH
7.0 (50 mM sodium cacodylate, 50 mM sodium chloride,
and 1 mM EGTA) and 20C. The amino acid substitutions
for the proline residues more strongly affect the near-Uv
spectra than the far-UV ones. In addition, the multiple
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and near-UV CD spectra of wild-type SNase and
its four multiple mutants in the N state, in the absence of urea, and
in the U state, in the presencé®M urea at pH 7.0 and 28C (50

mM sodium cacodylate, 50 mM sodium chloride, and 1 mM
EGTA). (a) The far-UV CD spectra of wild-type SNase (solid line),
P11A/P47T/P117G (dotted line), P42P56 (dashed line), P56-(dot
dash line), and Pro(double dot-dash line) in the N state (thin
lines) and in the U state (thick lines). (b) The near-UV CD spectra
of wild-type SNase (solid line), P11A/P47T/P117G (dotted line),
P42P56 (dashed line), P56 (eatash line), and Pro(double dot
dash line) in the N state (thin lines) and in the U state (thick lines).

225 and 276 nm, at pH 7.0 (50 mM sodium cacodylate, 50
mM sodium chloride, and 1 mM EGTA) and 2C. These
curves obtained from the CD ellipticity at 225 nm and
expressed in terms of the apparent fractional extegg, of

substitutions tend to decrease the CD intensity in the near-unfolding for wild-type and mutant SNase are illustrated in
UV region more remarkably than single substitutions. These Figures 4 and 5. Th&,p, values were obtained with eq 1
changes in the CD spectra may arise from changes in thefrom the observed CD ellipticityd,,{C), at a concentration

environment of aromatic (tyrosyl) residues without unfolding
the protein molecule. The equilibrium unfolding reactions

of urea,C, and the ellipticity values@y and 6y, in the N
and U states, respectively, as

of the SNase mutants have shown that neither the N state

stability nor the cooperativity of the unfolding transition is

extensively changed by the proline mutations, indicating that
the mutants are fully in the N state in the absence of urea

(see below).

Equilibrium Unfolding.The transition curves of the urea-
induced unfolding of the wild-type protein, the four single
mutants (P11A, P31A, P42A, and P56A), and the four

multiple mutants of SNase (P11A/P47T/P117G, P42P56,

P56, and Pro) were obtained with the CD measurement at

O5pdC) — Oy
FapF(C) N 9u - 9N

Both 6y and6y are assumed to be linearly dependeniGon
and are given by = Oy, + On,C and 6y = 6y, + 6u,C,
respectively. The transition curve of P117G was identical

(1)

to the curve of P47T/P117G shown in the previous study

(30). The transition curves measured at the different wave-
lengths were found to be coincident with each other,
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Ficure 4: Equilibrium unfolding transition curves of wild-type
SNase and its four single mutants at pH 7.0 and@0monitored
by CD at 225 nm (50 mM sodium cacodylate, 50 mM sodium
chloride, and 1 mM EGTA). The apparent extent of unfolding for
wild-type SNase ®), P11A (x), P31A @), P42A ©), and P56A
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AGy
Ky =exg— RT

whereR andT are the gas constant and absolute temperature,
respectively. For many globular proteinsGy is known to
be well approximated as a linear function ©f so that

&)

AG, = AGH® —mC (3)
whereAG[® is the AGy extrapolated 80 M urea andn s
the dependence &Gy on C, and represents a cooperativity
index for the unfolding transition. In the two-state ap-
proximation, theFa, is related toAG*° andm by

F

_ 1
e AG® — md )
1+ ex T

The best estimates afGH°, m, and the midpoint of the
unfolding transitionCy, were obtained by nonlinear least-

(®) at each urea concentration is plotted. Broken lines show the squares fitting of the data in Figures 4 and 5 to eq 4; these

equilibrium unfolding transition curves obtained by nonlinear least-
squares fitting of the data.
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Ficure 5: Equilibrium unfolding transition curves of wild-type
SNase and its four multiple mutants at pH 7.0 and@Pmonitored

by CD at 225 nm (50 mM sodium cacodylate, 50 mM sodium
chloride, and 1 mM EGTA). The apparent extent of unfolding for
wild-type SNase @), P11A/P47T/P117GX), P42P56 [{J), P56
(@), and Pro (®) at each urea concentration is plotted. Broken
lines show the equilibrium unfolding transition curves obtained by
nonlinear least-squares fitting of the data.

suggesting the two-state mechanism of the unfolding transi-

tion for wild-type and mutant SNase.

