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Nonprolyl cis peptide bonds in unfolded
proteins cause complex folding kinetics

Glnter Pappenberger'4, Huseyin Ayglin?, Joachim W. Engels?, UIf Reimer23, Gunter Fischer? and

Thomas Kiefhaber!

Folding of tendamistat, an inhibitor of a-amylase, is a fast two-state process accompanied by two minor slow
reactions, which were assigned to prolyl isomerization. In a proline-free variant, 5% of the molecules still fold
slowly with a rate constant of 2.5 s-L. This reaction is caused by a slow equilibrium between two populations of
unfolded molecules. The time constant for this equilibration process, its sensitivity to LiCl and its temperature
dependence identify it as a cis-trans isomerization of nonprolyl peptide bonds. Although nonprolyl peptide
bonds have the cis conformation populating only [0.15% in unfolded proteins, their large number generates a
significant fraction of slow-folding molecules. This emphasizes that heterogeneous populations in an unfolded
protein can induce complex folding kinetics on various time scales.

A major focus of protein folding studies has been the characteri-
zation of the rate limiting events for formation of the native struc-
ture. Several proteins were shown to fold rapidly according to a
two-state mechanism without transiently populated intermedi-
ates?, whereas folding of other proteins involves partially folded
intermediates with various degrees of structure formation3. The
elucidation of kinetic folding mechanisms and of the role of inter-
mediates is essential to understand the energy landscape of pro-
tein folding. Analysis of the folding mechanism for almost all
proteins is, however, complicated by heterogeneities in the
unfolded chain caused by slow equilibration reactions. This gives
rise to slow reactions coupled to the actual folding process. Most
commonly, this heterogeneity involves the cis-trans isomerization
of Xaa—Pro peptide bonds*5, but other reactions, such as heme
religation, have been described®’. To correctly assess complex
folding kinetics, it is especially important to distinguish between
the contributions of partially folded intermediates from those of
heterogeneities in the unfolded state.

Here we analyze the slow folding reaction of the a-amylase
inhibitor, tendamistat, a small all-B-protein of 74 amino acids®.
It contains two disulfide bridges, which are kept intact during
folding/unfolding, and three prolyl residues, which are in the
trans conformation in the native state. For the majority of the
tendamistat molecules, folding is a rapid two-state process®.
However, a fraction of the molecules folds in two slower reac-
tions. The slowest reaction, with a tryptophan fluorescence
amplitude of 10% of the total fluorescence change between
unfolded and native protein and a rate constant (k) of 0.08 s,
could be attributed to prolyl isomerization because of its slow
equilibration in the unfolded state and its catalysis by human
cyclophilin 18 (ref. 9). The intermediate reaction, with an ampli-
tude of 5% and a rate constant of [B s, was initially assigned to
the formation of an intermediate with a non-native Xaa—Pro
peptide bond because it could not be catalyzed. We could now
assign this reaction to the cis — trans isomerization of nonproline
peptide bonds, which statistically occur in the cis conformation

in the unfolded polypeptide chain. This provides a general
source of heterogeneity in unfolded proteins and can explain
previously unaccounted minor folding reactions in many pro-
teins.

Proline-free tendamistat

To simplify the mechanism of tendamistat folding, we replaced
all prolyl residues with alanines (tendamistat P7A/P9A/P50A).
The unfolding transition of tendamistat, induced by GdmClI, pH
7.0, at 25 °C (Fig.1a), shows a shift in the transition midpoint
from 6.4 M GdmCl in the wild type protein to 5.0 M in the pro-
line-free variant. This shift corresponds to a decrease in protein
stability (AG®) of 11.6 kJ mol-. Despite the replacement of all
prolyl residues, refolding of the proline-free variant is still com-
plex (Fig. 2). The majority of the fluorescence change (95.5 +
0.3%) occurs in a fast reaction with a rate constant of 10.1 +
0.1s%. The remaining 4.5% change occurs on a slower time scale
with a rate constant of 2.3 s7%; This reaction closely resembles the
intermediate kinetic phase in the wild type protein. The slowest
refolding reaction of wild type tendamistat, with a rate constant
of 0.085 s, is eliminated in the proline-free protein, corre-
sponding to the lack of proline isomerization®.

