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Proline Isomerization in Bovine Pancreatic Ribonuclease A. 2. Folding Conditions
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ABSTRACT: The kinetics of cis-trans isomerization of individual XPro peptide groups is used to study

the backbone dynamics of bovine pancreatic ribonuclease A (RNase A). We previously developed and
validated a fluorescence method for monitoring the-tians isomerization of the Tyr92°r093 and
Asnl113-Prol14 peptide groups of RNase A undefoldingconditions [Juminaga, D., Wedemeyer, W.

J., and Scheraga, H. A. (199Bjochemistry 3711614-11620]. The essence of this method is to introduce

a fluorescent residue (Tyr or Trp) in a position adjacent to the isomerizing proline (if one is not already
present) and to eliminate the fluorescence of other such residues adjacent to prolines by mutating them
to phenylalanine. Here, we extend this method to observe thereiss isomerization of these peptide
groups undefolding conditions using two site-directed mutants (Y92F and Y115F) of RNase A. Both
isomerizations decelerate with increasing concentrations of GdnHCI, with nearly identiedlies (1.11

and 1.19 M, respectively) and extrapolated zero-GdnHCI time constants (42 and 32 s, respectively); by
contrast, undeunfoldingconditions, the cistrans isomerizations of both Pro93 and Pro114 are independent

of GdnHCI concentration. Remarkably, the isomerization rates ufalding conditions at GdnHCI
concentrations abavl M are significantly slower than those measured unekoldingconditions. The
temperature dependence of the Prol14 isomerization under folding conditions is also unusual; whereas
Pro93 exhibits an activation energy typical of proline isomerization (19.4 kcal/mol), Pro114 exhibits a
sharply reduced activation energy of 5.7 kcal/mol. A structurally plausible model accounts for these results
and, in particular, shows that folding conditions strongly accelerate thdreiss isomerization of both
peptide groups to their native cis conformation, suggesting the presence of flickering local structure in
their S-hairpins.

The cis-trans isomerization of peptide groups (especially Tyr92—Pro93 peptide group of RNdsé can retard the
X—Pro peptide groups) has several properties that make itfolding rate 500-fold, whereas other incorrect isomers have
attractive for a study of the effects of backbone perturbations no effect at all 1). For comparison, side-chain mutations
on protein folding 1). First, it is a localized, structurally  rarely cause a more than 20-fold change in the folding rate
simple, two-state transition with a high activation energy (20 (9—11).
kcal/mol) and a well-defined reaction coordinate (the peptide Having characterized the effects of nonnative proline
dihedral anglew). Under unfolding conditions, cistrans isomers on the conformational folding rafig,(we now study
isomerization of peptide groups is relatively insensitive to the converse problem, i.e., the effects of folding conditions
denaturant concentrations and p2 8), although it can be  on the rates of proline isomerization. The imposition of
catalyzed by reducing the double-bond character of theNC solution conditions that promote conformational folding is

bond, e.g., by reducing the polarity of the solvedy, (by likely to change the rate of cidrans isomerization by
protonating the prolyl nitrogen with strong acids),(by altering the backbone dynamics and, thus, the “attempt
donating a hydrogen bond to the prolyl nitroge), (or by frequency” (i.e., the average rate at which a crossing of the

introducing electron-withdrawing substituents on the proline transition state is attempted); this corresponds to a change
ring (7). Second, cistrans isomerization is generally much in the activation entropyAS'. In principle, the activation
slower than conformational folding, making it possible to enthalpyAH* for cis—trans isomerization could also change
characterize the folding of individual isomeric specigs with solution conditions, if they alter the double-bond
8). Nonnative cis-trans isomers of different peptide groups character of the G-N bond; however, since the denaturant
within the same protein can have grossly different effects concentration seems to have little effect on isomerization
on the folding rate; for example, the incorrect isomer of the rates under unfolding conditiong,(3), we neglect this effect
and attribute changes in the eigans isomerization rates to
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Folding of Ribonuclease A

Ficure 1: Ribbon diagram of bovine pancreatic ribonuclease A,
with the four prolines (Pro42, Pro93, Pro114, and Pro117) indicated.
This figure was prepared with MOLMOLLE).