Equilibrium unfolding parameters of the transition curves
of Figures 4 and 5 were calculated on the basis of the two-
state approximation, in which only the N and U states were
assumed to be populated in the transition zone as

K
N==U

whereKy is the apparent equilibrium constant, and is related
to the free energy change of unfoldin§Gy, given by

estimates are summarized in Table 1. Since 2.44 M urea
corresponds to th€y of wild-type SNase, the\Gy(2.44

M) represents a difference in the stability between mutant
and wild-type SNase, denoted WAGy; this value for each
mutant is also shown in Table 1.

The m values of the mutant proteins do not differ
remarkably from the value of the wild-type protein, indicating
that wild-type and mutant SNase show similar degrees of
surface exposure due to unfolding (Table 1). Thus, the
structures in both the N and U states of the mutant proteins
may not differ remarkably from the corresponding structures
of the wild-type proteins. From thAGy values, the
stabilitiesAG[° of all the single mutants of SNase except
P56A were identical to that of wild-type SNase, within
experimental error. The equilibrium unfolding parameters of
the single mutants are in good agreement with those
previously reported by Green et ad1j, who used intrinsic
fluorescence intensity to measure unfolding transitions. All
multiple mutants studied here are more stable<{Q.8 kcal/
mol) than wild-type SNase. This is because all the mutants
contain the P117G mutation that is known to increase SNase
stability (30, 41). Pro is thus significantly more stable than
a Pro-minus mutant of SNase studied by Green et4d). (
Although the reason for this difference is not clear, the Pro-
minus mutant protein is different from SNasePrm a
residue substituted for Pro. The former does not contain a
Thr as a substitute, while the latter contains one Thr at residue
47. Differences in the experimental conditions between the
two studies may also be responsible for the above difference.

Refolding Kinetics of Wild-Type and Mutant SNase
Measured with Circular DichroismFor the purpose of
investigating the roles of the proline residues in the folding
of SNase, kinetic refolding reactions of the wild-type and
mutant proteins were initiated by a urea concentration jump
from 4.5 to 0.39 M and were assessed by monitoring time-
dependent changes in the ellipticity at 225 nm using the
stopped-flow CD apparatus, at pH 7.0 (50 mM sodium
cacodylate, 50 mM sodium chloride, and 1 mM EGTA) and
20°C. Because the proteins are fully unfolded at 4.5 M urea
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Table 1: Equilibrium Unfolding Parameters of Wild-Type SNase and Its Mutants at pH 7.0 at@?20

protein Cw (M) m (kcal molt M~1) AGH® (kcal/mol) AAG? (kcal/mol)
wild-type 2.444 0.02 2.16+0.13 5.30+ 0.34 -
single mutants
P11A 2.35+ 0.01 2.29+ 0.09 5.38+ 0.22 —0.21+ 0.44
P31A 2.34+0.02 2.03+0.01 475+ 0.21 —0.20+0.23
P42A 2.41+ 0.04 2.33+ 0.29 5.63+ 0.75 —0.06+ 1.45
P56A 2.65+ 0.02 2.17£0.16 5.77+ 0.46 0.48+ 0.85
multiple mutants
PATT/P1176 3.02+0.01 2.00+ 0.06 6.04+ 0.17 1.17+ 0.05
P11A/PATT/P117G 2.940.01 2.17+ 0.06 6.31+ 0.18 1.02+ 0.32
P42P56 2.85 0.01 2.23+0.04 6.35+ 0.11 0.914 0.20
P56 2.86+ 0.02 2.02+ 0.09 5.78+ 0.26 0.83+ 0.48
Pro- 3.08+0.01 2.094+ 0.08 6.43+ 0.25 1.33+ 0.44

a2 AAGy represents thaGy at the urea concentration (2.44 M) where wild-type SNase is half-unfotdeeif 30.

