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ABSTRACT. Often protein folding reactions show complex kinetics, because multiple unfolded species are
present, which refold simultaneously. After conformational unfolding, these species are formed by the
slow cig/trans equilibrations at XaaPro peptide bonds. To dissect the roles of individual prolines for
unfolding and refolding, we used ribonuclease T1, a protein withdisprolyl peptide bonds, preceding
Pro39 and Pro55, and two variants with substitutions at these positions. A stopped-flow double-mixing
technique was employed (i) to measure the rates of the individual prolyl isomerizations in the unfolded
proteins and (ii) to study the refolding of transient species that are not well populated at equilibrium. In
particular, the elusive species with correct prolyl isomers could be produced by short unfolding pulses,
and its refolding kinetics could be measured. The two isomerizations in unfolded ribonuclease T1 could
be assigned to Pro39 and Pro55, because they occurred with almost identical rates in the wild-type protein,
in the singleeis proline variants, and in tetrapeptide-4-nitroanilides, which contained prolines in the same
sequential context as Pro39 and Pro55 of ribonuclease T1. The direct refolding reaction of the unfolded
molecules with correct prolyl isomers shows a time constant of 180 ms (4f,28H 4.6). This reaction

is almost unaffected by the proline substitutions. It depends nonlinearly on temperature with a maximum
near 25°C, which suggests that the activated state for this reaction resembles the native rather than the
unfolded state in heat capacity. The formation of a transient intermediate with incorrect prolyl isomers
could be studied as well. Surprisingly, this reaction is only about 5-fold slower than direct folding, and

it is also accompanied by a strong decrease in the apparent heat capacity.

The cig/trans isomerizations of prolyl peptide bonds are trans isomerases (Fischeat al, 1984; Langet al, 1987;
slow steps in protein folding botin zitro and in vzivo Bachinger, 1987; Liret al,, 1988; Schmid, 1993; Schmat
(Brandtset al,, 1975; Schmid & Baldwin, 1978; Schmid, al., 1993; Steinmanret al, 1991; Rassowet al, 1995;
1993; Schmickt al,, 1993; Engel & Prockop, 1991)cis = Matouschelket al, 1995).
transequilibria are established at the prolihgsan unfolded Here we use ribonuclease T1 (RNase?Ttb)dissect the
polypeptide chain, and, as a consequence, denatured proteingles of individual proline residues in the folding mechanism.
are usually heterogeneous mixtures of species which follow RNase T1 is a small protein of 104 residues (Heinemann &
different pathways for refolding. Only molecules with saenger, 1982; Martinez-Oyaned¢lal., 1991; Pacet al.,
native-like prolinel can refold directly in a rapid reaction.  1991), which has served as a model protein for the investiga-
Molecules with non-native incorrect prOlines refold SlOle, tion of pro”ne_“mited fo|d|ng reactions (K|efhab@ft al,
in reactions that are limited in rate by ths/transisomer- 1990a,b,c; Mayet al, 1993; Micke & Schmid, 1994b). It
izations at these prOlineS. Proline-limited fOIdIng reactions contains four pro|y| pept|de bonds: the bonds preceding
are catalyzedn vitro andin vivo by peptidyl prolyl cis/ Pro60 and Pro73 aré&rans in the native protein; those
preceding Pro39 and Pro55 aris (Martinez-Oyanedeét
t This work was supported by grants from the Deutsche Forschungs- &l 1991). Pro39 is near the active site in the protein interior,

gemeinschaft and the Fonds der Chemischen Industrie. and thecis conformation of the 3839 peptide bond is
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1To facilitate reading, we use the termsis proline” and ‘trans
proline” for proline residues that are preceded lysr atranspeptide 55 .Aqn- P39A-RNase-T1, a variant of ribonuclease T1 with the
bond, respectively, in thiolded protein and “isomerization of ProX e j . S 3ec 3% 1139
for the isomerization of the prolyl peptide bond preceding ProX. Folding st,glgstltutlon Pro3g-Ala; N, native protein; E Ui Usg;, and
reactions that involve XaaPro isomerizations as rate-limiting steps  Uss, unfolded forms of RNase T1 with Pro39 and Pro55 ince(c)
are denoted as “proline-limited” reactions; the (usually) rapid folding or trans () conformations; 33, 13, and £, folding intermediates
of the unfolded molecules which have the Xd&ro peptide bond in with Pro39 and Pro55 in thes (c) or trans(t) conformations; GdmcCl,
the same conformation as the native protein is denoted as the “direct” guanidinium chlorider, time constant of a reactionm {s the reciprocal
folding reaction. of the measured or apparent rate constéptnicroscopic rate constant.

S0006-2960(95)03035-2 CCC: $12.00 © 1996 American Chemical Society

2 Abbreviations: RNase T1, ribonuclease T1; S54G/P55N-RNase
T1, a variant of RNase T1 with the substitutions Ser&3ly and



Folding Mechanism of RNase T1
Scheme 1: Kinetic Model for the Unfolding and
Isomerization of RNase F1
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2 This model is valid for unfolding only. The superscript and the
subscript indicate the isomeric states of prolines 39 and 55, respectively,
in the correct, native-likeis (c) and in the incorrect, non-natiteans
(t) isomeric states. As an examplegaJis an unfolded species with
Pro39 in the incorredrans and Pro55 in the correcis state. In the

denatured protein, the two isomerizations are independent of each other;

therefore, the scheme is symmetric with identical rate constants in the
horizontal and vertical directions, respectively.

Gly54-Asn55, this peptide bond isans in folded S54G/
P55N-RNase T1 (Kiefhabeet al, 1990; Hinrichset al,
unpublished results).

The equilibrium unfolding transitions of RNase T1 closely
follow the two-state approximation (Pace & Laurents, 1989;
Kiefhaberet al, 1990; Huet al,, 1992; Yuet al, 1994), but
the unfolding and refolding kinetics are complex processes
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Scheme 2: Kinetic Model for the Slow Refolding of RNase
T1 under Strongly Native Conditiofs
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a U stands for unfolded species, | for intermediates of refolding, and
N is the native protein. The superscript and the subscript indicate the
isomeric states of prolines 39 and 55, respectively, in the cociect
(c) and the incorrectrans (t) isomeric states.
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These kinetic models are supported by experimental data
on the slow folding of wild-type RNase T1 and of variants
where thecis prolines were replaced by other amino acids
(Kiefhaber et al, 1990c; Mayr et al, 1993a,b). The

in the presence as well as in the absence of the two disulfidemechanism in Scheme 2 is complex, but clearly a simplifica-
bonds. The conformational unfolding reaction is followed tion. It is valid only under strongly native conditions, and
by slow prolyl isomerizations of the denatured protein chains, contributions from minor species (e.qg., with incorrect isomers

and at equilibrium at least four different unfolded species
coexist, three of which contain incorretcans isomers of
Pro39 and/or Pro55 (Kiefhabet al., 1990b, 1992; Make

& Schmid, 1994a,b; Mayet al,, 1994).

A kinetic mechanism for the unfolding of RNase T1 is
proposed in Scheme 1. The conformational unfolding
reaction (N— U3Y) is followed by slow isomerizations at
Pro39 and Pro55. Both areis in N and in W%, but
isomerize largely to the more favorahiens state in the
unfolded protein. As a consequence, onky426 of all
unfolded molecules remain in the2dJ state with P39 and
P55 in the correatis state, and the species with two incorrect
isomers (@g) predominates at equilibrium. The species
with single incorrect isomers @ and £Y) are populated
to approximately 1620% each. The twtransprolines do
not contribute significantly to the folding of RNase T1 (L.
M. Mayr, unpublished observations) and are not accounted
for in Scheme 1.