Our model protein is bovine pancreatic ribonuclease A
(RNase A), which has been studied extensively in our
laboratory () and others12, 13). RNase A has four prolines,
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signal; the faster phase corresponds to unfolding without
isomerization, whereas the slower phase corresponds to
isomerization after unfolding is completed. If only one
proline is adjacent to a fluorescent residue, the slower
fluorescence phase corresponds to the isomerization of that
proline @); thus, the slow unfolding fluorescence phases of
the Y92F and Y115F mutants of RNase A report on the
isomerizations of Proll4 and Pro93, respectively. The
amplitudes of these slow unfolding phases are proportional
to the percentage of peptide groups that undergo isomeriza-
tion during the final unfolding step (F U). Hence, the
amplitudes measured in double-jump experiments—Ur

— U) correspond to the differences between the cis/trans
percentages in the unfolded state and those that have
developed after folding for a timein the U— F step.

The Tyr92-Pro93 and Asn113Prol14 peptide groups
are particularly interesting because they are both cis in the
native state and both occurfiturns, but have very different
effects on conformational folding. A wrong isomer of Pro114
has little effect on the folding, whereas the wrong isomer of
Pro93 can slow conformational folding by 500-fold).(
Interestingly, Pro114 is located near a chain folding initiation

two cis in the native state (Pro93 and Pro114) and two transsite (CFIS) {6) which might be thought to be more sensitive

(Pro42 and Prol17)14) [Figure 1 (L5)]. Exhaustive site-

to perturbations, whereas Pro93 is located in the most flexible

directed mutagenesis and folding studies_have s_hown thatioop of the protein [judging from its high crystallographic
Pro42, Prol14, Prol17, and Pro93 cause increasing disrupB-factors (L4, 17)], which might be thought to be less critical

tion of conformational foldingX); whereas Pro42 and Pro114

for folding. Therefore, we hoped to obtain insight into the

have little effect, an incorrect Pro117 or Pro93 isomer retards |ocal folding of these segments of the protein backbone by

folding by 50- or 500-fold, respectivelyi( 2, 8).

We previously developed and validated a method for
monitoring the individual cistrans isomerizations of the
Tyr92—Pro93 and Asn113Prol14 peptide groups of RNase
A by single-jumpunfolding experiments (2). Specifically,

we showed that the slow unfolding fluorescence phase of

wild-type RNase A arises from two sources: Tyr92 reporting
on the isomerization of the Tyr92Pro93 peptide group and
Tyrll5 reporting on the isomerization of the Asntl3

examining the effects of folding conditions on the isomer-
izations of their respective prolines.

MATERIALS AND METHODS

Materials All chemicals were of the highest available
quality and purity. Ultrapure grade GdnHCI was purchased
from ICN Biomedicals (Aurora, OH). The plasmids for the
mutants Y92F and Y115F were obtained from previous

Pro114 peptide group. Exhaustive site-directed mutagenesisstudies 2, 8), and their expression and purification were
showed that other prolines and tyrosines do not contribute carried out as described previousiys( 19).
to the slow unfolding fluorescence phase, not even Pro117 Double-Jump Unfolding Experiment®ouble-jump un-

which is two residues from Tyr11%2). We further showed
that the knockout mutations Y92F and Y115F do not affect
the stability or folding of RNase A, but allow the two

fluorescence signals (and, thus, the two proline isomeriza-

tions) to be monitored separately undefoldingconditions,
with Y92F monitoring the isomerization around the Asn13

folding experiments with the Y92F and Y115F mutants of
RNase A (involving GdnHCI as the denaturing agent) were
carried out on a Perkin-Elmer model MPF-44B dual-beam
spectrofluorimeter to which a home-built double-jump mix-
ing setup was attached. This setup consisted of two pneu-
matic rams (80 psi), a timer device, two mixers, a delay loop,

Prol14 peptide bond and Y115F monitoring the isomeriza- and a flow-through quartz cuvette with a capacity of 200
tion around the Tyr92Pro93 peptide bond. The essence of uL. The temperature of the Hamilton gastight syringes and
our method is to introduce a fluorescent residue (Tyr or Trp) that of the flow cell were controlled independently by
in a position adjacent to the proline of interest (if one is not circulating water from refrigerated water baths. The setup
already present) and to eliminate the fluorescence of otherwas essentially similar to that described previouslg)(
such residues next to prolines by mutating them to phenyl- except that two (instead of three) mixers were used with a
alanine. delay line between them, with the first mixing producing