Table 2: Kinetic Parameters of the Refolding Reactions of SNase and Its Mutants at pH 7.0 @d 20

protein ki (s7h) ko (s7h) ks (s} ke(s™h)
wild-type 11.4+0.78 1.88+ 0.051 0.0159+ 0.00045
wild-type? 6.96+ 0.002 1.86+ 0.0004 0.0172.3x 107
single mutants
P11A 15.6+ 1.2 1.99+ 0.033 0.021H 0.0010
P31A 9.61+ 0.60 1.55+ 0.043 0.0168t 0.00089
P42A 149+ 1.3 2.57+0.13 0.0144+ 0.00025
P56A 16.7+ 1.8 2.68+ 0.082 0.0133t 0.00057
multiple mutants
P47T/P117G 13.611 2.50+ 0.25 0.219+ 0.034 0.0253t 0.0013
P11A/PATTIP117G 104+ 0.68 1.944+ 0.19 0.0339+ 0.0016
P42P56 8.7% 0.59 2.14+ 0.22 0.0626+ 0.007
P56 8.66+ 0.49 1.98+0.28 0.0303t 0.0031
Pro- 9.21+0.44 2.09+ 0.38
final value (deg
ellipticity change (deg cAdmol?) [fractional amplitude (%} cn? dmol™?)
protein A6, A6, A6 Ab, 6(c0)
wild-type —2265+ 77 (42) —2336+ 70 (43) —796+ 7 (15) —9504+ 53
single mutants
P11A —2129+ 104 (38) —3116+ 48 (55) —413+ 7 (7) —9492+ 49
P31A —25234 77 (45) —24724 74 (44) —599+ 10 (11) —10179+ 50
P42A —2739+ 121 (44) —2558+ 103 (41) —913+ 8 (15) —10488+ 80
P56A —24674 140 (42) —2891+ 102 (48) —656+ 8 (10) —10069+ 78
multiple mutants
P47T/P117G —3166+ 114 (55) —1649+ 140 (28) —406+ 30 (7) —582+ 26 (10) —9408+ 48
P11A/PA7T/P117G —3862+ 138 (70) —1305+ 171 (23) —413+ 8 (7) —9078+ 41
P42P56 —3415+ 192 (68) —1469+ 215 (29) —177+ 10 (3) —9129+ 49
P56 —3682+ 160 (78) —915+ 183 (19) —153+ 7 (3) —8828+ 46
Pro- —4176+ 143 (87) —633+ 168 (13) —8966+ 41

aThe rate constants obtained by fitting a simulation curve based on Scheme 2 to eq 5 (see the DistT$gidnictional amplitude of each
phase is shown in parentheses.

and are fully in the N state at 0.4 M urea (Figures 4 and 5), and Pro. P47T/P117G shows four phases in the refolding
the reaction curves obtained from the urea concentrationkinetics; it is known to be brought about by the P117G
jump reflect the refolding kinetics from U to N. The data mutation @0). SNasePro, in which all the proline residues
for a series of experiments were fitted by the nonlinear least- gre replaced by Ala, Thr, or Gly, shows only the faster two
squares method to give eq 5 phases, indicating that the slow phase of wild-type SNase is
it it associated with some of the six proline residues (see below).

0(t) = 0() + Abys ) aje ™ = 0(c0) + erie (%) The apparent rate constant for each phase is not affected by