Individual refolding paths originate from the different
unfolded species in Scheme 1, and the kinetic model for the
refolding of RNase T1 under strongly native conditions
(Kiefhaberet al, 1990b) is shown in Scheme 2. The two
slow-folding species with one incorrect prolyl isomer each
(U and ) and the species with both prolines in the
incorrect isomeric state @) can regain rapidly most of
their secondary structure in the milliseconds range (the U
— |; steps, Scheme 2) (Kiefthabetral, 1992). Subsequently,
slow folding steps follow that involve the isomerizations of
the incorrect prolyl isomers. A peculiar feature of the folding
model in Scheme 2 is that the major unfolded species with
two incorrect isomers can enter two alternative folding
pathways (the upper or the lower pathway in Scheme 2),
depending upon which isomerization occurs first. The
distribution of refolding molecules on these two pathways
is determined by the relative rates of theans — cis
isomerizations of Pro39 and Pro55 at the stage of the
intermediate 33.

at thetrans prolines 60 and 73) are not included.

The fast refolding reaction @i — N) could not yet be
measured because at equilibrium onty426 of all unfolded
RNase T1 molecules are in thgJstate. Its existence was
inferred, however, from the formation of a small amount of
native RNase T1 molecules early in refolding, within the
dead time of manual mixing (Kiefhabeat al, 1990b).
Similarly, little is known about the rate of formation of the
partially-folded intermediates with incorrect prolyl isomers
(133, 12X, and BX in Scheme 2). Their existence was
inferred from the rapid regain of the amide circular dichroism
within 20 ms and from the rapid protection of amide protons
from exchange with the solvent (Kiefhabet al., 1990b,
1992a; Mullinset al,, 1993).

The sequential nature of unfolding (N U3X) and prolyl
isomerizations (cf. Scheme 1) provides a means for inves-
tigating the direct lgm;c — N folding reaction, even though
U3 is not significantly populated at equilibrium. 33 can
be produced transiently at a high concentration by a short
unfolding pulse under conditions, where the N UZ:
unfolding reaction is much faster than the subsequent prolyl
isomerizations (Brandtst al., 1975; Schmid, 1986; Houry
et al, 1994). To this end, we first searched for such
unfolding conditions and then used a stopped-flow double-
mixing technique to accumulateé@ at a high concentra-
tion in the first step and then measure its refolding in the
second step. In addition, the duration of the unfolding step
was varied to monitor the concentrations of all species of
the wild-type protein in Scheme 1 as a function of time.
Similar experiments were carried out with the S54G/P55N
variant (this work) and on the P39A variant (Odefetyal.,,
1995) to identify the contributions of the individuais
prolines to the unfolding and refolding kinetics.

MATERIALS AND METHODS

Materials. Wild-type RNase T1 and the S54G/P55N
variant were purified as described (Mayr & Schmid, 1993b)
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from Escherichia colicells transformed with a plasmid
carrying a chemically synthesized gene (Quetaal.,, 1988).
GdmCl (ultrapure) was from Schwarz/Mann (Orangeburg,
NJ). All other chemicals were from Merck (Darmstadt,

Mayr et al.

unfolding (i.e., the refolding mechanism). The variation of
the amplitudes of refolding with unfolding time reflects the
formation and the decay of the different unfolded species
(i.e., the unfolding mechanism). As a consequence, unfold-

Germany). The concentrations of RNase T1 were deter-ing and refolding are closely interrelated. Both consist of
mined spectrophotometrically using the absorption coefficient several folding and isomerization steps and are too complex
A5 = 1.9 of the wild-type protein (Takahasti al, 1970; for a rigorous kinetic treatment. Rather, we used the
Yu et al, 1994). For optical measurements, a Hitachi F4010 plausible mechanisms for unfolding and for refolding that
fluorescence spectrometer and a Kontron Uvikon 860 spec-were proposed earlier for the wild-type protein (Schemes 1
tophotometer were used. and 2) (Kiefhaberet al, 1990b) and for the S54G/P55N
Stopped-Flow Double-Mixing ExperimentsAll rapid variant (Kiefhabergt al, 19900;.Mayret.al., 1993a) to
double-mixing experiments were carried out using a DX.17Mv analyze the unfolding and refolding kinetics. Generally we
double-mixing stopped-flow spectrometer from Applied assumed that the amplitude ofa_partlc_ular refoldlr!g reaction
Photophysics (Leatherhead, U.K.). The protein samples were@S measured by fluorescence is a linear function of the
unfolded by the first mixing and then, after a variable delay concentration of the species that it originates from.
time, refolded by the second mixing. The time course of  The slow phases of the refolding of the wild-type protein
fast refolding after the second mixing was followed by the and the S54G/P55N variant have been studied previously.
increase in integral tryptophan fluorescence above 300 nm.They show time constants between 50 and 1000 s. In the
Excitation was at 278 nm (10 nm bandwidth). The path stopped-flow experiments (which lasted for less than 6 s),
length of the observation chamber was 0.2 cm. A 10 mM the onset of these slow reactions was accounted for by
aqueous solution of cytiding-phosphate in a 0.2-cm cuvette including a linear term in the fit equation. The contributions
was inserted between the observation chamber and theof this term were generally small.
emission photomultiplier to absorb scattered light from the  Kinetics of Refolding of the Wild-Type Proteirin all
excitation beam. The photomultiplier voltage was set at 800 experiments, the fast refolding was fit to a sum of two
V in all experiments. The dead time between the start of exponential functions, and we assumed that the fastest phase
the reaction and the begin of data collection was determined(phase 1 with the time constan) reflects the direct folding
to be 0.5+ 0.3 ms by using the reaction between 2,6- reaction X — N and the second fastest phasg (eflects
dichlorophenolindophenol andascorbate (Tonomust al,, the formation of the intermediateégsﬂ and ggtc from the

1978). . _ _ . species G and LY, respectively (cf. Scheme 2).
In all experiments, 2@L of native protein (36:M in 0.01 The Uéf—:; — N reaction and the gt . @g reactions were

M sodium acetate, pH 5.0) was diluted with 10D of 7.2 assigned a specific change in fluorescenag ¢¢g 5). When

M GdmClI, 0.1 M glycine (pH 1.5), to give unfolding S . o

o L : . an individual fit parametergs, was used for the specific
conditions of M protein in 0.083 M glycine hydrochloride, chanae in quoresFéence N tﬁé@—» 13% reaction vaISes of
6.0 M GdmCI (pH 1.6). Refolding in the second mixing 9 5a ’

step was induced after variable delay times by a further 6-fold
dilution of the product of the first mixing step in the delay
line with 0.1 M sodium acetate (pH 5.0) to give final folding
conditions of 1uM protein in 1.0 M GdmCI, 0.083 M sodium
acetate (pH 4.6).

To test for the absence of mixing artifacts, the protein was
replaced by 36«M N-acetyltryptophanamide, and experi-

(0.95+ 0.10); were observed fors. Thereforecs was set
equal toc;, suggesting that shows a native-like fluores-
cence. The & reaction was assigned a specific
fluorescence change of.

Kinetics of Unfolding and Isomerization of the Wild-Type
Protein. The dependences of the amplitudes of the refolding
reactions 1 and 2 on the duration of unfolding were used to

6 — 13

ments as described above were performed. The emissiorfl€termine the rate constants of unfolding and prolyl isomer-
of tryptophan decreased less than 3% within 1 s after the ization based on the mechanism in Scheme 1. To evaluate
second mixing in these controls. The long-term stability was, this mechanism and to calculate the microscopic rate

however, limited, and the emission decreased by about 20%constants for unfoldingkgs), for Pro39 isomerizationkgs

within 1 h. This decrease in intensity was correlated with
the width of the excitation slit and is presumably caused by
photodegradation.

