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ABSTRACT. Proline cis-trans isomerization plays a key role in the rate-determining steps of protein folding.
The energetic origin of this isomerization process is summarized, and the folding and unfolding of disulfide-
intact bovine pancreatic ribonuclease A is used as an example to illustrate the kinetics and structural
features of conformational changes from the heterogeneous unfolded state (consisting of cis and trans
isomers of X-Pro peptide groups) to the native structure in which only one set of proline isomers is

present.

Cis—trans isomerization in X-Pro peptide groups is one (a)
of the rate-determining steps in protein folding).(This \
review is concerned with the effect of such isomerism on 0 c* 0\ H

. ; Hee | . . N\ / N 4
this folding process. X-Pro dipeptides exist essentially C—N C—N
completely in either the trans or cis forms (Figure 1) in native / N\ / AN
proteins but as an equilibrium mixture of these two forms c® H c* c*
in unfolded proteins?). Conformational energy calculations trans cis /
provide an understanding for the overwhelming dominance
of the trans form for 19 of the naturally occurring amino ®) \
acids and for the population of both cis and trans forms in o c' b o c'— g
X-Pro peptide groups3j. N\ AN /

The relative instability of the cis form compared to the C—N \ , C—N \ 5
trans form in non-proline dipeptides arises from interactions c“/ b C c“/ oo ©

of the Cf and H atoms with the § and H atoms (Figure ) s /

1), from stronger favorable electrostatic interactions between rans

O and G,, in the trans form, and from conformational FiGURE 1: Non-proline (a) and proline (b) peptide fragments in
entropy B). The instability of the cis form of X-Pro peptide  trans and cis conformations.

groups, on the other hand, is reduced because (i) unfavorabIeconwetmy trans form of X-Pro peptide groups is observed
interactions between atoms attached directly to the peptidej, native proteins because the almost-equal energy between
unit are pr(_asc_ent.in both the cis and trans forms, primarily the cis and trans forms is overwhelmed by favorable
the steric similarity between the*@nd C atoms bonded to  jnteractions with neighboring groups in native proteins. Both
the amide nitrogen of proline, (ii) there is a change in the eyperimental4) and theoreticald, 6) observations indicate
O;+++Ci+1 electrostatic interactions, and (iii) there is a smaller ¢ there is a high energy barrier20 kcal/mol), limiting
entropy loss in the trans> cis conversion in the X-Pro ne rate of the interconversion between the two forms because
peptide groups than in non-prolyl peptide grouf ( of the partial double-bond character of the peptide baid (

Since the cis and trans forms of X-Pro peptide groups are hence, the kinetics of cistrans isomerization are modeled
almost isoenergetic, with the trans form being slightly more \yel| by a simple two-state reaction, with(the peptide bond
favorable 8), small peptides exhibit a mixture of cis and dihedral angle) as a reaction coordinate. The rate of inter-
trans forms 2), and (because of the electrostatic component conversion is also solvent-dependent, being higher in non-
of the cis-trans transformation energy) the cis form increases polar solvents §, 8).
in population in going from a nonpolar to a polar solvent ~ The properties of X-Pro peptide groups appear not only
(2, 3). On the other hand, either the completely cis or the in oligopeptides and globular proteins but also in homopoly-
mers of proline which exist in two extreme forms. Polypro-
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curves from polyproline Il in benzyl alcohol to polyproline sequent dilution leads to conformational folding. Because
I in n-butyl alcohol in terms of the slight difference in the the reactions are very rapid, stopped-flow unfolding and
binding free energies of both alcohols to the carbonyl groups folding, single- and double-jump, or pulsed-labeling, kinetic
of form Il because of the more open and extended conforma-experiments are carried out, with the progress of the reaction
tion of form II. monitored by the absorption or fluorescence properties of
The cis-trans interconversion of X-Pro peptide groups can tyrosyl residues, circular dichroism, or deuteriahydrogen
be catalyzed by disruption of the partial double-bond €exchange.
character of the peptide bond. Thus, for example, strong acid The conformational refolding of RNase A has long been
increases the interconversion rate by protonation of the known to be heterogeneou$6( 17). Early kinetic studies
carbonyl oxygen4). Enzymes such as peptidylprolyl isomeras- of tyrosine fluorescence and absorbance indicated at least
es (PPlases) likewise catalyze €tsans isomerization by  three distinct refolding phasesg): a fast-folding phase (¥,
mechanisms that apparently involve disruption of the partial a major slow-folding phase ), and a minor very-slow-
double-bond character of the peptide bofd, (12). folding phase (), accounting for 20, 65, and 15% of the
The structural and kinetic clarity of proline isomerization refolding amplitude, respectively. These phases do not result
can be exploited in two ways. First, nonnative isomers of from the presence of intermediates in the conformational