We apply this method here to observe the—dimns
isomerization of these peptide groups unftgding condi-
tions. This is accomplished by a double-jump procedure of
the type U— F — U (U being unfolded and F the folded
state of the protein), in which the protein is initially unfolded,
subjected to folding conditions for a variable timheand
finally returned to unfolding conditions. In the final (&

U) step, conformational unfolding occurs much more rapidly

the folding conditions (i.e., the Y- F step) and the second
mixing producing the final unfolding conditions (i.e., the F
— U step). The final unfolded protein solution was pushed
into the flow-through cell for fluorescence measurements.
The excitation wavelength was 268 nm, and the fluorescence
emission was collected at 302 nm, as described previously
(2). The excitation and emission slits were adjusted so that
photobleaching of the tyrosines was minimized over the

than the isomerization, producing a biphasic fluorescencelonger durations required for the measurements, and a
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Table 1: Denaturant Dependence of the-Cisans Isomerization
Rates of Pro93 and Prol114 in RNase A under Folding Conditions at
pH 5.0 and 15°C

time constant (s)

[GdnHCI] (M) X—Pro114 X-Pro93
0.7 73+5 89+ 19
0.9 88+ 13 116+ 15
1.2 148+ 25 159+ 19
15 179+ 19 218+ 24

Table 2: Temperature Dependence of the-digans Isomerization
Rates of Pro93 and Pro114 in RNase A under Folding Conditions at
0.9 M GdnHCI and pH 5.0

time constant (s)

temperature°C) X—Prolil4 X-Pro93
6 1354+ 36 -
15 88+ 13 116+ 15
20 - 99+ 17
25 70+ 6 36+ 4

Bhat et al.

300

200

100
90 -
80
70

Slow - Phase Time Constant (sec)

60

50 T
06 0.8

10 12
GdnHcl (M)

Ficure 2. Dependence of the slow-phase time constant for
X—Proll4 @) and X—Pro93 @) peptide bond isomerization on
GdnHCI concentration at pH 5.0 and 16 (cf. Table 1).

14

reasonably good signal-to-noise ratio was obtained. The Significantly, and hence, the above initial and final concen-
concentration of the mutant proteins was determined by usingtrations were used in all experiments.

the values of the extinction coefficients reported previously

Monitoring of the tyrosine fluorescence was initiated when

(2). GAnHCI concentrations were determined by measuring the final unfolding jump was carried out; at least three to

the refractive indices of the solutions at Z5 using a Bausch
and Lomb refractomete().

Double-jump experiments (&> F — U) have three sets
of conditions: the initial unfolding conditions, the intermedi-
ate folding conditions, and the final unfolding conditions.
Under the initial unfolding conditions, the protein was
maintained in 4.2 M GdnHCI and 40 mM glycine-HCI buffer
(pH 2.0) at a concentration of 5.4 mg/mL. In the folding (U
— F) jump, 40uL of this solution was diluted with 200L
of the refolding buffer [80 mM sodium acetate (pH 5.3)] in
a 1:5 ratio so that the pH of the mixed solution was 5.0. For

five shots were averaged to reduce noise. The magnitudes
of the fluorescence amplitudes were obtained from the data
in the kinetic traces collected over a period of 10 min in the
final unfolding (F— U) step. The arbitrary values of the
fluorescence amplitudes were plotted against the tirae
which the protein was held under the intermediate folding
(U — F) conditions. These plots were fitted to a single
exponential using Origif¥ version 2.9 graphics software
from Microcal, Inc.