The two rates of the kinetic phases of the proline-free variant
were further characterized by measuring their GdmCI-depen-
dence. The GdmCI-dependence of the major kinetic phase is
V-shaped (Fig. 1b), which is commonly observed for proteins
that fold according to the two-state model'%°. The rate constant
for the minor refolding reaction is independent of the GdmCl
concentration (Fig. 1b). The rates of the two reactions are similar
at (1.5 M GdmCI. However, above 1.5 M GdmClI, the amplitude
of the GdmCI-independent reaction rapidly approaches zero
(Fig. 1c). The strong GdmCI-dependence of the major kinetic
phase identifies it as a folding reaction associated with structure
formation. The insensitivity to GdmCI of the minor folding
reaction indicates that protein solvent interactions change little
in this process.
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Heterogeneity in the unfolded state

To test whether the complex refolding kinetics in proline-free
tendamistat are caused by a folding intermediate or by different
populations of unfolded molecules, we monitored the formation
of native tendamistat in interrupted refolding experimentstt12
and compared the resulting kinetics to the direct fluorescence
detected folding reaction. In interrupted refolding experiments
the protein is allowed to refold for a certain time (‘age time) and
then is transferred to unfolding conditions to monitor the result-
ing kinetics. Because the native state has a characteristic stability
and barrier for unfolding, the measured rate constant is charac-
teristic of the unfolding reaction and is different from those of
any partially folded intermediates. Interrupted refolding experi-
ments measure the increase in amplitude of the unfolding reac-
tion of the native protein as a function of the age time, which
gives the time course of formation native protein. Thus, inter-
rupted refolding experiments are able to detect whether a folding
reaction produces native protein. The formation of native ten-
damistat proceeds in two kinetic phases (Fig. 3) with the same
rate constants and amplitudes as those monitored directly by flu-
orescence. Thus, both kinetic phases directly produce native ten-
damistat, and there is no evidence for the transient population of
partially folded states.

To detect putative slow equilibration processes in unfolded ten-
damistat, double-jump experiments* were performed. In these
experiments the native protein is unfolded for a certain time (‘age
time’) in a first mixing step. In a second mixing step the protein is
allowed to refold, and the refolding kinetics are monitored. When
a slow equilibration process occurs in the unfolded polypeptide
chain, the amplitude of any refolding reaction is limited by this
equilibration reaction and will develop slowly after unfolding.
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Fig. 1 Effect of proline replacements on tendamistat stability and folding.
a, GdmCl-induced unfolding transition of the proline-free tendamistat
variant (filled circle) and the wild type protein® (open circle) at pH 7.0,
25 °C, monitored by the change in ellipticity at 220 nm. The data were nor-
malized to the fraction of native protein. The lines represent the analysis
based on the two state model with AG°(H,0) = -224 =+
1.7 ki molt and m = 4.5 £ 0.4 ki mol* M- for proline-free tendamistat,
and AG°(H,0) = -34.0 £ 0.7 ki mol-* and m = 5.3 + 0.1 kJ mol-* M- for the
wild type protein. The transition was not measured by the change in
intrinsic Trp fluorescence due to a specific chloride binding site close to
Trp 18 that leads to a drop in native-state fluorescence between 0 and 2 M
GdmCI®. b, GdmCI-dependence of the apparent rate constants, A, (filled
circle), A, (filled square), for folding of proline-free tendamistat at pH 7.0,
25 °C. Virtually identical rate constants were obtained in CD-detected fold-
ing kinetics (data not shown). c, Respective amplitudes, A (filled circle), A,
(filled square) of the two folding phases. The lines in panels (b) and (c) rep-
resent the global fit of both apparent rate constants and amplitudes to
the analytical solution of a linear three-state model (Eq. 1). kesand kg: were
assumed to be independent of the [GdMCI], whereas the In kg and In kye
were assumed to have linear dependence with the [GdmCI] was assumed:
Ink =Ink (H,0) + m/RT x [GAmCI]. The kinetic parameters obtained from
the fits are kp(H,0) = 134 s, Ky(HO0) = 9.9 x 10* s, mgy =
3.42 kI mol M1, my=-1.51 kI mol-t M1, kes=0.075 571, kge=2.1 571,