X-Pro peptide groups can be treated as transient site-directegefolding, but rather from heterogeneity in the unfolded state
mutants. At ordinary temperatures {85 °C), proline (19).

isomerization in general is much slower than conformational |t \vas soon accepted that these distinct phases correspond
foldlng: When this kinetic Qe.coupllng.condlltlon holds, t.he to the refolding of different isomeric specie®)(based on
isomeric state of the protein is essentially fixed on the ime 1,4 jines of evidence. First, the relative amplitudes of the
scale of folding, and the conformational folding of distinct ¢¢q)ging phases are insensitive to mild refolding conditions
isomeric species can be meaSL_Jred. T_he _effects of thesey 4 approximate the cigrans ratio of X-Pro peptide groups
localized disruptions (the non-native proline isomers) on the j, nsiryctured peptides. Second, when a native protein is
folding kinetics indicate the role of the interactions within | \1foided for various times. and then allowed to refold
nearby chain segments during conformational folding. (double-jump unfolding experiments), the variation of the
Second, cistrans isomerization of an X-Pro peptide group  fina refolding amplitudes with the unfolding time exhibits
can be used to probe its local environment. Changes in theseyeral hallmarks of proline isomerization, e.g., a slow
cis—transequilibriumratio may signal the development of  reaction ¢ on a scale of seconds) with an activation energy
local structure in the protein backbone. Such structure may of 20 kcal/mol (), catalysis by strong acid4,(20), and an

be missed by less localized probes such as circular dichroismingiference to the unfolding conditions such as pH and
or tyrosine absorbance, particularly in a partially folded genaturant concentrations, @1).

intermediate in which only a small fraction of the protein
had assumed a stable structure. Similarly, kiveetics of
isomerization and its susceptibility to catalysts such as strong

acid_ or PPI_a_ses may also report on the local er_lvironment Ofa fast-folding species denoted, the equilibrium amplitudes
the |so'mer|z'|ng proline, e.g., |ts.degree of burial. . of which (5 and 13%, respectively) are likewise independent
In this review, we focus on the influence of s_uch properties ¢ refolding conditions, suggesting the involvement of-cis
of X-Pro peptide groups on the conformational changes rans jsomersa?). Uy is a unique species in which all four
involved in protein folding. We will draw primarily on the  ,rqlines have retained the conformation of the native protein,
extensive experience gained from experimental studies of; ¢ 'have not yet had time to isomerize in this unfolded state
the folding of disulfide-intact bovine pancreatic ribonuclease (see Figure 2). Careful analysis also revealed a small
(RNase A). The first section illustrates the study of confor- e qjiym-refolding phase k) comprising roughly #10% of

mational folding through proline isomerization in RNase A. ho refolding amplitude 23, 24) which may have been
The second section presents an overview of analogous studiegysapved in earlier studieﬁ’fﬁ).

carried out with other proteins.

Recent folding studies have discerned several additional
phases by varying the final refolding conditions. At low pH,
Ur resolves into a very-fast-folding species denotgdddd

Once we had discerned these five refolding phasgs (U
Proline Isomerization and Conformational Folding in Ur, Um, Us, and l%) the central task became the identifica-
RNase A tion of the isomeric species to which they correspond, i.e.,
to determine the conformational folding of each isomeric
Ribonuclease A is a good model protein for studying the species. This could be accomplished by combining the
synergism between proline isomerization and conformational following different approaches. First, it was helpful to
folding (13, 14). RNase A has four prolines (Pro93, Pro114, determine which prolines are nonessential, reducing the
Pro42, and Pro117), of which the first two are cis in the number of isomeric species for considerati@s)( (Nones-
native state and the latter two are trabS)(When the protein  sential prolines have no discernible effect on the conforma-
unfolds, these four prolines isomerize to form a heteroge- tional folding; essential prolines slow conformational folding,
neous mixture of 16 (2 cis—trans isomeric species. The and critical prolines completely disrupt conformational
goal has been to determine how each of these 16 speciesolding.) Second, a kinetic analysis of the double-jump
folds conformationally (if at all), and to correlate their folding  refolding kinetics of wild-type RNase A allowed the relative
behavior with the structural disruption caused by the non- refolding amplitudes to be associated with the relative
native isomers. concentrations of specific isomeric speci@, (23). The
Unfolding of disulfide-intact RNase A is achieved by prolines of the kinetic model could be identified by carrying
denaturation with guanidine hydrochloride (GdnHCI). Sub- out analogous double-jump kinetic experiments on site-
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Prol14 processes are represented by a model in which the specific
isomeric species are at the eight corners of a box (a so-called
“box” model).