RESULTS

some experiments, the GdnHCI concentration under the Description of the Unfolding Phasd3ouble-jump unfold-

resulting intermediate folding conditions (& F) was varied
from 0.7 to 1.5 M while the temperature was held fixed at

ing (i.e., interrupted folding) experiments (& F— U) were
carried out. The initially unfolded protein was subjected to

15°C (Table 1). In other experiments, the temperature under folding conditions for a timé and then returned to unfolding

the intermediate folding conditions was varied from 6 to 25
°C while the GdnHCI concentration under the intermediate
folding conditions was fixed at 0.9 M (Table 2). The protein
was held under the intermediate folding conditions for times
t ranging fron 5 s to 20min, after which the final unfolding

(F — U) jump was carried out by diluting again in a 1:5
ratio with the unfolding buffer [4.86 M GdnHCI and 100
mM glycine (pH 1.7)] using 39@L of flush solution (folding
buffer) to push the solution for the second mixing, and 1950
uL of the unfolding buffer. The volumes of the solutions to

conditions to assess how much of the- Rro peptide groups
had isomerized in the B~ F step using our fluorescence
method @). In all cases, the final unfolding phases—<FU)
were well-described by a single exponential with the
expected time constants, roughly 115 and 45 s for the
isomerization of the Tyr92Pro93 and Asnl13Proll4
peptide bonds, respectivel®)( The fluorescence amplitude
in the final F— U step is proportional to the degree of€is
trans isomerization that occurred in the- F step. To
examine the isomerizations under folding conditions, the

be pushed were chosen so that the middle portion of theamplitudes of the final unfolding phases F U) were

mixed solution was in the flow cuvette at the time of
measurement. Since the unfolding buffer was identical for
all experiments, the GdnHCI concentration in the final
unfolding conditions varied slightly with the GdnHCI

plotted as a function of In all the cases that were studied,

the amplitudes converged to their equilibrium value at long

folding times as an apparently monophasic exponential.
Effects of GAnHCI on Proline Isomerizationhe isomer-

concentration in the intermediate folding conditions (from ization rates of Pro93 and Prol114 both exhibited a depen-
0.7 to 1.5 M). However, this variation should not affect the dence on the concentration of GAnHCI in the refolding buffer
results, since we have shown previously that the isomeriza-(Table 1 and Figure 2). In principle, this GdnHCI dependence
tion rates are independent of GdnHCI concentrations underof isomerization rates could corresponddiicect destabiliza-
unfolding conditions Z). The two jumps resulted in an tion of the isomerization transition state by GdnHCI. For
overall 36-fold dilution of the initial protein concentration example, if GdnHCI hydrogen-bonded preferentially to the
to a final concentration of 0.15 mg/mL. Changing the initial carbonyl oxygen rather than the prolyl nitrogen, that would
or final protein concentrations did not affect the kinetic traces increase the double-bonded character of the peptide bond
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X—Prol14 ®) and X—Pro93 @) peptide bond isomerization on
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activation energy typical of cistrans isomerization (19.4
kcal/mol). However, analogous experiments carried out over
a wide range of temperatures<85 °C) show that Pro114
exhibits a reduced activation energy of 5.7 kcal/mol, which
is roughly the activation energy for folding of RNase 23).

DISCUSSION

For brevity in the following discussion, we use the symbols
U; and U to denote the unfolded species having the
(nonnative) trans and (native) cis isomer, respectively, of a
proline; similarly, Fand k denote the corresponding folded
species. By definition, the native folded specig®HPro93
and Prol114 is more stable than the nonnative folded species
Fi; hence, there are experimental conditions under which the
native cis isomer is folded (i.e.cfs more stable than )
but the nonnative trans isomeric species is unfolded (i€., U
is more stable than - Such conditions are denoted here as
weakly foldingconditions. There may also be conditions

temperature at pH 5.0 and 0.9 M GdnHCI (cf. Table 2). These data under which both the native and nonnative isomeric species

were used to evaluate the values of the activation en&gwhich
are 19.4+ 8 kcal/mol for isomerization around the->Pro93
peptide bond and 5.% 1 kcal/mol for isomerization around the
X—Pro114 peptide bond.

are folded (i.e., Fand F are more stable than;ldand U,
respectively); such conditions are denotedtasngly folding
conditions. Finallyunfolding conditionsare defined as those
under which both isomeric species are unfolded (i.eané

and slow the isomerization, as discussed in the introductory F. are less stable than;dnd U, respectively).

section. However, such a direct influence of GdnHCI is
unlikely since, under unfolding conditions, both isomeriza-
tions are independent of GdnHCI concentrati@h There-

It is helpful to review proline isomerization under unfold-
ing conditions. Since the folded species are populated
negligibly, the isomerization can be represented by a simple

fore, it seems that this GdnHCI dependence reflects thetwo-state kinetic model (U< Uy). The net equilibration rate

influence of conformational folding on the isomerizations
of these two prolines.