All kinetic experiments were reproduced at least once.
The individual refolding kinetics observed after the second
mixing were analyzed as the sum of one or two exponential
functions and a linear term, by using the software provided
by Applied Photophysics. The linear term accounted for the
small effect of photodecomposition and, after extended times
of unfolding in the first step, for the onset of the slow
refolding reactions.

Calculation of the Rate Constants of Unfolding and
Refolding. The results of the double-mixing experiments
give information on the mechanisms of both unfolding and
refolding. The analysis of the refolding kinetics after the
second mixing gives the rates of refolding of the various
unfolded species which are present after a certain time of

andks,), and for Pro55 isomerizatioki, andk,;), a nonlinear
least-squares fit of the experimental data to the unfolding
mechanism (Scheme 1) was performed. For the fit, the
program EASY-FIT (Schittkowski, 1993) was used. In this
procedure, the differential eqs—b are employed, which
describe the dependence on unfolding time of the concentra-
tions of the various species in Scheme 1. As outlined above,
we assumed that phase 1 of the observed refolding kinetics
originates from the ggg — N reaction, and that phase 2
originates from the € — 122 and the J¥ — I35 reactions
according to Scheme Z, is the fit parameter that describes
the specific change in fluorescence during th%U» N

and the J& — I35 reactions, and; is the fit parameter for

the specific fluorescence change during th& U~ 132
reaction. Fits, in which the ¥ — 133 reaction was
allowed to also contribute to phase 2 by including an
additional termcsUS3 into eq 5, always resulted in values
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for c3 that were close to zero.

du3
TSSC = —(ky + k32)Ug§ + klZUSgc + k23Uggtc + KN
(1)
dUss 20 20 -
o —(Kgp + Ki)Uss: + KpgUss: + KogUsg  (2)
3%t
55t
dt = — (ko + kza)Ugg + ksngi + k21UggtC )
dN
O = —Kk43N (4)
AF = ¢,(Usg + Usg) + cUsg, (5)

The U3 and N in egs 15 represent the reduced
concentrations of the individual species in Scheme 1. The
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Ficure 1: Stopped-flow unfolding kinetics of wild-type RNase T1
after a 6-fold dilution of native protein (6M in 0.01 M sodium
acetate, pH 5.0) to final conditions of 0.083 M glycine hydrochlo-
ride, 6.0 M GdmCI (pH 1.6).Unfolding was measured by the
decrease in protein fluorescence above 300 nm. The decrease in
the photomultiplier voltage is shown as a function of the time of
unfolding. The experimental curve was fit to the sum of a single-
exponential function (withh = 1.8 s anca = —1.03 V) and a linear

term with a slope ofm = —3.1 x 1073 V/s, as shown by the

sum of the reduced concentrations of all species is equal tOcgntinuous line.

1. Atthe beginning of unfolding, the reduced concentrations
of all unfolded speciesUy) are zero, and the reduced
concentration of the native proteiN)is 1. The rate constant
for refolding kss was set to zero, because strongly unfolding

conditions were used in our experiments.

Kinetics of Unfolding and Refolding of the S54G/P55N
Variant. The fast refolding of this variant was a single first-
order reaction, which was assumed to reflect the direct
folding reaction U* — N with a specific change in
fluorescence ot; (eq 9).

The kinetics of unfolding and isomerization of the S54G/
P55N variant are simplified because only a sing¢e= trans
isomerization (of Pro39) is coupled with unfolding (Scheme
3).

Scheme 3: Mechanism of Unfolding and Isomerization
of S54G/P55N-RNase T1

k34
=N

39
U ka3

Xz 30
. U
As for the wild-type protein, the dependence of the
amplitudes of the direct refolding reaction on the duration
of unfolding was used to determine the rate constants of

unfolding K43) and of Pro39 isomerizatiork{, andks;) in
Scheme 3. The differential eqs-8 were employed.c; is
the fit parameter for the specific fluorescence change during

the direct folding reaction.

du3* 3% 39
= U kU kN (6)
dtétggt =~ U + ke, U (7)
= kN ®)
AF = ¢,U** ©)

The dependences on temperature of the fast refolding

reactions were analyzed by using transition state theory andthe pH.

following the procedure employed by Chenal. (1992).

Peptide Syntheseslhe tetrapeptide-4-nitroanilide deriva-
tives Suc-Ser-Ser-Pro-Tyr-4-nitroanilide and Suc-Ser-Tyr-
Pro-His-4-nitroanilide were synthesized by Fmoc-based solid
phase synthesis, and the purity was examined by HPLC and
by capillary electrophoresis. The structures were confirmed
by 'H-NMR and by electrospray mass spectrometry.

Kinetics of the cis/trans Isomerization in the Model
Peptides. The kinetics ofcis — trans isomerization were
determined by isomer-specific proteolysis by using subtilisin
as the protease and the procedure devised by Fisthar
(1984). In the experiments, uL of a 90 mg/mL solution
of subtilisin in the assay buffer (0.083 M sodium acetate,
pH 7.0) was mixed with (1206- x) uL of the same buffer
and preequilibrated in the spectrometer cell at the desired
temperature. After 5 min, the reaction was initiated by
adding 10uL of a stock solution of the peptide derivative
(3.2 mg/mL in the assay buffer), and the absorbance of the
released 4-nitroaniline was followed at 390 <11 814
M~ cm™) in a Hewlett-Packard 8452A diode array spec-
trophotometer. The Hewlett-Packard 89531A MS-DOS UV/
VIS operation software or SigmaPlot Scientific Graphing
System Version 5.01 (Jandel Corp.) were used for data
analysis. The final concentrations of subtilisin were 1.2 and
26.5 mg/mL for Suc-Ser-Ser-Pro-Tyr-4-nitroanilide and Suc-
Ser-Tyr-Pro-His-4-nitroanilide, respectively. The analysis
of the temperature dependence on the rate conkdighfans
was performed between 3.5 and 25 in triplicate experi-
ments.

RESULTS

Unfolding Kinetics of RNase T1ln a protein unfolding
reaction, molecules with correct prolyl isomers3fly ac-
cumulate transiently at high concentration only when the N
— U unfolding reaction (Scheme 1) is much faster than
the subsequent prolyl isomerizations. RNase T1 shows a
high stability, and the N~ U unfolding reaction is slow
under most conditions. Its rate could be increased, however,
by raising the concentration of denaturant and by decreasing
In 6.0 M GdmCI at pH 1.6 (28C), unfolding
proceeded with a time constant of 1.8 s (Figure 1), which is
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Ficure 2: Refolding kinetics of wild-type RNase T1 after variable
times of unfolding. In stopped-flow double-mixing experiments, 2 T T T T T
unfolding was initiated by a 6-fold dilution of native protein (36 S
#M in 0.01 M sodium acetate, pH 5.0) to conditions of 0.083 M o
glycine hydrochloride, 6.0 M GdmCI (pH 1.6). Refolding was 5
induced by a further 6-fold dilution to final folding conditions of K
1 uM protein in 1.0 M GdmCI, 0.083 M sodium acetate, and 0.014 &
M glycine (pH 4.6). All experiments were carried out at 25. ‘5
The first 6 s of refolding is shown after 5 s (upper curve), 22 s 8
(middle curve), and 300 s of unfolding (lower curve). Refolding 2
was followed by the increase in protein fluorescence above 300 -
nm. The increase in the signal of the photomultiplier is shown as E
a function of the time of refolding. The experimental curves were
fit to the sum of two exponential functions and a linear term with
the slopem, which represents the onset of the slow refolding
reaction. The fit parameters were as follows: (upper cutyes Time of Unfolding (s)
177 ms @ =1.68 V),7,=0.98 s @, = 0.39 V),m=2.7x 10" FiGURe 3: Amplitudes of phase &{= 175+ 3 ms) @) and phase
V/s; (middle curvejr = 168 ms @1 = 0.59 V),7, = 1.01 s @ = 2 (o = 1.014 0.02 s) O) of the the fast refolding of wild-type