Any direct folding reaction will appear as soon as the protein is
unfolded — that is, with the same rate constant as unfolding takes
place. The appearance of the amplitudes of the two folding reac-
tions was monitored as a function of the unfolding duration
(Fig. 4). The fast-refolding species forms with virtually the same
rate constant as measured for the unfolding reaction. This reac-
tion loses [B% of its amplitude at longer unfolding times (rate
constant = 1.6 + 0.4 s1). The slow-refolding molecules form sig-
nificantly more slowly than the unfolding reaction takes place
(Fig. 4). A single exponential fit gives a rate constant of 2.0 +
0.2 st and an amplitude of 3.9 + 0.1% for the appearance of the
slow-folding reaction, which correlates with the decay of the fast-
folding molecules at longer times. These results show that the
complex kinetics of refolding is caused by a slow equilibration
process in the unfolded state between a fast folding population
(Up) and a slow-folding population (Us):

ke -~ Ken -~ 1
Us=he e N @

The identical amplitudes for refolding measured by fluores-
cence and interrupted refolding experiments, combined with the
lack of a burst phase reaction (Fig. 2), indicate that neither Us
nor U form partially folded states. Therefore, Eq. 1 could be
used to describe the folding kinetics of the proline-free variant
under all experimental conditions. This is confirmed by fitting
the GdmCl-dependence of both apparent rate constants and
their amplitudes (Fig. 1b,c) with the equilibrium unfolding tran-
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Fig. 2 Refolding kinetics of the proline-free tendamistat variant. Folding
was monitored by the change in tryptophan fluorescence Refolding con-
ditions were 0.40 M GdmCl, pH 7.0, 25 °C. The dashed line indicates the
fluorescence of the unfolded protein extrapolated to refolding condi-
tions from the GdmCl-dependence of the fluorescence signal at high
denaturant concentrations. At time point zero the kinetic trace agrees
well with the signal of the unfolded protein, which shows that no faster
reactions occur in the dead time of mixing. The residuals for the single
and double exponential fits show the existence of two kinetic phases
with rate constants and relative amplitudes of: A\; = 2.26 £ 0.11 s, A; =
4.5+ 0.3%; A\,=10.1 £ 0.03 s'1; and A, = 95.5 + 0.2%. The errors are from
the uncertainty of fitting.

sition (Fig. 1a) to the analytical solutions of Eq. 1 (refs 13,14).
This allowed a quantitative description of the experimental data
and gave values of kgs = 2.1 st and kgs = 0.075 s1. The fit also
reproduces the decrease in the amplitude of the faster reaction
(A2) and the concomitant increase in the amplitude of the slow-
er reaction (A1) above 1.5 GdmCI when folding becomes slower
than the equilibration process (Fig. 1c).

Eqg. 1 also allows the global fit of the appearance of the slow- and
fast-folding phases in the double jump experiments (Fig. 4) and
gives values of kye=27.1+ 0.1 5%, kgs=0.093 + 0.005 s and kg =
2.6 0.2 s7L. These values are nearly identical to the respective val-
ues from fitting the GdmCI-dependence of folding (Fig. 1).

Activation parameters for the slow-folding reaction

Our results show that two slowly interconverting species of
unfolded molecules account for the complex folding of pro-
line-free tendamistat. In addition to isomerization of peptide
bonds preceding proline residues*s and ligand exchange of
the heme moiety®7, threading of loops formed by disulfide
bridges that overlap in sequence was suggested to cause slow
reactions in protein folding!¢'. None of these reactions can
account for the heterogeneity found in the unfolded state of
proline-free tendamistat, because it contains neither prolines
nor a ligand. Proline-free tendamistat has two disulfide
bridges between Cys 11 and Cys 27 and between Cys 45 and
Cys 73, which are kept intact during unfolding/folding. Since
they form sequential nonoverlapping loops, the disulfide
bridges cannot give rise to loop threading reactions. This is
confirmed by the folding kinetics of different single disulfide
tendamistat variants, where entanglements of disulfide loops
can be excluded. All single disulfide variants show the same
GdmCl-independent folding reaction as the wild type protein
with a relaxation time of [2 s (A. Bachmann & T.K., unpub-
lished results). Disulfide isomerization reactions between a syn
and an anti stereoisomeric form can also be excluded, since
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they occur on the 1-10 ms time scale in native proteins!® and
are significantly faster in unstructured polypeptides?°.