' ! the mutations for the proteins that show the three phases,
where 6(t) and 6(c) are the observed ellipticity values at Whereas the amplitudeA@;) and the fractional amplitude
time t and infinite time, respectivelyAfops is the total (ai) of each _phase are erendent on the mutatlorj introduced
observed ellipticity change, and andk; are the fractional I the protein. In addition to the phases shown in Table 2,
amplitude and the apparent first-order rate constant, respecthere was a burst phase, i.e., an ellipticity change occurring
tively, of theith kinetic phase. The values A®;, o, andk; at an early stage of refolding within the dead time of the
of all the kinetic phases for wild-type and mutant SNase are stopped-flow apparatus; the burst phase amplitude was found
listed in Table 2. Three phases were observed for all presentlyto be around 30% of the total ellipticity change expected
studied proteins except for two SNase mutants, P47T/P117Gfrom the U state to the N state.
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4 In contrast to the three mutants (P11A, P31A, and P56A),
i the P42A mutant showed refolding kinetics essentially
identical to the kinetics of wild-type SNase. This behavior
of P42A is very similar to that of the P47T (or P47A) mutant
reported in our previous stud®@), indicating that Pr&? and
N Prd*’ are not essential in the kinetic refolding of SNase.
et (iii) Kinetics of Multiple Mutants.The refolding kinetics
sF Y e e of five multiple mutants of SNase, including P47T/P117G,
were investigated with stopped-flow CD measurements; the
results are summarized in Table 2. As shown in our previous
study @0), the P47T/P117G mutant shows at least four
phases in the refolding process. The appearance of the
second-slowest phaséz(= 0.22 s?) in P4A7T/P117G is
FicUrRe 6: Typical kinetic reaction curves of the refolding by urea  known to be due to the P117G mutation, because the P117G
ﬁﬁg)cgfgtéag?g J(lé%%fr?wn‘éf;to OHSS; '(\)/lngdvgggty%% ritNofri:g g»Olid mutant shows the same four-phase kinetics. In addition, the
CD at 225 nm (50 mM sodium cgcodylate, 50 mf\/l sodium chlo)r/ide, P47T. ml,'ltatlon d.oes not affect the eqUIIIbrlum stability or
and 1 mM EGTA). The thick solid line shows a time course of the the kinetic refolding of SN_aseSQ). However, _th's seconq-
kinetic reaction curve simulated using KINSIM and FITSIM. slowest phase observed in P47T/P117G disappears in the
other multiple mutants by the additional mutation (P11A).
Comparison of the kinetics between P47T/P117G and P11A/
() Kinetics of Wild-Type SNaseUnder the present P47T/P117G suggests that Biis responsible for the second-
refolding conditions, wild-type SNase exhibited at least three Slowest phase of P47T/P117G. Thus, there are three phases
phases during refolding; the fractional amplitudes of these in the refolding of the three multiple mutants, P11A/PA7T/
phases were about 42, 43, and 15% for the fast, the middle,P117G, P42P56, and P56. There are two phases in the
and the slow phases, respectively. These results show thatefolding of Pro that has no proline residues (Table 2). The
the fast and middle phases were the major phases. The slovfractional amplitude of the slow phase decreases with an
phase, which is a minor phase with only 15% of the total increase in the number of replaced proline residues. Ulti-
amplitude, exhibits a rate constant of 0.0159 typical of ~ Mately, the slow phase is completely eliminated in"Pro
the cis-trans isomerizations of the prolyl peptide bonds, and Typical time courses of the refolding of wild-type SNase
the rate constant is independent of the denaturant concentra@nd Pro are compared in Figure 6, which also shows the
tion (30). These results thus strongly suggest that the slow @bsence of the slow phase in ProThe effects of the

phase is rate-limited by cigrans isomerizations of prolyl ~ replacements of Pf#% and Pré® on the slow phase are
peptide bonds. Non-native proline isomers of SNase may consistent with those found in the single mutants P42A and
be produced in the U state at equilibrium, and these non- P56A. In transition from P42P56 to P56, the P42A mutation

native isomers isomerize into the native isomer at an early 0€s not affect the slow phase amplitude, whereas the PS6A

stage of refolding, where the protein is still in an intermediate Mutation of P56 that produces Preliminates the slow phase
or a denatured state in the native condition (see Discussion®f P56. All the above results thus indicate that the slow phase

and ref30). A typical time course for the refolding of wild-  ©f the refolding of SNase is as7300iated with the proline
type SNase is shown in Figure 6. residues, other than Pfoand Prd’.

e . . Table 2 also shows that the fractional amplitude of the
(ii) Kinetics of the Single Mutantg&smong the four single SO SNOWS I Py

. ) . middle phase tends to decrease with an increase in the
mutants examined in this study, three (P11A, P31A, and P

. . Y -~ ; number of substituted proline residues. Furthermore, the
P56A) exhibited refolding kinetics significantly different fractional amplitude of the middle phase of Pis only 13%,

from the kinetics of wild-type SNase. In these mutants, the although it is 43% in wild-type SNase. Thus, the middle

ampljtude of the slow phase is decreaseq, although theghaqe is also associated with proline residues, although it is
amplitudes of the faster phases were not considerably affected,; (ate-limited by the proline isomerization reaction (see

by the muta}tions. The extent of the reduction of the slow below). However, because Prehows 13% of the fractional
phase amplitude was 50, 30, and 30% for P11A, P31A, andgmpitude of the middle phase, the portion of the middle
P56A, respectively, of the corresponding amplitude of WI'|d- phase has no relation to the proline residues.