0.99 V),m=6.4 x 130_3 VIs; (lower curve)r, = 1.02 s g = 0.24 RNase T1 as a function of the duration of unfolding at25 The

V), m= 9.1 x 10" V/s. The fits are shown by the continuous  siopped-flow double-mixing experiments were carried out as in

lines. Figure 2. The data points reflect the amplitudes from single
. refolding experiments after the indicated times of unfolding. The

about an order of magnitude faster than the subsequententire time course of unfolding is shown in panel A; an expanded

isomerizations of Pro39 and Pro55 in the unfolded protein view of the first 60 s of unfolding is given in panel B. The lines

(see below). These strongly unfolding conditions were representa best fit of the data to the kinetic model in Scheme 1 by

therefore used to produce thé@species in the first step using eqs +5. The fit parameters are given in Table 1.

of double-mixing experiments. constantr; = 175 ms and refolding phase 2 with a time
Double-Mixing Experiments To Measure the Fast Refold- constantr, = 1.01 s.
ing Reactions of RNase T1To measure the kinetics of Fast Refolding after Variable Time Intals of Unfolding.

refolding of the @% species, we used a double-mixing Double-mixing experiments as in Figure 2 are not only useful
stopped-flow technique. In the first step, native RNase T1 to measure the refolding of transient species that are scarcely
was 6-fold-diluted to 6.0 M GdmCI, pH 1.6 (as in Figure populated at equilibrium but they can also be used to identify
1), to unfold the protein, and then, after a short period of the unfolded species which give rise to particular refolding
time, refolding was initiated in the second step by another reactions and to measure the kinetics of their formation and
6-fold dilution to give a final concentration of 1.0 M GdmCI interconversion under unfolding conditions (cf. Scheme 1).
at pH 4.6. The time course of refolding after the second Therefore, in further double-mixing experiments (as in
mixing was monitored by the increase in protein fluorescence Figure 2), the duration of unfolding in the first step was
above 300 nm. Representative kinetic traces obtained aftervaried from 0.5 to 300 s, and the rate constants and the
5, 22, and 300 s of unfolding are shown in Figure 2. They amplitudes associated with the two fast refolding phases in
demonstrate that fast refolding species of RNase T1 arethe second step were determined as a function of the time
indeed present at high concentration after a short 5-sof unfolding. Biphasic kinetics were observed in all cases.
unfolding pulse, and that they refold rapidly. With increasing The time constants of both phaserl € 175+ 3 ms) and
time of unfolding, both the amplitude and the final value of phase 2 £, = 1.01 + 0.02 s) were independent of the
fast refolding decrease, and after 300 s of unfolding, fast duration of unfolding in the first step, but the corresponding
refolding is barely detectable. The onset of the slow amplitudes (Figure 3) depended strongly and in a different
refolding reactions leads to a continuing increase in fluo- manner on the duration of unfolding. The amplitude of phase
rescence after the completion of the fast changes in Figurel (a;) increased rapidly after the initiation of unfolding
2. These slow reactions with time constants of 100 and 1000 (Figure 3B), reached a maximal value of 1.7 V after about
s (Kiefhaberet al, 1990a,b) could not be measured in the 5 s, and then decreased again, until a small limiting value
stopped-flow instrument because the fluorescence signal waof about 0.04 V was attained at unfolding times longer than
not sufficiently stable for more than 3000 s. The observed 100 s (Figure 3A). The increase of the amplitude of phase
fast refolding kinetics after 5 and 22 s of unfolding could 2 (a;) was much slower. It paralleled the decreaseanf

not be fit to a single-exponential function. Rather, they reached a maximum of 1.04 V after 25 s of unfolding, and
consisted of two phases: refolding phase 1 with a time then decreased slowly until a limiting value of about 0.25 V
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Table 1: Microscopic Rate Constants of Unfolding and Isomerization of Wild-Type RNase T1 as a Function of Tenfperature

30c Pro39 Pro55
N — Uz,

temp unfolding? trans— cis, cis— trans, trans— cis, cis— trans

(°C) kas (57Y) kiz x 18 (s79) ko1 x 10 (s79) kos x 10° (s7Y) k2 x 10° (s7Y) ¢ (V) c (V)
10 0.044+ 0.003 3.0£0.2 3.7£ 0.7 12.6+ 0.8 2.27+£0.07 1.3+ 0.3
15 0.100+ 0.005 0.22+ 0.21 6.3+ 0.4 84+ 1.1 225+ 1.0 2.26+0.05 0.94+ 0.15
20 0.26+ 0.01 1.0+ 0.3 122+ 0.4 5.4+ 0.8 29.2+ 1.4 2.60+ 0.04 0.88+ 0.29
25 0.49+ 0.02 2.0+ 04 226+ 1.4 8.7+ 3.3 50.5+ 5.3 2.38+0.03 0.81+ 0.28
30 1.72+ 0.05 3.8+13 47.7+£ 2.7 20.9+ 4.4 99.9+ 6.1 2.63+ 0.03 0.75+ 0.32
35 4.84+ 0.14 9.8+ 1.9 86.6t+ 4.4 32.6£ 5.7 185+ 10 2.63+ 0.03 0.71+ 0.37
40 16+ 1 2154+ 20 111+ 45 280+ 30 2.304+ 0.03 0.74+0.19

2 The kinetic parameters were derived from the analysis of double-mixing experiments as in Figures 2 and 5, by using Scheme 1-&nd eqgs 1
The microscopic rate constants refer to Schemelis the specific change in fluorescence of thi~ N and the & — I3 reaction;c, is the
specific change in fluorescence of th&3— 13X reaction. Values fok;, are not given at 10 and 4, because of the large uncertainties for these

fit values.” The data refer to unfolding conditions of 6.0 M GdmCl in 0.83 M glycine hydrochloride, pH 1.6.

was reached at times longer than 300 s. The profilesfor The rate constant of refoldindsss, is virtually zero under
anda, in Figure 3 show that the species which refolds in the employed strongly unfolding conditions. (ii) The fastest
phase 1 is formed by a process with a time constant of 2.1 phase of refolding (phase 1) reflects the refolding reaction
s and decays with a time constant of 11 s. The moleculesy3X — N. A significant contribution from the species with
which refold in phase 2 are formed with a time constant of incorrect prolines to this reaction can be excluded, because
17 s and decay with a time constant of 40 s. This analysisits amplitude is almost zero after more than 100 s of
strongly suggests that the fastest phase indeed reflects theinfolding (Figure 3A), when almost all unfolded molecules
refolding of ngc, because the rate of its formation coin- have incorrect prolyl isomers. Theé@—» N reaction is
cides with the rate of the N- UZS unfolding reaction (see  accompanied by a change in fluorescence of magnitude
Figure 1). @i is converted to species with incorrect prolyl (iii) Phase 2 in Figure 3 is assumed to originate from the
isomers in the 17-s phase. The correlation between therefolding reactions €& — I3¥ and WY — 13¥ (cf. Scheme
decrease of; and the increase @b, which is most clearly  2) of the unfolded species with a single incorrect proline.
seen in Figure 3B, indicates that the species that give rise 0]3% resembles N in its fluorescence (Kiefhabet al,
refolding in phase 2 (withr = 1.01 s) are formed from the 1990, 1992a), and therefore a specific change in fluores-
species that refolds in phase 1 (with= 175 ms). cence ofc; was assigned to the ¥J — 1¥* reaction too.
Refolding phase 1 persists with a very small amplitude 1n¢ change in fluorescence in thégpﬁ |g§ reaction was
even after long times of unfolding (Figure 3A). This reflects ot known and is represented by the fit parameten eq
the small amount of ﬁﬁ molgcules present at equilibrium . (iv) @g is similar to g in its fluorescence, and
(Schemes 1 and 2). Refolding phase 2 originates probablyther

from one or more species that are formed frofEby efore the & — I3 reaction does not contribute to the
prolyl isomerizations (in the 17-s phase), and it decays in refolding phase 2. & is the dominant species after more

the 40-s phase by reactions that also involve prolyl isomer- than 100 s of unfolding, and the small amplitude of phase 2

izations. This suggests that one or both species with asingleaﬁer 300 s of unfolding (Figure 3) excludes a significant