Cis-trans equilibria of nonprolyl peptide bonds could be
another source of heterogeneities in unfolded proteins?.
Nonprolyl peptide bonds have a cis content of [0.5% in dipep-
tides and of [0.15% in longer oligopeptides, which serve as a ref-
erence for unfolded proteins?. The activation parameters and
the thermodynamics of the cis-trans equilibrium at nonprolyl
peptide bonds have been investigated in NMR studies on model
peptides® and on a slow trans - cis isomerization reaction in
RNase T1 P39A (ref. 21). This protein contains a Tyr 38-Ala 39
cis peptide bond in the native state, which produces an extreme-
ly slow refolding reaction. Both systems show nearly the same
rate constant for the cis - trans isomerization as the slow-folding
reaction of proline-free tendamistat (Table 1).

To test if the activation parameters of the slow equilibration
process in unfolded proline-free tendamistat are compatible
with nonprolyl cis - trans isomerization, we measured the tem-
perature dependence of folding. The two rate constants of fold-
ing (A, and A,) and the equilibrium constant between Us and U
(K = [U] / [Us]) were determined between 10 and 40 °C at
pH 5.5 and 0.4 M GdmCI (Fig. 5). The temperature-dependence
of A, has a pronounced curvature commonly observed for pro-
tein folding reactions?, confirming that this process is associated
with a significant change in heat capacity (AC,* = -2.2 +

Fig. 3 Time course of formation of the native state of proline-free ten-
damistat. The folding reaction was monitored by the change in trypto-
phan fluorescence (solid line) and by the appearance of native molecules
in interrupted refolding experiments (filled circle) under the same exper-
imental conditions as described in the text. To obtain a better separation
of the two reactions, refolding was carried out in 1 M GdmCl, 0.5 M
Na,SO,, pH 5.5, 25 °C, which accelerates the faster reaction but does not
affect the slower reaction. The apparent rate constants and relative
amplitudes are: A\;=2.63+0.095%, A;=4.75+0.11%; A,=19.7+£0.04 571,
A,=95.3 £ 0.1% for the fluorescence experiments and A; = 2.4 + 0.5 s,
A;=5.4+1.0%; A\,=20.9+0.7 s, A,=94.6 £ 2.0% for the interrupted
refolding experiments.
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0.1 kI mol-t K-1). The temperature-dependence of A;, which cor-
responds to kg under these conditions, shows Arrhenius behav-
ior as indicated by the linear dependence of InA on 1/ T. The fit
gives (Fig 5a) an activation energy (E,) of 51 + 2 kI mol-tand a
pre-exponential factor (A) of 10°3 # 03 s-1, These values are com-
parable to the respective values in the model peptides (Ex =
65 kJ mol-%, A = 1017 s1)2, but they are significantly smaller
than the activation energy of 107 kJ mol-* found in unfolded
RNase T; P39A% (Table 1). The lack of a curvature in the
Arrhenius plot indicates a negligible AC,* (see Table 1).

The fraction of slow-folding molecules significantly increases
with temperature; the reaction enthalpy (AH°) is -29 +
1 kJ mol-* (Fig. 5b). The resulting van't Hoff plot is linear, indi-
cating similar C,-values for Ur and Us. These results qualitative-
ly agree with the data from the model peptides (AH =
-16 ki mol; AC,= 0). The absence of an appreciable AC,
between Us and U further agrees with energy calculations that
demonstrate identical solvation properties of cis and trans pep-
tide bonds®. The significant temperature dependence of the
equilibrium constant is in contrast to prolyl isomerization equi-
libria, which are approximately temperature-independent?42.