The prolines of the kinetic box model were associated with
Pro93 the three essential prolines of RNase A (Pro93, Pro114, and
Pro117) as follows. The fitted equilibrium constants of the

44s | (3% / 3% box model indicate that one proline is trans in the native
/ / H state, while the other two are cis. Since Pro42 is nonessential,

Pro117

conf

N k_. Ust Un (Us) the trans proline of the box model was uniquely identified

as Proll7. The two cis prolines were identified separately
as Pro114 and Pro93 based on kinetic fitting of double-jump
U data on the proline-to-alanine mutang3), in which their
115s Us(f,ﬂ%) (le%) respective isomerization had been eliminated. The P114A
/ / data allowed an unambiguous identification of two cis
Ui —* Ug prolines of the box model@, 32), which were then verified
7% G%) by an independent assay of these proline isomerizations (see
(Un) (Usm) Isomerization Assays of Specific Prolines).
FiGure 2: Best-fitting box model for the isomerization of Pro93, The P93A double-jump data suggested that the Tyr92-
Proll4, and Proll7 under unfolding conditior®3,(32). The A|a93 peptide group is cis in the native sta?®)( a finding
?r%ﬁnttr?eesn?;/v”:gcl)%fgﬁ assignments in the old box model that d'ﬁersubsequently confirmed by NMR3®) and X-ray crystal-
lography B4). This is remarkable, since the cis content of
directed mutants that eliminated specific proline isomeriza- non-N-substituted amino acids is typically less than B (
tions, typically proline to alanine2@). Third, the kinetic The persistence of the cis isomer in Ala93 indicates strong
model could be cross-checked by directly assessing theconformational interactions maintaining the structure of the
isomerizations of specific prolines under unfolding conditions major 5-hairpin near Pro93, and supporting its identification
(26). Fourth, cis- and trans-locked proline analogues could as a critical structure in conformational folding2( 35, 36).

be synthesized27) and introduced into protein2§, 29); To refine the model, the double jumps for the wild-type
thus, stable, pure isomeric species can be prepared and theisgnd mutant proteins were fit to all possible kinetic models
conformational folding studied. of three independently isomerizing prolines. In the best-fitting

Identifying the Essential Prolinetn a set of single-jump ~ box model 82), three isomeric species were assigned to a
refolding experiments, the essential prolines of RNase A were different refolding phase than in the old box modzs,(24)
determined with all possible single proline-to-alanine mu- (the old model being indicated in parentheses in Figure 2).
tants, i.e., P42A, P93A, P114A, and P11723) It was However, both the old and new models agree that the non-
concluded that prolines 93, 114, and 117 are essential,native isomers of Pro114, Pro117, and Pro93 cause disruption
whereas Pro42 appears to be nonessential. This is somewhaif conformational folding, with Pro93 causing the most
surprising, since Pro42 occurs in a central, highly conserveddisruption @2, 23, 32). Although the differences between
p-strand. However, the proline is not buried, and presumably, the two models are only in three positions of the box model,
the protein can rearrange to compensate for the cis isomerthe new box model provides a better fit to the experimental
(5). Alternatively, the relative population of cis Lys41-Pro42 data. Some uncertainties with the assignment of the specific
peptide groups may be too small to have a discernible effectisomeric species, however, still remain. The fitted isomer-
on the conformational folding, because Lys-Pro peptide ization rate constant for the Val116-Pro117 peptide is nearly
groups are predominantly trans under unfolding conditions 10 times faster than that observed in short peptides containing