The time constants fit well to the exponential =
7o exp(m[GdnHCI]) for the isomerizations of the Tyr92
Pro93 and Asn113Prol14 peptide groups under folding
conditions (Figure 2). Linear regression with the semilog
equation logr = log 7o + mM[GdnHCI] yielded excellent
correlation coefficients (0.999 and 0.983, respectively) with
nearly identicaim values (1.11 and 1.19 M, respectively)

constank is given by the sum of the forward and backward
rate constantky = ki + ke, wherek; andk, represent the
rate constants for the U— U; and U — U, steps,
respectively. (The “ct” subscript signifies cis> trans
isomerization, whereas the “tc” subscript signifies trans
cis isomerization.) The equilibrium constagg (=[U]/[U ]

= Kkelke) for this reaction is roughly 3 2Q1); i.e., the
equilibrium population of Wis roughly 3-fold that of U,
and ky = 3ke. Therefore,ky = 4ke = (Y3)ki. Since the

and extrapolated zero-GdnHCI time constants (42 and 32 s,measured equilibration time constapt(=1/ky) equals 115
respectively). In all cases, the Pro93 isomerization was s for Pro93 2), the corresponding time constantg

slightly slower than the Pro114 isomerization, which may

(=1ke) and 7 (1K) are roughly 460 and 153 s,

reflect the influence of the preceding side chain (Tyr92 and respectively. Similarly, the equilibration time constanfor
Asnl113, respectively) on the isomerization rate, as has beenProl114 equals 45 ), yielding time constants. andz.; of

observed in peptide experimental( 22).

roughly 180 and 60 s, respectively. These estimates of the

Remarkably, the isomerization time constants measuredisomerization time constantg and . will be used below.

underweakly foldingconditions (e.g., 218 and 179 s for
Pro93 and Prol14, respectively, at pH 5,°C3 and 1.5 M

The observed denaturant dependence ofttans isomer-
ization (Table 1) is surprising for two reasons. First, such a

GdnHCI; see Table 1) are much higher than those measureddenaturant dependence is not observed under unfolding
underunfoldingconditions (e.g., 115 and 45 s for Pro93 and conditions (). Second, the time constants measured under
Prol14, respectively, at pH 2, P&, and 4.2 M GdnHCI) strongly folding and weakly folding conditions straddle the
(2). By contrast, the isomerization time constants extrapolated corresponding time constants under unfolding conditions.
to zero GdnHClI (i.e., undestrongly foldingconditions) are Specifically, the isomerization time constants of Pro93 and
42 and 32 s for Pro93 and Pro114, respectively, which are Pro114 under weakly folding conditions (218 and 179 s,
much lower than those observed under unfolding conditions respectively, at 1.5 M GdnHCI) ardigher than their
(115 and 45 s, as above). Hence, the imposition of strongly counterparts under unfolding conditions (115 and 45 s,

folding conditions (specifically, low GdnHCI concentrations)
accelerates the cidrans isomerization rate of both prolines,

respectively, at 4.2 M GdnHCI). By contrast, the isomer-
ization time constants of Pro93 and Pro114 under strongly

with the isomerization of Pro93 being accelerated more folding conditions (42 and 32 s, respectively, extrapolated

strongly than that of Pro114.
Effects of Temperature on Proline Isomerizatidrhe

to 0 M GdnHCI) arelower than their counterparts under
unfolding conditions (115 and 45 s, respectively, as above).

temperature dependence of the Pro114 isomerization undeiThis is surprising, since the isomerization time constants
folding conditions is also unusual (Figure 3). Under folding might be expected to change monotonically from strongly
conditions [0.9 M GdnHCI (pH 5)], Pro93 exhibits an folding to weakly folding to unfolding conditions.
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measured here (1.11 and 1.19 for Pro93 and Proll4,
respectively), which are relatively similar despite the different
effects of these prolines on global folding)( Second, no
sigmoidal transition is observed in the effects of GdnHCI
on the isomerization rates (Figure 2); the effects appear to
be noncooperative. Third, under our folding conditions, the
bulk of RNase A should have folded globally despite having
nonnative proline isomerg(8, 18). Therefore, we conclude
that our experiments are monitoring proline isomerization
in RNase A molecules that are globally folded but have
disordered hairpin loops due to the nonnative isomers at