The properties of the slow-folding reaction of proline-free ten-
damistat agree remarkably well with the data on cis-trans isomer-
ization of nonprolyl peptide bonds, making this the most likely
source for the complex folding kinetics. The peptide studies have
shown that increasing chain length leads (i) to an increase in the
rate constant for the cis-trans reaction, (ii) to a decrease in activa-
tion energy and (iii) to an decrease in reaction enthalpy?. The
respective values obtained for the slow equilibration reaction in
proline-free tendamistat are in agreement with this trend (Table 1).

Fig. 5 Temperature dependence of the two folding phases.
a, Temperature-dependence of the apparent rate constants for refolding of
the proline-free variant of tendamistat. Refolding conditions were 0.40 M
GdmCl, pH5.5. The activation energy (E,) and the pre-exponential factor A
for the slow folding reaction were obtained using Eq. 3 (solid line). The
data were additionally fit to Eq. 4 to obtain AH°*, AS°* and AC,* (Table 1).
The pre-exponential factor (ko) of the Eyring equation (kT / h) was used for
analysis of the peptide-bond isomerization reaction since the rate-limiting
step is associated with the breakage of the partial double bond in the
amide linkage. For the analysis of the folding reaction a temperature-inde-
pendent pre-exponential factor of 108 st (ref. 41) was used. The slow
refolding reaction (filled circle) shows a temperature-independent activa-
tion energy of 51 + 2 kJ mol-L. The activation parameters for the fast folding
reaction (filled squarse) are given in Table 1. b, Temperature-dependence
of the equilibrium between slow and fast folding species. The reaction
enthalpy AH° for the equilibrium in the unfolded state was determined
with the van't Hoff equation (Eq. 5). The equilibrium constant (K = [U] /
[Ug]; filled circles) was obtained from the fluorescence amplitudes of fast
and slow refolding reactions. The fit gave a value of AH° = -29+1 kJ mol*
(solid line), independent of the temperature (AC,= 0; see table 1).
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Fig. 4 Double jump experiments to monitor the slow equilibration
process in unfolded proline-free tendamistat. Formation of the fast-
refolding (filled square) and of the slow-refolding molecules (filled cir-
cle) are shown. The data show that the two refolding reactions are
formed at largely different rates. The faster reaction forms with a time
constant of 27.5 + 1 571, which is virtually identical to the rate constant for
unfolding under these condition. The slower reactions is formed with a
rate constant of 2 + 0.2 s'1, The amplitudes of the two refolding reactions
are plotted versus the unfolding time. (‘age time’). The lines correspond
to a global fit of the data to the analytical solution of Eq 1. The values for
the microscopic rate constants are: ky: = 27.1 £ 0.1 s, ke = 0.093 £
0.005-51, kg = 2.55 + 0.15 s, kgy was set to 0, as unfolding under the
given conditions is virtually irreversible.

Test for peptide bond isomerization

Lithium chloride in anhydrous trifluoroethanol (TFE) was
shown to increase the cis content in Xaa—Pro peptide bonds?. We
used an Ala-Ala—Tyr model peptide to test if this effect is also
observed in nonprolyl peptide bonds. 1D NMR spectra show
that the Ala—Tyr bond in the tripeptide has 0.19% cis content in
aqueous solutions. In 0.6 M LiCl /TFE the fraction of the cis iso-
mer increases significantly to 0.55% (Fig. 6) in a Li*-specific
manner. When proline-free tendamistat is denatured in anhy-
drous TFE containing increasing concentrations of LiCl, an
approximately linear increase of the fraction of slowly refolding
molecules is observed (Fig 7). It rises by a factor of 2-3 between
0OM and 0.6 M LiCl, which corresponds to the three-fold
increase in cis content of the Ala—Tyr bond in the model peptide
under comparable conditions (Fig. 6). The apparent folding rate
constants after jumping out of the LiClI/TFE mixture are not
affected by the presence of LiCl (data not shown). These results
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Fig. 6 Effect of LiCl on the cis-trans equilibrium of a nonprolyl peptide
bond. 'H NMR spectra of Ala-Ala-Tyr in a 0.6 M LiCl solution at 21.1 +
0.1°Cina, TFE-d;and in b, 10:1 (v/v) H,0O/D,0. The resonances marked (x)
are the 13C satellites from the methyl group of Ala 2 of the trans isomer.
These satellites have a signal intensity of 1.1% of the actual trans signal.
The duplet resonating at higher field (y) is the actual methyl signal of the
cis isomer?, At 37 °C, an exchange peak between the resonances from
the trans and cis isomer becomes visible.

strongly support the assignment of the slow-refolding reaction
to nonprolyl peptide bond isomerization.