type SNase. These results suggest that the slow phase in the peto)ding Kinetics of Wild-Type SNase in the Presence of
refolding kinetics of wild-type SNase can be partly attributed g ¢qj cypA The results above indicate that the replacement

to the three proline residues, PtoPrd™, and Pré". of certain proline residues decreases the amplitude of the
Nakano and Fink 29) also investigated the refolding slow and middle phases. To investigate the relationship
kinetics of the P31A mutant and reported that the kinetics between these refolding phases, the refolding kinetics of wild-
of the mutant were the same as those of wild-type SNase.type SNase were investigated in the presende abli CyPA
Differences in the experimental conditions, such as in (CyPA), which shows PPlase activity. The experimental
temperature and the denaturant used, may be responsible foconditions were the same as those employed above except
differences in results. The contribution of Prto the slow that the refolding buffer was made from phosphate salts and
phase of refolding is also validated from comparison of the contained CyPA and DTT. The kinetic parameters obtained
kinetics of two multiple mutants (P11A/P47T/P117G and at different concentrations of the CyPA are summarized in
P42P56), in which the replacement of Brby Ala is the Table 3, and the CyPA concentration dependence of the
only difference (Table 1; see below). kinetic parameters of the individual phases of refolding is

-5

416 (107 deg em’ dmol™)

A8 (10? deg cm? dmol?)
4
T

‘/ wild-type SNase
Pro

0 100 200 300

Time (s)
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Table 3: Cyclophilin Concentration Dependence of the Refolding Kinetics of Wild-Type SNase at pH 7.0 &ad 20

CyPA apparent rate constant {3 ellipticity changé (deg cn? dmol™?)
concentrationgM) ka ko ks A6, A6, A6;

0 9.71+ 1.41 1.73+ 0.086 0.01A40.0003  —1799+ 119 (36) —2437+153(49) —779+6.4(15)

0.909 9.96£0.74  1.60+0.082  0.026£0.001  —1598+ 189 (31) —2781+174(54) —736+ 15.4 (15)

1.62 7.92+ 0.93 1.57+0.16 0.030t 0.001 —3107+ 253 (51) —2228+286(37) —759+ 15.6 (16)

2.66 11.90£ 0.82  1.50+0.07 0.039+ 0.001  —3436+ 104 (54) —2175+103(34) —731+11.0(12)

4.35 12.78+ 3.34 1.95+0.11 0.062t 0.003 —2911+4+ 112 (48) —2346+134(39) —816+8.8(13)

2 The fractional amplitude of each phase is shown in parentheses.
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Ficure 8: Typical kinetic refolding reaction curve caused by a
pH jump from pH 1.8 to 6.6 for Proat pH 7.0 and 20C (50 mM
sodium cacodylate, 50 mM sodium chloride, and 1 mM EGTA),
monitored by intrinsic tryptophan fluorescence (solid line). The
broken line shows a baseline obtained by mixing of the protein
solution at pH 1.8 and the buffer at the same pH value as the protein
solution.