. . Ot . 3%t .
incorrect proline, & and/or Y, contribute to phase 2 ( contribution of g |55‘_ to the refold,ng phase 2'.
=1.01s). The product of this folding reaction should thus ~ The parameters resulting from the fit of the amplitudes of
be a folding intermediate with an incorrect proline (possibly refolding in Figure 3 to the model in Scheme 1 are included
132 and/or £ in Scheme 2). Itis not the native protein. In N Table 1. The rates ofis — trans isomerization of the
refolding experiments after a very long time of unfolding, WO prolines in the unfolded protein are not identical, but
phase 2 contributes about 405% of the total amplitude  differ by about a factor of 2. At this stage of the work, we
(Figure 3A), but after its completion (about 10 s), only22 could not assign these two isomerizations specifically to
of native RNase T1 molecules have formed, as determinedPro39 and Pro55, because the kinetic model in Scheme 1 is
earlier by assays for native molecules (Kiefhalegral., inherently symmetric. The assignment was possible, how-

1990b). These native molecules are formed only by the €ver, by including the kinetic data for the variants with
U§§ — N reaction. substitutions at Pro39 (Odef&y al, 1995) and Pro55 (see

Numerical Calculation of the Rate Constants of Unfolding g_elow). JTe Kinetic rr]esultghinhTable Il Witl)l thergf?re Ee
and Isomerization.The amplitude profiles in Figure 3 reflect  9ISCUssed later together with the results obtained for these

the kinetics of unfolding (N~ U3¥) and of the subsequent variants. The vaIiJes for the microsgopic rate constants and
cis = trans isomeriza?icfns ofsgsgro39 and Pro55 (i]'n the for ciandc, at 25°C (Table 1) describe the dependence of

unfolded protein in Scheme 1. To determine the microscopic the amplitudesy anda, on the duration of unfolding very
rate constants for these reactions, a nonlinear Ieast-s;quare‘ﬁ’eII (cf. the continuous lines in Figure 3).

fit of the time dependences of the refolding amplitudes The microscopic rate constants obtained at°€5were
anda; (in Figure 3) to the kinetic model in Scheme 1 was Used to calculate the concentrations of the native and the
performed by using the program EASY-FIT (Schittkowski, various unfolded species as a function of the time of
1993). In this method, the differential rate equations for the unfolding (Figure 4). The concentration of the native protein
individual species in Scheme 1 were used (egg)l The N decreases rapidly at the beginning in the—N ugg

following assumptions were made in these calculations. (i) unfolding reaction. This reaction is virtually complete after
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FiIGUrRe 4: Time courses of the various folded and unfolded forms
of wild-type RNase T1 during unfolding in 0.083 M glycine
hydrochloride, 6.0 M GdmCI (pH 1.6) at 2%. The profiles for

the individual species were calculated by using the rate constants
for 25 °C given in Table 1. €) N; (— —) UXS (—--—) U3
(—--) U3 (---) UZB.

about 10 s, and most molecules are in tHg: dtate with
both Pro39 and Pro55 still in the natiees conformation at
this time. The profile for @; follows the profile fora; in

Figure 3. Then the tweis — trans isomerizations occur,
and 20 s after the initiation of unfolding, the speciegcu
and ngf with a single incorrectrans prolyl isomer each
are strongly populated. The species with tnansisomers, Time of Unfolding (s)

U3, is formed most slowly with a lag at the beginning, EEURE 5T51Ki?e(t)i£)3 féoé”m'(éi”?.gf‘%% i%)m:ri;atign of ng'ttzpe
L. . 30t 39 - . ase al an °C. As in Figure 3, the
because it is formed fromﬂ via Use, Or Usg in sequential amplitudes of phase M) and phase 2) of fast rgfolding are

reactions (cf. Scheme 1). At equilibrium (after about 300 shown as a function of the duration of unfolding. The stopped-

s), about 78% @g is present, together with 13%3@‘,], 8% flow double-mixing experiments were carried out as described in

U and 3% @91: Figures 2 and 3. The lines represent best fits of the data to the
550 - kinetic model in Scheme 1 by using eqs&. The fit parameters
The concentration profiles in Figure 4 emphasize the are given in Table 1.

power of the double-mixing technique. Although the fast

folding species B is barely populated when RNase T1is shown in Figure 11 together with the isomerization rate
unfolded at equilibrium, an unfolding pulse of 5 s made it constants of the proline mutants (see below).

possible to produce this species transiently at a very high Dependence on Temperature of the Rates of Refolding.
concentration and to study the kinetics of its refolding. The double-mixing experiments at the various temperatures

Dependence on Temperature of the Rates of Unfolding @lso gave information on the temperature dependence of the
and Isomerization.Series of double-mixing experiments as two fast refolding reactions, § — N (phase 1) and
in Figure 3 were performed at seven different temperatures (Uss, + UZ®) — (I3 + 155) (phase 2). The apparent rate
between 10 and 48C. The results obtained at 10 and at 35 constants of these two folding reactions ¢ andz,™%) are
°C are shown in Figure 5A,B. At all temperatures, the two plotted as a function of temperature in Figure 6. Both show
phases of refolding in the second step could be resolved,similar complex dependences on temperature with maximal
and the measured rate constants of refolding were indepen+ates near 28C. All the experiments of Figure 6 are carried
dent of the duration of unfolding in the first step. As at 25 out in the native base-line region of thermal unfolding, and
°C (Figure 3), the amplitudes anda, of the two phases of  thereforer;~* should be identical to the microscopic rate
refolding showed strongly different dependences on the time constant of refoldindss. Less is known about the thermal
of unfolding in the first step. They were analyzed as outlined stability of the intermediates with incorrect prolines, which
for the data at 25C (in Figure 3) by using Scheme 1 and are formed in phase 2. A tentative analysis of the data in
eqs 5. The resulting values for all microscopic rate Figure 6 based on transition state theory results in values of
constants and far; andc; are listed in Table 1 as a function 69 and 73 kJ/mol for the Gibbs free energy of activation (at
of temperature. The fit to the experimental data was 25 °C) for phase 1 and phase 2, respectively. The pro-
generally good at temperatures higher thai@%cf. Figure nounced nonlinearity points to changes in the heat capacity
3 and Figure 5B). At 10 and 15C, small systematic  of activation of—3.3 kJ/(k:mol) for phase 1 and of-2.8
deviations between the experimental data and the calculatedJ/(K-mol) for phase 2.
curves were found (cf. Figure 5A). Itis possible that some  The strong deviation of the rate of phaser2 f) between
of the assumptions that were made in the kinetic analysis 40 and 42°C from the curve in Figure 6 indicates that!
do not hold at low temperature. In particular, the species can no longer be equated with the microscopic rate constant
with two incorrect isomers () might contribute to phase  of refolding of the intermediates with incorrect prolines.
2 of refolding. The dependences on temperature of the two These intermediates are probably less stable than native
rate constants faris — transisomerizationk,; andks,, are RNase T1 and enter their unfolding transition already near