The role of nonprolyl peptide bond isomerization

All experimental results on folding of proline-free tendamistat
argue for nonprolyl cis — trans isomerization as the rate-limiting
step in refolding of (6% of the unfolded molecules. Commonly,
the fraction of cis isomer of nonprolyl peptide bonds is consid-
ered to be negligible in accordance with literature values of
[0.15% for the fraction of cis isomer per peptide bond®. The
high fraction of cis isomers in unfolded tendamistat can be
explained if (i) a particular nonprolyl peptide bond exhibits a
strongly increased propensity for the cis conformation in the
unfolded state, or (ii) a cis peptide bond at any number of posi-
tions in the polypeptide chain prevents folding.

The fraction of cis isomer at prolyl peptide bonds was found
to depend strongly on the amino acid residue preceding the
proline residue; the highest fraction of cis conformation follows
aromatic residues?. A fraction of [0.15% cis isomer was found
for the Ala-Tyr and Tyr—Ala peptide bond (Table 1), and simi-
lar values were recently obtained for a Gly-Gly bond
(C. Schiene-Fischer & G.F., pers. comm.). This argues that
amino acid sequence has a negligible contribution to the
cis:itrans ratio of nonprolyl peptide bonds; therefore, it is
unlikely that a single peptide bond would populate 5% of the
cis isomer in the unfolded state.

Tendamistat has 73 peptide bonds; thus, a fraction of 0.15% cis
isomer per peptide bond would lead to [110% of unfolded
polypeptide chains with a cis peptide bond. The majority of these
molecules will have a single cis isomer. The probability of finding
two or more cis peptide bonds in the same unfolded chain is
[0.5%. The observed 5% slow refolding amplitude thus implies
either that the average cis content of all peptide bonds in ten-
damistat is [0.07% or that only about half of the peptide bonds
prevent folding when they are in the cis conformation. At the
other positions, a cis isomer is tolerated and is not rate-limiting
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for folding. A similar dichotomy in ‘essential’ and ‘not essential’
sites was postulated for proline residues on the basis of energy
calculations®.

As discussed above, it is likely that a number of peptide bonds
contribute to the observed slow-folding reaction in proline-free
tendamistat. In this case, the Us === U reaction is complex and
consists of many parallel reactions starting from a number of dif-
ferent Us states and ending in a single folding-competent U
state. The interconversion between the different Ug states
requires two slow isomerization reactions and can thus be
neglected (Eq. 2).

N
x

ki
U2 Kee N~ N
.S ‘—RFS UF ‘?!-\IF (2)

n 2N
U S

The cis-trans reaction is practically irreversible during folding,
since it is followed by the fast folding reaction from U; to
N. Thus, there is no kinetic coupling between the parallel iso-
merization reactions, each of which has an individual apparent
rate constant with an amplitude of [0.15%. Since the cis content
seems to be almost independent of the amino acids involved, we
assume that the isomerization rate is also approximately
sequence-independent. Thus, the kinetics of the individual iso-
merization reactions can not be resolved. The experiments,
therefore, monitor a single slow reaction with an amplitude cor-
responding to the sum of the amplitudes of all parallel isomer-
ization reactions.