Pro- were also initiated by pH jumps from pH 1.8 to 5.9
and 6.6 (50 mM sodium cacodylate, 50 mM sodium chloride,
and 1 mM EGTA) and were measured at 2C, by
monitoring the changes in tryptophan fluorescence intensity
0 1 2 3 4 5 using a stopped-flow fluorescence apparatus. The stopped-
CyPA concentration (uM) flow fluorescence apparatus has a dead time of mixing (3.6
ms) which is much shorter than the dead time of the stopped-
Elc?nUsF::m?t:s gfyt'?]':‘ ?%“?:S”;r;i?% (ﬁi%%?g%cehcgsg‘seéﬁgo'g:;‘%hr:te flow CD apparatus (23 ms). This renders it useful for
slow phaseM). The solid line in panel b shovF\)/s the result obtained investigating earlier stages of the refoldmg_ reaction. Th_e
by linear least-squares fitting of the data. measurements were performed at two different protein
concentrations, 0.01 and 0.1 mg/mL, and the data were
analyzed with eq 5. A typical time course of the refolding
illustrated in Figure 7. The apparent rate constant of the slow kinetics is shown in Figure 8, and the kinetic parameters
phase increases with the CyPA concentration, indicating thatobtained are summarized in Table 4. The refolding measured
the slow phase of the refolding reaction is rate-limited by by fluorescence was better represented by triphasic kinetics;
the cis-trans isomerizations of the prolyl peptide bonds and it exhibited a very fast phase that had an apparent rate
hence is catalyzed by CyPA. However, the apparent rate constant of 76-200 s and showed an opposite change in
constants of the fast and middle phases are independent ofluorescence intensity with respect to the changes in the fast
CyPA concentration (Figure 7). Furthermore, the refolding and the middle phases of refolding. The rate constants of
kinetics of Pro in the presence and absence of CyPA were the fast and the middle phases are in good agreement with
also investigated as a control. CyPA had no effect on both those measured with stopped-flow CD, but the very fast
the apparent rate constants and the amplitudes of thephase was too fast to measure with the stopped-flow CD
refolding (data not shown). These two results indicate that apparatus. Therefore, there must be an intermediate that is
the rates of the fast and middle phases are not limited by formed very rapidly before being detected by the stopped-
proline isomerization. flow CD apparatus (see the Discussion). By raising the final
Refolding Kinetics of SNasePravieasured with Tryp- pH, we increased the apparent rate constants of the three
tophan FluorescenceThe kinetic refolding reactions of phases, whereas the relative amplitudes were almost

Apparent rate constant of the slow phase (s)
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Table 4: pH and Protein Concentration Dependence of the entire slow phase is rate-limited by eigans isomerizations

Refolding Kinetics of Pro at pH 7.0 and 20C of the X—Pro peptide bonds. The slow phase rate constant
otein apparent rate constant @ has been show_n to be mdepepdent c_)f denaturant concentra-
Conpcemration [fractional amplitude (%)) tion (30), and this is also consistent with the above proposal.
pH  (mg/mL) ke (1) kz (a2) ks (at3) rms Thus, the slow-refolding phase of SNase is schematically
18.36+0.45 4.02+0.13 125 represented by Scheme 1
(0.68+0.01) (0.34+0.12) l.=].—N
6.6 0.01 214.08 60.5 20.80+0.73 4.34+0.12 122 s<IF
(—0.21+ 0.06) (0.664 0.01) (0.34=+ 0.01) . o
9.89+0.21 1.98+0.13 6.91 where k = I¢ represents the slow isomerization between
(0.76+0.01) (0.24+0.02) the slow-folding and fast-folding species,dnd k, which
>9 0.01 (,78'1338; %)7035) (101.'75’2%8058 (S:ggi 8;3‘21) 535 correspond to the cis and trans forms, respectively, for the
9.22+0.073 1.92+0.050 13.0 above three XPro peptide bonds. | denotes an early
5o oa 107 35 9.34 (10673931 00-0111) (205370;003’513 o5 intermediate formed within the dead time of the stopped-
' ' (~0.12+ 0.01) (0.73+0.01) (0.27+0.01) flow CD apparatus (see below).

When the previous results concerning the SNase mutants
with the P117G mutation are taken into account, it is

unchanged. An exception would be the relative amplitude ¢, qeq that the slow phase of refolding of SNase is due
of the very fast phase, which approximately doubled in the , e s trans isomerizations of the-XPro peptide bonds,
transition from pH 5.9 to 6.6. In addition to observations of namely, Prél, Pr, Pré, and Pré'’. In contrast to the

the very fast phase, there was a burst phase, which showedy, iations at the above four proline residues, the P42A

around 25% of the tOt"?‘I quoresgence change ln.the f'.UOf.es' mutation does not change the slow phase kinetics of refolding

cence_-detected refoldmg_ reactions. The refold_mg I_<|n¢_at|cs (Table 2). Similarly, previous study has shown that the P47T

were independent of the final protein concentration, indicat- o4 p47a mutations do not change the equilibrium stability

Ing that there was no protein aggregation that affected the o e refolding kinetics of SNase. Pfds located in the

kinetics. vicinity of a flexible loop region highly exposed to solvent
(residues 4353) in the native structure of SNas&. Prg*’

DISCUSSION is located within that loop. Eight out of the 11 residues of
the loop are hydrophilic. Not only is TH; next to Prd?,