Amplitude of Refolding (V)

8 20 40 60 80
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Ficure 7: Kinetics of unfolding of S54G/P55N-RNase T1 after a
n 6-fold dilution of native protein (&M in 0.01 M sodium acetate,
pH 5.0) to 0.083 M glycine hydrochloride, 6.0 M GdmCI (pH 1.6).
Unfolding was measured as described in Figure 1. The experimental
data were fit to a single-exponential function witk= 610 ms and
3.1 3.2 3.3 34 35 3.6 a= —0.72 V. The fit is shown by the continuous line.
1/T * 1000 (K™) 4
FiIGURE 6: Eyring plots of the dependence on temperature of the
measured rate constants @&)(phase 1 and®) phase 2 of the fast 35
refolding kinetics of wild-type RNase T1. The refolding conditions
were 1.0 M GdmCI in 0.083 M sodium acetate, 0.014 M glycine S
(pH 4.6). The data points represent average rate constants from at = 3
least 10 individual refolding experiments. The continuous lines S
represent fits (Chent al, 1989) to the data resulting in values of @ 25
AG* = 69 kJ/mol (at 25C) andAC,* = —3.2 kJ/(K:mol) for phase
1 and of AG¥ = 73 kJ/mol (at 25°C) andAC,* = —2.8 kJ/(k 2
mol) for phase 2. For phase 2, the two points &t %/ 0.00318
K~1 were not included into the fit.
0 1 2 3
40°C. This is supported by the finding that the amplitude Time of Refolding (s)
of this re-actlon. 62)_approa0hes zero above 4e. Ficure 8: Refolding kinetics of S54G/P55N-RNase T1 after
Unfolding Kinetics of S54G/P55N-RNase TE54G/ variable times of unfolding. In stopped-flow double-mixing experi-
P55N-RNase T1 contains only a singis proline (Pro39), ments, unfolding was initiated by a 6-fold dilution of native protein

inati i i i ifi (36 uM in 0.01 M sodium acetate, pH 5.0) to conditions of 0.083
and the kinetics of its refolding are strongly simplified M glycine hydrochloride, 6.0 M GdmCl (pH 1.6). Refolding was

(Klefh_abergt al_., 1990C): We _Investlgated the unfolding and induced by a subsequent 6-fold dilution to final folding conditions
refolding kinetics of this variant also by the stopped-flow of 1 4M protein in 1.0 M GdmCl, 0.083 M sodium acetate, 0.014
double-mixing technique (i) to identify the isomerization of M glycine (pH 4.6). All experiments were carried out at 25.
Pro39 in the unfolded wild-type protein from a comparison The first 3 s of refolding is shown after 6zB00 s of unfolding

of S54G/P55N-RNase T1 and the wild-type protein and (ii) (see labeling of the individual traces). Refolding was followed by

. ; S the increase in protein fluorescence above 300 nm.

to characterize the influence of the substitutions of Ser54

andcis Pro55 on the direct folding reaction, which does not with a time constant of 380 ms (and an amplitude of 2.2 V).
involve prolyl isomerizations. In the 3 — N reaction of ~ When the duration of unfolding is further increased, the

wild-type RNase T1, the protein folds with@as Ser54- amplitude of this fast refolding reaction decreases again, until
Pro55 bond, but in the ¥ — N reaction of the S54G/P55N  a limiting value of about 0.35 V is reached after 300 s of
variant, the protein folds with &rans Gly54—Asn55 bond.  unfolding. The fast reaction is followed by a steady increase

Unfolding of S54G/P55N-RNase T1 in the presence of in fluorescence. It reflects the onset of the slow refolding
6.0 M GdmClI, pH 1.6 (Figure 7), is also a single first-order of the U** molecules{ = 800 s; Kiefhaber & Schmid, 1992).
reaction. With its time constant of 610 ms, it is about 3-fold A fast formation of an intermediate with an incorréxns
faster than the unfolding of the wild-type protein under the Pro39 could not be detected by fluorescence.
same conditions (cf. Figure 1). Representative kinetics of The amplitude of the fast refolding reaction of S54G/
fast refolding after various times of unfolding are shown in P55N-RNase T1 is shown in Figure 9 as a function of the
Figure 8. After 0.1 s of unfolding, most of the protein is time of unfolding. The corresponding time constant of
still native. Only a very small rapid refolding reaction is refolding ¢ = 400+ 10 ms) was independent of the duration
monitored after the second mixing, and the fluorescence of of unfolding. The amplitude reached a maximal value of
the native protein is regained within about 1 s. With 2.3 V after about 3 s, and then it decreased slowly until a
increasing duration of unfolding in the first step, mor&U  limiting value of about 0.38 V was reached after about 200
molecules (with a native-likecis Pro39) are produced. s. Only a singlesis proline (Pro39) is present in S54G/P55N-
Therefore, the initial fluorescence before refolding in the RNase T1, and the three-species mechanism in Scheme 3
second step decreases, and the amplitude of the rapicand eqs 69 could be used to determine the rate constants
refolding reaction increases. After 5 s, the protein is of unfolding and of Pro39 isomerization from the refolding
completely unfolded, but almost all molecules are still in data in Figure 3. This analysis yielded a time constant of
the UP* state and refold rapidly in a single first-order reaction 6204 20 ms for the N— U3%* unfolding reaction, and time
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FIGURE 9: Amplitude of the fast refolding reaction of S54G/P55N- g5 Re 10: Eyring plot of the dependence on temperature of the
RNase T1 { = 377 + 3 ms) as a function of the duration of  rate constant of the direct (fast) refolding reaction of S54G/P55N-
unfolding at 25°C. The stopped-flow double-mixing experiments RpNase T1. The refolding conditions were 1.0 M GdmCl in 0.083
were carried out as in Figure 8. The line represents a best fit of the \j sodium acetate, 0.014 M glycine (pH 4.6). The continuous line
data to the kinetic model in Scheme 3 by using eg®6The fit represents a it to the data resultingi®* = 71 kJ/mol (at 25C)

parameters are given in Table 2. andAC;t = —2.3 kJ/(K:mol).
Table 2: Microscopic Rate Constants of Unfolding and Pro39 0
Isomerization of S54G/P55N RNase T1 as a Function of
Temperature
N— U Pro39, Pro39, A
temp  unfolding? trans— cis, cis— trans, N
(°C) ks (s7h) kiz x 103 (7)) ko x 103 (s7Y) 1 (V) o
10  0.172+£0.005 0.38+0.05 3.0+ 0.1 2.424+0.02 - 2
15  0.35+0.01 0.95+ 0.08 6.00+ 0.17 2.32+0.02
20 0.744+ 0.02 2.3+ 0.5 11.7+ 1.0 2.24+ 0.05
25 1.62+ 0.04 4.1+ 1.0 21.9+2.0 2.44+ 0.05
30 3.96+ 0.11 7.9£0.7 37.7£ 1.3 2.19+ 0.02 3 ) | I T B! ] \ ] \
35 9.8+ 0.4 104+ 1.1 67.4+ 2.9 2.21+ 0.02
40 26.8+0.4 16.6+2.4  126+5.6 2.05+ 0.02 341 32 3.3 34 3.5 36

aThe kinetic parameters were derived from the analysis of double- 11T 1000 (K7)
mixing experiments as in Figure 9, by using Scheme 3 and e@s 6  FIGURE 11: Dependence on temperature of the rate constants of
The microscopic rate constants refer to Schemee3is the specific Pro39 and of Pro586is — transisomerization in unfolded RNase
change in fluorescence of thel)— N reaction.” The data refer to T1in 6.0 M GdmCI (pH 1.6). Rate constat for thecis— trans
unfolding conditions of 6.0 M GdmCl in 0.83 M glycine hydrochloride, isomerization of Pro39 in«) the wild-type protein andy() the
pH 1.6. S54G/P55N variant. Rate constdas for the cis — transisomer-
ization of Pro55 in @) the wild-type protein and) the P39A
) variant. The data for the P39A variant are taken from Odefey et al.
constants of 46 s for theis — transand 242 s for thérans (1995). The lines yield Arrhenius activation energies of 973
— cisisomerizations of Pro39 in the unfolded protein. This kJ/mol for Pro39 and 8% 5 kJ/mol for Pro55. The rate constants
suggests that an equilibrium mixture of 168 and 84% for thecis— transisomerizations were determined from the analysis
transisomers is attained for Pro39 in unfolded S54G/P55N- of stopped-flow double-mixing experiments as in Figures 3, 5, and

h ; . - 9 at varying temperature as given in Tables 1 and 2 and by Odefey

RNase T1, in agreement with the values estimated previouslyet al. (1995).
(Kiefhaberet al, 1990a,b; Kiefhaber & Schmid, 1992) by
different methods. RNase T1 is shown in Figure 10. As in the case of the wild-