(30, 32). the Val-Pro sequenc@&Y), in contrast to those of the Tyr92-
Box Model of Proline Isomerizatioin another approach,  Pro93 and Asn113-Pro114 peptides which agree roughly with
we investigated proline isomerization undgfoldingcondi- the values of their small-peptide analogues. Second, the box
tions using double-jump refolding experiments on wild-type model suggests that theUrefolding phase should be
RNase A and its proline-to-alanine mutarf2g,(23). Unfold- eliminated in the P93A and P117A mutants; however, no

ing conditions eliminated the complications arising from change in the amplitude or rate constant could be observed
conformational and steric interactions; thus, the isomerization in these mutant2@), which is consistent with the old model.
rates could be approximated by analogous data found in shortThe likely origin of these uncertainties is the fact that eight
peptides. In the first jumps to high GdnHC1 concentrations, isomeric species could give rise to eight refolding phases;
the protein was denatured, allowing each proline to isomerize,however, the data allow only five refolding phases to be
although at different rates depending on the sequencediscerned. Thus, some isomeric species may contribute to
environment. The second jumps, which diluted the GdnHC1, more than one experimentally observed refolding phase. This
were carried out after various delay times, providing different problem can be addressed by preparing stable pure isomeric
mixtures of the isomeric species and different amplitudes of species.

the refolding phases. Thus, in our double-jump refolding  Isomerization Assays of Specific Prolin€duorescence
experiments, the amplitudes of the five refolding phases (U assays for the isomerization of Pro93 and Pro114 in RNase
U, Upm, Ug, and Lg) were measured as a function of A under unfolding conditions were develope®6). The
unfolding time. The data on the wild-type protein suggested unfolding of RNase A is monophasic when observed by
that at least three independent proline isomerizations aretyrosine absorbance, but biphasic when observed by tyrosine
responsible for the observed refolding pha2224). These fluorescence38). The fast fluorescence phase coincides with
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the absorbance phase, which occurs on the millisecond timesequence differences: Tyr92 and the Asn113-Pro114 peptide
scale and corresponds to conformational unfolding, specif- group in the bovine form are replaced with Phe92 and the
ically to the exposure of the buried tyrosines (Tyr25, Tyr92, Lys113-Prol14 peptide group, respectively, in the guinea pig.
and Tyr97) 89) to solvent 82). However, theslowfluores- A plausible explanation for the absence of the slow phase is
cence unfolding phase occurs after conformational unfolding, that the Lys-Pro peptide bond is trans in the folded guinea
and exhibits the classic hallmarks of proline isomerization. pig form and remains overwhelmingly trans in the unfolded
RNase A has four prolines and six tyrosines, and conse- state 80, 31); thus, the contribution of Tyr115 may not have

guently, we had to determine which prolines contribute to been observable if the Lys113-Prol114 peptide group had
this slow fluorescence unfolding phase, and which tyrosines undergone negligible isomerization.

report on their isomerizations. Accordingly, the slow fluo-  This misidentification illustrates a serious problem, how-
rescence unfolding phase was examined in all possibleeyer, As shown above, the slow fluorescence unfolding phase
proline-to-alanine and tyrosine-to-phenylalanine mutants; the j, wild-type RNase A is biphasic, corresponding to the sum
former mutants eliminate the slow isomerization, and the gf two independently isomerizing prolines. However, this
latter mutants eliminate its reporting. These knockout muta- biphasic character could be detected only by site-directed
tions demonstrated that Tyr92 reports on the isomerization mutagenesis; all prior studies [spanning nearly 20 y&8) (

of Pro93 and Tyr115 reports on that of Prol2g)( with reported only a single exponential phase. The errors in the
roughly equal amplitudes. To check these assignments, twoflyorescence measurements are not sufficiently small to
double mutants were made: Y92F/Y115F (which eliminates discern the two phases statistically, although they differ
both reporting groups) and Y92F/P114A (which eliminates 3-fold in their rate constants. For illustration, the slow
the one reporting group and the other isomerizing proline); fiyorescence unfolding of a 50%/50% mixture of Y92F and
in both cases, the slow fluorescence unfolding phase wasy115F also appears to be a single exponential phase
?llmlnated ent”ely. Thelattel’ double mutf_int Y92F/P114A (identica| to the W||d_type phase)’ a|though itis unquestion_
indicates that the reporting is very local, since Y115F does ably composed of two exponential phas@s)( Thus, the

not report on the isomerization of Pro117s). conclusions of all such kinetic fittings should be regarded

Thus, the slow fluorescence unfolding phase of wild-type as provisional, until they can be confirmed by site-directed
RNase A corresponds to the isomerizations of Pro93 andmytagenesis.