In this study, the unfolding equilibrium and the refolding highly exposed to solvent, but the backbone oxygen ofThr
kinetics of wild-type SNase, its four single proline mutants also maintains a hydrogen bond with a water molecule. The
(P11A, P31A, P42A, and P56A), and its five multiple high flexibility and the exposure to solvent of this loop
mutants (P47T/P117G, P11A/P47T/P117G, P42P56, P56,suggest that the refolding could be attained whether the
and Pro) were studied by CD and fluorescence spectros- X—Pro peptide bonds of Ptband Prd’ are in the cis form
copy. The P11A, P31A, and P42A mutations did not change or in the trans form, such that the isomerization of these
the stability of the protein remarkably, while P56A increases bonds may not be rate-limiting in the folding reaction.
the protein’s stability to a small extent, namely, from 0.5 to However, the non-native cis isomer of the ™hPra*? bond
0.6 kcal/mol (Table 1). The refolding kinetics of the protein could retard the formation of the native structure (see below).
were, however, significantly affected by three of the muta-  Effects of the Proline Mutations on the Fast and Middle
tions, namely, P11A, P31A, and P56A. Most notably, the Phases of Refolding he apparent rate constants of the fast
amplitude of the slow phase of refolding decreases with an and middle phases of wild-type SNase refolding are known
increase in the number of proline mutations; the amplitude to increase with a decrease in the final urea concentration.
of the middle phase also depends on the number of prolineThis suggests that these two phases may arise from the
mutations (Table 2). This study considers (1) the effect of structural folding of the protein2{, 30, 31). The rate
the isomerizations of the individual XPro peptide bonds  constants$¥1.5 s?) of these two phases are too large to be
on the refolding kinetics and (2) the folding mechanism of a process rate-limited by the eitrans isomerization of
SNase probed using the proline mutations. proline residues. Nevertheless, the amplitude of the middle

Effects of the Proline Mutations on the Slow Phase of phase is dependent on the number of proline mutations (Table
Refolding.From these results regarding both the single and 2), which indicates that the middle phase is associated with
multiple mutants of SNase (Table 2), three mutations, P11A, proline residues. In the multiple mutants studied here, at least
P31A, and P56A, decrease the amplitude of the slow phasetwo mutations, P42A and P56A, reduce the amplitude of the
of refolding, whereas the P42A mutation does not affect slow middle phase. In contrast to these results, Veeraraghaven et

phase kinetics. These results indicate that thé'PRyo?, al. (33) reported from their refolding experiments at 26
and Pré&® residues are responsible for the slow-folding phase that the middle phase rate constant was accelerated by the
of SNase. The rate constant of the slow phase,-00007 PPlase. However, the rate constant of the middle phase was

s1, depending on the mutations, is consistent with the decreased from 27§ at 20°C to 0.06 s at 2.5°C, and
isomerization rate of an XPro peptide bond of a globular  such a slow reaction at 2°& could be catalyzed by PPlase
protein. In addition, the refolding kinetics of wild-type SNase if the reaction is associated with the €igsans isomerizations