Dependence on Temperature of the Rates of Unfolding type protein (Figure 6), a pronounced nonlinearity is observed
and Isomerization of S54G/P55N-RNase THor S54G/ in the Eyring plot. The rate of direct refolding increases
P55N-RNase T1, the rates of refolding, unfolding, and Pro39 with temperature, reaches a maximum neaf@Gpand then
isomerization were also determined from double-mixing decreases again. A tentative analysis based on transition state
experiments as in Figure 9 between 10 and°@0 At all theory results in a value of 71 kJ/mol for the Gibbs free
temperatures, refolding in the second step was a monophasienergy of activation (at 25C) and of—2.3 kJ/(Kk:mol) for
reaction, and the measured rate constant of refolding did notthe change in heat capacity of activation.

depend on the duration of unfolding in the first step. All |dentification of the Isomerizations of Pro39 and Pro55
results were analyzed as outlined for the data at@Zgin in Unfolded Wild-Type RNase TiThe wild-type protein
Figure 9) by using Scheme 3 and eqs® The microscopic  contains twocis prolines (Pro39 and Pro55), and two
rate constants for unfolding and for the isomerization of jsomerizations were detected in the unfolded protein by the
Pro39 obtained from these fits are given in Table 2 as a kinetic ana|y5is (as Comp"ed in Table 1) Their rate
function of temperature. The time courses of the amplitude constantsk,; and ks, are shown in Figure 11 as a function
of fast refolding calculated with the parameters in Table 2 of temperature. The slower isomerization with the rate
agreed very well with the experimental data at all temper- constant,, could be assigned to Pro39, because it coincides
atures. with the isomerization in the S54G/P55N variant (which
The dependence on temperature of the rate constant ofcontains only Pro39), and the faster isomerization with the
the direct refolding reaction, ¥ — N, for S54G/P55N- rate constanks, could be assigned to Pro55, because it
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Table 3: Microscopic Rate Constants for Pratj — trans The Arrhenius activation energies fois — transisomer-

Isomerization in Model Peptides ization were 70.8 kJ/mol for Suc-Ser-Ser-Pro-Tyr-4-nitro-
Tyr-Pro-His-, “Ser-Pro-Tyr-, anilide and 78.5 kJ/mol for Suc-Ser-Tyr-Pro-His-4-nitro-
temp Keis—trans Keistrans anilide. The rank order of these activation energies is the
(°C) x 108 (s7Y) x 103 (s7Y) same as for the respective positions in unfolded RNase T1.
33 245 461 In the peptides, both values are, however, about 18 kJ/mol
8.6 5.22 7.93 smaller than in the unfolded protein. At present, we cannot
117 7.84 11.1 offer a simple explanation for this difference.
16.0 11.2 16.1
% L 21
25.0 30.0 nd

Contributions of the cis Prolines 39 and 55 to the Folding

, = . ; ._._Mechanism of RNase TIIhe roles of the twais prolines
measured by isomer-specific proteolysis as described under Matenalsf h hani f unfoldi f d b
and Methods. The isomerizations of -Tyr-Pro-His- and -Ser-Pro-Tyr- O_r the me_c anism of unfolding of RNase T1 cou e
were followed in Suc-Ser-Tyr-Pro-His-4-nitroanilide and in Suc-Ser- dissected in the present study. The stopped-flow double-
Tyr-Pro-His-4-nitroanilide, respectively. mixing experiments with the wild-type protein (with both
cis prolines), the S54G/P55N variant (witlis-Pro39 only,

coincides with the previously measured isomerization in the this work), and the P39A variant [witlris-Pro55 only
P39A variant, which contains only Pro55 (Odefey al. (Odefeyet al, 1995)] enabled us to identify these isomer-
1995). izations in the unfolded wild-type protein and to measure

their kinetics individually. The data obtained for the wild-
type and for the variant proteins strongly support the kinetic
mechanism for the unfolding and the isomerizations of RNase
T1 that was proposed in Scheme 1. Small deviations were
¥ound only at 10 and 15°C, probably because some
simplifying assumptions that were made in the analysis of
the refolding kinetics are not strictly met at low temperature.

The individual isomerizations of Pro39 and Pro55 could
activation energies fazis — transisomerization are 9% 3 bhe |de_zlgt|f|ed, because t:gy occurred ;‘."tﬂ identical dra'geslln
and 88+ 4 kJ/mol for Pro39 and Pro55, respectively. the wild-type protein an Ln variants which contained single

o . ] . ) cis prolines only. Thecis = transisomerization of Ser54-

Isomerization of Prolines in Model Peptide3o find out  pro55 is about 2-fold faster than the isomerization of Tyr38-
whether the rates of prolyl isomerization in unfolded RNase prg39. Apparently, this difference reflects the local influence
T1 are determined by the local amino acid sequence, We the residues before and after the proline on the rate of
synthesized the two oligopeptides Suc-Ser-Tyr-Pro-His-4- jsomerization. Strongly similar isomerization rates aig
nitroanilide and Suc-Ser-Ser-Pro-Tyr-4-nitroanilide. These transequilibria were found for Ser54-Pro55 and Tyr38-Pro39
peptides encompass the local sequences S¢t8A0 around  gijther in the unfolded protein or in two oligopeptides that
Pro39 and Ser53Tyr56 around Pro55, respectively, of contained these prolyl bonds in the same local sequence as
RNase T1, and they can be cleaved by subtilisin in an isomer-ijn RNase T1. This confirms that nonlocal interactions are

aThe rate constants afis — trans isomerization Keis—trans, WEre

Since the rates for thrans — cis isomerizations have
been determined as well (Tables 1 and 2), the equilibrium
constantKeq = [trang/[cis] could be calculated from the
kinetic data. They are not very precise, because the accurac
of the rate constants for thens— cisisomerizations from
the joint fits is fairly low. They suggest, however, that in
the unfolded protein about 15% of Pro39 and-?0% of
Pro55 are in the native-likeis conformation. The Arrhenius

specific manner when the XadPro bond israns. Thecis  apsent around these prolines in unfolded RNase T1, and
trans equilibria and the rates afis — transisomerization  therefore the kinetics of theiris/trans isomerizations are
were measured for these peptides between 3 arftC23y determined only by the local amino acid sequence.

the protease-coupled assay devised by Fisehal. (1984). The Arrhenius activation energies (9 3 and 88+ 5