We can explain these anomalous observations as follows.Pro93 and/or Prol14. In this model, the noncooperative,

We model the isomerization undéslding conditions ac-
cording to the reaction scheme in Figure 4, where it is
assumed that the folding equilibrations; (& F; and U <
Fc) are much faster than the isomerization steps—(JU.
and k— F), and the reverse reactions+ U.and k. — F
may be neglected under folding conditions. In this kinetic
model, the effective isomerization rate constant uricleling
conditions iske [~X:0r + Xuke, Whereg, andkg are the
rate constants for theF—~ F. and U — U, reactions,
respectively, and wherg- and x, are the fractions of the
(nonnative) trans isomer that are folded and unfolded,
respectively, i.exr = [F]/(U{] + [F]) andxy = [U]/(JU{]
+ [F])]. According to this model, the observed GdnHCI
dependence of the isomerization rate conskans due to
the GdnHCI dependence of the fractiowsand x, of the
folded and unfolded nonnative trans isomer.

Under strongly folding conditionss ~ 1 andxy ~ O,
which implies thatks ~ g.. Hence, comparison of the

relatively weak GdnHCI dependence arises from the effect
of the denaturant on the ordering of these hairpin loops. It
is interesting to note that these hairpin loops have very
different sequence compositions; the Proldthairpin is
largely nonpolar, whereas the Pro@3hairpin is largely
polar. Hence, the similarity imvalues suggests that GAnHCI
acts primarily by competing for backbone hydrogen bonds
(which are common to both hairpins) rather than by
modulating the solubility of their side chains (which are not).
Finally, we have yet to account for the unusual temperature
dependence of the Proll4 isomerization under folding
conditions. We consider it unlikely that the activation
enthalpy for the isomerization of Proll14 under folding
conditions is significantly different from its value-R0 kcal/
mol) under unfolding condition®2]. As argued abovey is
roughly 5.6 times greater thak. for Proll14, which
corresponds to a free energy change of roughly 1 kcal/mol,
which does not account for the 14.3 kcal/mol discrepancy

isomerization time constants at zero denaturant concentra-between 20 kcal/mol (expected) and 5.7 kcal/mol (observed).
tions (42 and 32 s for Pro93 and Prol14, respectively; seelt seems more likely that the anomalous temperature
the third paragraph of the Results) with those under unfolding dependence results from temperature-dependent changes in
conditions (460 and 180 s for Pro93 and Pro114, respectively;the backbone dynamics that compensate for the temperature-
see the second paragraph of the Discussidng)(suggests  dependent changes in the intrinsic isomerization rate constant.
that g, is roughly 5.6 times (180/32) greater thég for At higher temperatures, the proline isomerization is faster,
Pro114 and roughly 11 times (460/42) greater for Pro93. In but the unfolded state is preferred, which has a lower
short, the imposition of folding conditions drives the isomer- isomerization rate constant (e.g., greater time constants of
ization of Pro93 more strongly than that of Pro114. This is 460 and 180 s for Pro93 and Pro114, respectively). At lower
consistent with NMR 24—26), X-ray (17, 27), folding (8, temperatures, proline isomerization is much slower but the
18, 28), and computational modelin@9, 30) data showing  folded state is preferred, which has a faster isomerization
that both isomers of Prol114 are consistent with the native rate constant (e.g., 42 and 32 s for Pro93 and Prol14,
fold, whereas nonnative isomers of Pro93 prevent the local respectively). These compensating changes cause the ob-
backbone from forming thg-turn. For example, the Tyr92 served isomerization rate constant for Pro114 to vary less
Ala93 peptide group is cis in the P93A mutarit7( 26) strongly with temperature than it does under unfolding
[although such non-prolyl cis peptide bonds are r&& (  conditions, leading to a reduction in the estimated activation
31)], whereas the Asn113Alal14 peptide group is trans in  enthalpy. This scenario may not pertain to Pro93 because
the P114A mutantl(8, 27). By contrast, under weakly folding  the local structure is very sensitive to temperatusg).(
conditions,xy ~ 1 andxs ~ 0, which implies thakr ~ k. Elevated temperature causes disorder in the local region
The isomerization time constants under weakly folding around Pro93, presumably making its isomerization equiva-
conditions (218 and 179 s for Pro93 and Pro114, respectively,lent to that which occurs under unfolding conditions, with
at 1.5 M GdnHCI; see Table 1) are roughly consistent with the corresponding activation energy of 20 kcal/mol. By
those measured under unfolding conditions (460 and 180 scontrast, Prol14 is framed by a CFIB that is by far the
for Pro93 and Prol114, respectivel\p, (7). most stable portion of the protein under thermal denaturation
A key question is whether the folding equilibration of the (33).
U; < F; step that affects the rates of proline isomerization
represents global folding of RNase A or local ordering of CONCLUSIONS
the 5-hairpin in which the proline is located. We argue that
it is local ordering, for the following reasons. First, the
equilibriumm values for global folding of wild-type RNase
A and its mutants range from 2.4 to 4.2),( which are
significantly higher than both of the isomerizationvalues