in the presence of CyPA show that the apparent rate constanbf the prolyl peptide bonds. Therefore, the difference between
of the slow phase increases with an increase in the the results of this study and Veeraraghaven et al. may be
concentration of CyPA, and that the slow phase does notdue to the difference in the experimental conditions.
contain any portion independent of CyPA (Table 3 and When the discussion above is taken into account, the
Figure 7). These results thus clearly demonstrate that thereaction scheme that accounts for these results is thus
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rewritten as Scheme 2 pH 6.6. The very fast phase was thus not observed in our
stopped-flow CD measurements that were carried out at pH
I 4_; I — N 7 and had a dead Fime of 23 ms. '
S F Folding Mechanism of SNase Probed by the Proline
Mutations.X—Pro peptide bonds of a protein assume both
\X // T cis and trans isomers in the U state, and the mutation of the
proline residues eliminates the cis isomer. As seen above,
the isomerizations of certain-XPro peptide bonds are rate-
I — N limiting in the refolding reaction while those of the others
X X are not (2). Therefore, the effect of proline mutations on
the kinetic refolding will give us an insight into the folding
where k is an | state that refolds with the rate constant of mechanism of SNase. The non-native isomer of arPXo
the middle phase and has at least one non-native prolinepeptide bond in the U state may interfere with folding if the
isomer, provided it is related to proline isomerization. This X —Pro peptide bond is involved in the native-like structure
scheme is consistent with Scheme 4 of our previous studyregion of a folding intermediate. However, it may not affect
(30). Itis assumed that in contrast tg Ix refolds to a native-  the folding reaction if the XPro peptide bond is involved
like state, N, and the ¥ — Nx process corresponds to the in the unstructured region of the intermediate during the
middle phase of refolding. Although Scheme 2 was first folding. Present and previous results regarding the refolding
introduced intuitively, the numerical simulations of the kinetics of the single mutants of SNase have shown that the
reaction kinetics with the use of a computer simulation mutations of Pr&, Pré®, and Pré® reduce the amplitude of
program, KINSIM @2) and FITSIM @3), demonstrated that  the slow phase of refolding. This suggests that the structures
the scheme represents well the observed folding kinetics ofaround these three proline residues are organized at an early
wild-type SNase. The thick solid line for the wild-type stage of the refolding of SNase. Although the P117G
protein in Figure 6 shows a simulation curve obtained with mutation also affects refolding kinetics, an interpretation of
KINSIM. The fitting of this simulation curve to eq 5 gave these results may remain unclear because the protein refolds
the rate constants of refolding sufficiently coincident with to the N state irrespective of the isomerization state at the
those obtained from the observed refolding curve (Table 2). Prg'l7 site. On the other hand, the mutations,Pemd Prd’,
These results indicate that the presence of certain non-nativelo not affect the refolding kinetics of wild-type SNase, which
proline isomers may not prohibit folding but rather retard suggests that the structures around these residues may not
the refolding rate of the protein. A similar result has been be organized in the SNase folding intermediate. From the
reported in the folding of RNase A, in which a native-like X-ray structure of wild-type SNase (Figure 1), Prand Prét
state with a non-native trans prolyl bond around°Pie are involved in a majop-sheet core comprised gfstrands
produced {2). 1-3, and Pré is involved in helix 1, which is adjacent to
The middle phase, however, does not disappear completelythe 3-sheet core. Pféand Prd” are, however, distinct from
even in Pro. The amplitude (13%) of the middle phase is the above proline residues and are located around or within
much smaller than the amplitude (43%) for wild-type SNase, the loop comprised of residues 433. Thus, these results
but it sufficiently exceeds experimental uncertainty. Thus, suggest that the major hydrophobic core formed by the
the Ix state of Scheme 2 is produced not only by proline g-strands and helix 1 is important for the folding of SNase
isomerization but also by some other conformational event. and hence is already organized at an early stage of folding.
These results are consistent with a previous study by These results are consistent with the hydrogen exchange
Walkenhorst et al.31) of the folding kinetics of another  pulse labeling study of Jacobs and Fe)( in which the
Pro-free mutant of SNase in which a fluorescence techniqueintermediate formed aftea 5 msrefolding period of SNase
was used. It has been suggested that the isomerization arounghows a modest, yet significant, level of protection for
one or several non-proline peptide bonds leads to theresidues in theg3-sheet. Although the level of protection of
heterogeneity of the U state of SNase and causes the middlehe peptide amide of Aldis small, the side chains of Glu
phase, although the residues responsible for heterogeneityand Ald? are incorporated into the hydrophobic core of the
remain unclear. p-barrel @4). This suggests that the non-native cis isomer
Very Fast Phase Detected with Stopped-Flow Fluores- of Pro'! interferes with the folding of SNase. Our previous
cence.To investigate the very early stage of refolding, the study has also shown that the structure aroun&®Aehelix
refolding reactions of Prowere induced by pH jumps from 1 s organized in the transition state of refolding. This result
acid to neutral pH values. The kinetics were measured with is consistent with the mutational effect of Ptowhich is
a stopped-flow fluorescence technique that had a shorter deadlso involved in this helix45).
time (3.6 ms) than stopped-flow CD. The results reveal that
there is a very fast phase with an apparent rate constant ofACKNOWLEDGMENT
70—-200 st and an opposite change in fluorescence intensity
with respect to that of the fast and middle phases. The results
are consistent with those reported by Walkenhorst e84), (
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