At 20.5 °C, a value of 19.4x 102 s* was found for  kJ/mol for Pro39 and Pro55 isomerization in unfolded RNase
Keis—trans in the peptide Suc-Ser-Tyr-Pro-His-4-nitroanilide and  T1 and 78.5 and 70.8 kJ/mol for the respective isomerizations
a value of 27.8x 1073 s* for Suc-Ser-Ser-Pro-Tyr-4-  in the peptides) show the same rank order, but the absolute
nitroanilide (Table 3). As in unfolded RNase T1, in the values are higher in the protein. They are, however, in the
peptides the isomerization of -Tyr-Pro is slower than the range expected from the data on other short peptides (Cheng
isomerization of Ser-Pro. At 2€C, the rate constants for & Bovey, 1977; Grathwohl & Wthrich, 1981; Stein, 1993;
the latter isomerization are identical in the peptide and in Eberhardtet al, 1993). Thecigtrans equilibria at the two
the unfolded protein (cf. Tables 1 and 3). For Ser-Tyr-Pro- prolines are similar, and we estimate that Pro39 and Pro55
His, the isomerization is slightly slower in the unfolded are 12-17% and 15-20%, respectively, in theis conforma-
protein {is—wrans = 12.2 x 1072 s71) than in the peptide  tion in the unfolded protein. These estimates are not very
(Keis—trans = 19.4 x 1073 s71). For Suc-Ser-Ser-Pro-Tyr-4-  precise, because the rate constants for the mtimms —
nitroanilide, 13% of the peptide was found to be in te cisisomerizationsk;, andkzs) could not be determined with
conformation, in good agreement with the value estimated high accuracy. They are the slowest processes in Scheme 1
for Pro55 in unfolded RNase T1. For Suc-Ser-Tyr-Pro-His- and are therefore strongly sensitive to variations in the final
4-nitroanilide, thecis content was 27%, which is somewhat fluorescence values reached in the refolding kinetics. In our
higher than the value of 15% estimated for Pro39 in the previous analyses of the folding kinetics of RNase T1, we
unfolded protein. It is possible that in the peptide the had not been able to resolve the isomerizations of Pro39 and
4-nitroanilide and the tyrosine residue prior to the proline Pro55 individually and had tentatively assumed that Pro39
are engaged in weak hydrophobic interactions that slightly and Pro55 isomerize with the same rates in unfolded RNase
favor thecis conformation. T1 (Kiefhaberet al, 1990b; Micke & Schmid, 1994b).
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It should be noted that the twteans prolines (Pro60 and  and that, by difference, the straineis Tyr38—Ala39 bond
Pro73) are not accounted for in Scheme 1. In the unfolded should destabilize the P39A variant by about 10 kJ/mol. Such
state, only a minor fraction of all molecules contains incorrect a value would be expected forag/trans ratio of 1/100 at
cisisomers of these prolines, and therefore their contributions this bond in the unfolded protein, in agreement with
to the measured kinetics of refolding should be very small. theoretical estimates for thas/trans equilibrium at peptide
Indeed, the substitution of one of them, Pro73, does not bonds (Ramachandran & Mitra, 1976; Jorgensen & Gao,
measurably affect the folding kinetics (T. Schindler et al., 1988).

unpublished results). Formation of Transient Intermediates with an Incorrect
Direct Refolding Reactions of RNase TThe direct Proline. The rapid double-mixing experiments revealed a
refolding reaction of the EX molecules with correctis second fast phase in the refolding of RNase T1 with a time

isomers at Pro39 and Pro55 could not be measured earlierconstant of 1.01 s at 25C. The amplitude profile for this
because only 24% of those molecules exist at equilibrium ~Phase strongly suggests that both the formation and the decay
in the unfolded state. By the stopped-flow double-mixing ©Of the species that give rise to this phase involve prolyl
procedure, we could now increase the concentration of isomerizations. We propose that the tw%CunfoIded species
UE transiently and determine the time constant of its With a single incorrect isomer, & and L (cf. Scheme
refolding as 180 ms. £ is the first unfolded species and 2). aré involved and that the 1.01-s phase reflec;;s the
is formed directly from N. The amplitude of its refolding formation of the partially folded intermediate®;land 5
reaction increased with the same kinetics as the native(Scheme 2). It can be excluded that th&\$pecies with
molecules disappeared, and it decreased with a rate equivatwo incorrect isomers contributes significantly to the 1.01-s
lent to the sum of the rates of Pro39 and Pro55 isomerization.phase, because its amplitude becomes very small after
This is expected, because either isomerization convertsextended times of unfolding, when3{Jis strongly popu-
U into slow folding molecules. This amplitude profile lated.
distinguishes the direct refolding reactian< 180 ms) from Surprisingly, the folding reaction of the species with an
the 1.01-s refolding reaction. The molecules that give rise incorrect proline isomer (to intermediates which still have
to the latter reaction are formed slowly by prolyl isomer- an incorrect proline isomer) is only about 5-fold slower than
ization and decay slowly by prolyl isomerizations; i.e., this the direct folding reaction of gﬁj to the native state.
is a refolding reaction that originates from molecules with Furthermore, it strongly resembles direct folding in its
incorrect prolyl isomers (see below). nonlinear dependence on temperature in the Eyring plot
The measured rate constant of the direct refolding reaction (Figure 6) and, consequently, &Cy*. This may indicate
shows a pronounced nonlinear dependence on temperaturéhat the activated states for the folding in the presence and
in an Eyring plot (Figure 6) with a maximum near 26. in the absence of incorrect prolyl isomers bear some
This curvature is well accounted for by a change in the heat resemblance. In contrast to these similarities in refolding,
capacity of activationC,* = —3.3 kJ/(Kkmol). This value the native protein and the folding intermediates with incorrect
is equivalent to about two-thirds of the equilibrium change Prolines differ strongly in the rate of unfolding (Kiefhaber
AC, = —5.2 kJ/(Kmol) upon folding (Kiefhaberet al., et al, 1990b). It should be noted that in the refolding of
1990d; Huet al, 1992; Yuet al, 1994), suggesting that the the constant domain of the immunoglobulin light chain the
activated state shows a significant amount of native-like direct folding reaction and the formation of intermediates
structure. A nonlinear dependence on temperature of theWith incorrect prolines also coincided kinetically (Goto &
rates was observed previously in the refolding of several Hamaguchi, 1982).
proteins and also interpreted with respect to the properties In the past, it has not been possible to characterize the
of the transition state (Hagerman & Baldwin, 1976; Pohl, contributions of individual prolines to the folding mechanism
1976; Segawa & Sugihara, 1984; Charal, 1992; Olive- of a protein. The combination of proline mutagenesis,
berget al, 1995). Since both polar and nonpolar interactions stopped-flow double-mixing experiments, and peptide syn-
contribute to the changes in heat capacity (Privalov & thesis has advanced our knowledge significantly. It enabled
Makhatadze, 1992), a further interpretation of the value of us to characterize the contributions of Pro39 and Pro55 to
AC,* is not warranted. The extent of hydrophobic interac- the folding of RNase T1, and, in addition, it led to the
tions in the elusive activated state or the ensemble of detection and the characterization of a non-prolyl peptide
activated states cannot be inferred easily fra@,". bond isomerization in the folding of the P39A variant of

The replacements of thas prolines have only very small ~ this protein.
effects on the time constant of the direct folding reaction. It
increases slightly to 300 ms for the P39A variant (Odefey ACKNOWLEDGMENT
etal, 1995) and to 380 ms for the S54G/P55N variant (this ~ We thank Klaus Schittkowski for making his program
study). For the latter species, this is not surprising, since EASY-FIT available to us and Vishwas Agashe, Gunter,
the S54G/P55N double mutation is only weakly destabilizing. Fischer, Thomas Schindler, Volker Sieber, and Stefan Walter
It is surprising, however, for the P39A variant, because the for discussions of this work.
conformational stability of RNase T1 is reduced by about
21 kJ/mol by the P39A mutation (Magt al., 1993b). This REFERENCES
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