Implications for protein folding

Ever since prolyl isomerization was identified as a slow step in
protein folding, nonprolyl isomerization has been considered as
a possible cause for heterogeneity in the unfolded state*, espe-
cially when complex kinetics were observed in proline-free pro-
teins?-32, However, there was no direct evidence for cis-trans

Fig. 7 LiCl dependence of tendamistat folding. The relative amplitude of
the slow refolding reaction in the proline-free variant of tendamistat is
shown as a function of the LiCl concentration. The protein was denatured
in TFE containing the indicated LiCl concentrations. A slight increase in
the amplitude of A, for refolding starting from TFE unfolded protein com-
pared to refolding starting from GdmCl-unfolded protein is observed.
This is probably due to a TFE effect on the cis-trans equilibrium.
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Table 1 Comparison of thermodynamic and kinetic parameters for

nonprolyl peptide bond cis-trans isomerizationt

Methods
Protein construction, expression and purifica-
tion. Tendamistat P7A/POA/P50A was constructed,

Thiswork  RNase T, P39A3 Peptide AAYAA* expressed in Streptomyces lividans and purified as
Relevant bond n.d.2 Tyr-Ala Ala-Tyr Tyr-Ala  describeds3®. Purity was checked by mass spectroscopy
Percent cis in Us 5.0+0.3 0.17 0.14 0.11  andexceeded 99%. GdmCI (AA grade) was from Nigu
) 1 Chemie, and 2,2,2-trifluoroethanol (99.5+%) and
:;C'Sf“a"s (Ss )kJ " 25? i 2'2 1017'1 5 26: t: anhydrous LiCl (99.9+%) from Aldrich. Sodium
Ais-trans)® (KJ mOI) - - acetate and sodium cacodylate were from Fluka and
Acistrans® (57 1093 =03 n.d. 1017 101*% sodium sulfate from Merck.
AH* G trans” (kI molt) 47+2 n.d. n.d. n.d.
DS trans” (kI molt K-1) -7.5+05x102 nd. n.d. n.d. Equilibrium unfolding transition. The GdmCl-
AC* gis - trang) " (KIMOILKY)  -0.6+0.3 n.d. n.d. n.d. induced equilibrium unfolding transition of proline-
AHCs <= transd (K MoI-Y) -29+1 n.d. -16 -16 free tendamistat at pH 7.0, 25 °C, was monitored by

1Determined at 25 °C.
2Not determined.

the change in ellipticity at 220 nm in an Aviv 62A DS
spectropolarimeter. The data were fit following the
procedure of Santoro and Bolen?®.

3Ref. 21. Parameter values were obtained for the isomerization in the unfolded protein.

“Ref. 20.

5The number of peptide bonds contributing to the observed fraction of molecules with a

cis peptide bond is not known (see text).
6Calculated from Fig. 6a
“From a fit of the data in Fig. 6a to eq. 4.
8Calculated from Fig. 6b

Folding Kkinetics. All single and sequential mixing
stopped-flow experiments were performed on an
Applied Photophysics SX.18MV instrument at 25 °C.
The average of 10-20 individual kinetic traces was
analyzed in all kinetic measurements. In all experi-

isomerization of nonprolyl peptide bonds as a rate-limiting step
in protein folding. Nonprolyl cis peptide bonds were found in
the native structure of several proteins®. Bonds of this type can
give rise to very slow refolding reactions?. We show that the
reverse cis— trans reaction limits the folding of a fraction of
unfolded molecules in proteins when all peptide bonds are trans
in the native state. This heterogeneity of unfolded polypeptides
will be of general relevance for protein folding because it applies
to a majority of peptide bonds.

Slow folding reactions limited by nonprolyl peptide bond
isomerization should be observable in a protein with a fast con-
formational transition. Because fast folding proteins are com-
monly small, the expected amplitude for the nonprolyl
isomerization is [5-10%. Additional refolding phases with rate
constants of 1-10 s~ and amplitudes of 5-30% are frequently
observed for fast-folding proteins. They are commonly
explained by prolyl isomerization accelerated in a partially
folded intermediate. Whereas this possibility cannot be ruled
out (except in the case of proline-free proteins), our results
demonstrate that nonprolyl isomerization can give rise to such
reactions. Addition of human cyclophilin did not increase the
rate of the slow-folding reaction in proline-free tendamistat
(data not shown), indicating that nonprolyl peptide bonds are
not subject to PPlase catalysis.