We have shown that our method for monitoring-¢isans
isomerizations of prolines can be extended to folding
conditions. The imposition of strongly folding conditions
accelerates the isomerizations of both Pro93 and Pro114, with
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the isomerization rate constamt at 0 M GdnHCI of Pro93
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course of this study and V. Gary Davenport for technical

and Proll4 being accelerated roughly 11- and 5.6-fold, assistance.

respectively, relative to the corresponding rate condtant
under unfolding conditions (46 M GdnHCI). Our findings
are consistent with previous studies of the effects of folding |
conditions on the rate of proline isomerizati@¥{36).

However, the proline isomerization under weakly folding
conditions can be even slower than under fully unfolding 3
conditions, as has been observed for RNase 37). (The
remarkably slow isomerization under weakly folding condi-
tions may be explained by two effects. First, the net
equilibration rate is the sum of the forward and backward

isomerization reaction rates; even if the forward rate is faster 6.

under folding conditions, the backward rate is undoubtedly
slower and may render the net sum smaller. This effect is
akin to the minimum in the folding equilibration rate 8
observed in the transition region of the well-known chevron

plots. Second, the imposition of long-range constraints (such
as disulfide bonds or the formation of stable native contacts)
reduces the number of conformations available to the
polypeptide chain and may reduce the overall rate of
conformational rearrangement. However, more work will be

required to characterize this second effect quantitatively, and
we have not included it in our modeling.

The acceleration of isomerization by folding conditions
is the counterpart of the deceleration of conformational
folding by nonnative isomers of Pro93 and Proll4; a
nonnative isomer of Pro93 retards conformational folding
500-fold, while a nonnative isomer of Proll4 retards
conformational folding roughly 2-fold at pH 5.@,(8, 28).

More generally, we conclude that folding conditions can
promotespecificlocal backbone structure in segments of the
backbone, and that specific structure in these segments can
be critical for conformational folding. These conclusions are
consistent with studies of protein L in which the folding rate
was increased 100-fold by redesigning a sineairpin to
dispose that hairpin to fold locally38) and with other
experiments that show large increases in folding rates when
the native secondary structure is stabiliz88)( as well as
many studies of peptides showing strong local structural
propensities in naturally occurring proteir&0). However,

not all local structure is equally important for folding; for
example, disordered segments persist in many folded proteins
(41), and folding is unaffected by nonnative isomers of many

12

19

22

prolines (). Pro114 is a good example, because it is adjacent 26-

to the most important CFIS (the C-terminglhairpin) of
RNase A (6) and yet the nonnative isomer of Pro114 affects
folding little, because the key hydrophobic contacts and
hydrogen bonds of the CFIS can form with both the native
and nonnative isomeB( 18, 24—30). These conclusions are
consistent with traditional (multi)nucleation-type models
(16, 42—44) but contradict recent “smooth funnel” models
proposing that the folding transition state has no specific
backbone structure, only a roughly correct topology that is

determined primarily by side chairside chain interactions 32.
(49). 33.
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