Theoretical considerations have suggested that the confor-
mational changes upon folding of small proteins can deviate
from single exponential kinetics under certain circum-
stances®*-%. If the barriers between local minima on the energy
landscape become significantly larger than 3 kgT, multiple
kinetic phases are predicted and kinetic partitioning between
productive and non-productive pathways has been proposed.
Experiments are currently underway to test those theoretical
predictions. Complex nonexponential kinetics have recently
been reported for protein folding on the submillisecond time
scale¥. It is therefore important to distinguish kinetics due to
folding through multiple intermediates from those due to het-
erogeneities in the unfolded ensemble. We demonstrate that
such heterogeneities can occur on faster time scales than com-
monly conceived for proline isomerization and how to test for
nonprolyl cis-trans isomerization as a rate-limiting step in
protein folding.
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ments, folding or unfolding was monitored by the
change in fluorescence >320 nm after excitation at
276 nm. Single mixing refolding and unfolding experiments were
carried out at pH 7.0, 25 °C. Interrupted refolding experiments
(Fig. 3) were carried out in 1 M GdmCl, 0.5 M Na,SO,, pH 5.5, 25 °C.
Lowering the pH to 5.5 (ref. 40) and adding SO,% increases the stabil-
ity of tendamistat compared to standard refolding conditions, which
accelerates the faster reaction but does not affect the slower reac-
tion. For the interrupted refolding experiments, completely unfold-
ed tendamistat (in 6.0 M GdmCl, pH2.0) was refolded for the
indicated time (t) before an unfolding step in 7.0 M GdmCI, 80 mM
NaSO,, pH 3.2 was applied. Unfolding was monitored by the change
in tryptophan fluorescence. The amount of native protein present at
the time t is proportional to the amplitude of its characteristic
unfolding reaction. Unfolding can be described by a single exponen-
tial function with a rate constant of 0.58 s, independent of the
refolding time, t. The unfolding amplitude is normalized to an final
value of 1. Lowering the pH to 5.5 (ref. 40) and adding SO,
increased the stability of tendamistat compared to standard refold-
ing conditions, which accelerated the fast-folding phase but did not
affect the slow-folding phase. For the double jump experiments
(Fig. 4), native protein was unfolded for the indicated time in 5.0 M
GdmCl, 20% TFE, pH 1.8, before refolding in 0.8 M Gdm(Cl, 3.3% TFE,
pH 5.5 at 25 °C was monitored by the change in fluorescence above
320 nm. The addition of TFE and GdmCI speeds up the unfolding
reaction to A = 23 s and leads to completely unfolded protein with
identical spectroscopic properties as the GdmCl-unfolded state.
Refolding can be described by a double exponential function with
rate constants of 14 st and 3 s, independent of the age time
>300 ms. For shorter age times, the slow refolding reaction had very
small amplitudes and was difficult to fit. Thus, all kinetic traces were
fit globally to the sum of two exponential functions, with the global
rate constants k; and k,. The dependence of the resulting ampli-
tudes, Al and A2, on unfolding time are plotted in Fig. 4. Refolding
in the presence of TFE (Fig. 7) was performed by an 1+25 mixing step
into final concentrations of 0.23 M GdmClI, 3.8% TFE and residual LiCl
concentrations between 0 and 30 mM at pH 7.0.

Temperature dependence of the folding reactions. Refolding
conditions were 0.40 M GdmClI, pH 5.5. The activation energy E, and
the pre-exponential factor A for the slow-folding reaction were
derived from the temperature dependence of the rate constant
according to the Arrhenius equation

k = A x exp(-Ea/ RT) 3)
The data were additionally fit to a general rate equation
k = ko x exp(-AG°* / RT) = ko x exp(=1/ RT (AH°*(To)— 4)
T x AS%*(To) + AC* X (T = To— T x In(T/ Ty)))
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The reaction enthalpy AH° for the equilibrium in the unfolded
state was determined with the van’t Hoff equation

dinK / d(1/T) = -AH° /R (5)

NMR studies on the cis content in model peptides. NMR mea-
surements were performed on a Bruker ARX-500 NMR spectrome-
ter. For the determination of the cis content, the intensities of
resonances corresponding to the cis and trans isomer were integrat-
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