Proll14. These isomerizations may be obsermddidually

in the Y92F and Y115F mutants, which appear to be very
similar to the wild-type protein26) in their enzymatic
activities and conformational folding and unfolding. The
isomerization time constants (41 and 115 s) for these two
prolines measured in the four mutants agree nearly perfectly
with the box model isomerization rate constants for these
prolines in the wild-type protein, confirming the kinetic fit : L - : . :
for these two prolines26, 32). This fluorescence assay for w:;ksjthagrolme ring 44-46) or, possibly, with the peptide
proline isomerization appears to be general, since similar 9"°4P ©0-

slow fluorescence unfolding phases have been observed in Structural Interpretations of Isomeric Foldinghe box
other proteins where tyrosine is adjacent to proline, e.g., the model indicates that non-native isomers of Pro114, Prol117,

MerP protein 40). and_Pr093 cause increasing Ieve_Is o_f disru_ption of confor-
The isomerization rate constant for the Tyr92-Pro93 Mmational folding 82). However, k'”elt"_: studies have also
peptide group was measured independently using the Y92wshown that only the refolding of Uis rate-limited by
mutant ¢1). Wild-type RNase A has no tryptophan residues, Proline isomerization; the other species fold conformationally
and thus, the slow Trp fluorescence phase observed undePefore they isomerize, albeit more slowly than in the native
unfolding should correspond to the isomerization of Pro93. isomeric speciesl@, 24). The native isomer of Pro93 seems
A key difference should be noted; in the tyrosine-to- to be particularly critical for conformational folding, since
phenylalanine and proline-to-alanine mutants, the wild-type @ hon-native isomer of Pro93 by itself slows conformational
residues are observed and the mutated residue is not observel@!ding almost 1000-fold, and conformational folding is
(except by omission). In contrast, the mutated residue is Plocked entirely in species with a non-native Pro93 isomer
observed directly in the tyrosine-to-tryptophan mutants, and and additional destabilizing mutations such as Y25F and
the Trp-Pro peptide group may not isomerize at the same Y97F (26). Somewhat surprisingly, conformational folding
rate as the Tyr-Pro peptide group. Indeed, from model peptideis Still relatively rapid in the non-native Pro117 speci2g){
studies, the rate of isomerization of Trp-Pro peptide groups although Pro117 is completely buried in the hydrophobic
is 2-fold slower than that of Tyr-Pro and Phe-Pro peptide core of th_e native protein. This suggests that the acquisition
groups 87). However, after correction by this factor of 2, Of the major5-hairpin secondary structure near Pro93 is more
the Tyr92-Pro93 isomerization time constant estimated from ctitical for folding than a structurally correct hydrophobic
the Y92W mutant agrees with that measured in the Y115F core. This hypothesis is supported by early antigenic studies
and P114A mutants. (48) as well as by large disruptions of conformational folding
An earlier study 42) of the homologous guinea pig (32 resulting from conservative mutations of tyrosines to
ribonuclease A, which has no slow fluorescence unfolding Phenylalanine in this region, which eliminate a single
phase, misidentified Tyr92 as being solely responsible for hydrogen bond.
the slow fluorescence unfolding phase, which was detected This structural interpretation of the isomerization data is
in the bovine form. Their conclusion was based on the consistent with our chain-folding initiation site (CFIS) folding

It has been proposed that the tyrosine fluorescence changes
under proline isomerization reflect interactions of the tyrosine
ring with the C46-C95 disulfide bond 8). However, the
slow unfolding fluorescence phase of the C40A/C95A mutant
(in which this disulfide bond is eliminated) is identical to
that of wild-type RNase A43). It is more likely that the
fluorescence changes reflect interactions of the tyrosine ring
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mechanism 35, 49—-52). Briefly, this mechanism predicts Conformational Folding of Y. Kinetic studies 26, 32)

that flickering nuclei of secondary structure motifs such as suggested that thedphase comprises the refolding of two
a-helices angs-hairpins form in regions with high secondary gjstinct isomeric states. The conformational folding df U
structure propensities and high local concentrations (alongpag heen studied by pulsed® exchange methods and
the protein backbone) of nonpolar residues. These nucleicqrelated with optical probes§, 57). The results suggest
associate through medium- and long-range interactions tohat the C-terminal, predominatefifsheet half of RNase A
form a stable core onto which the remainder of the protein jg 5imost fully formed in an intermediate of conformational
folds. In this mechanism, the rate of conformational folding folding, and that the rate-determining step consists of the
is determined largely by the loop entropy cost of making oyqering of the N-terminal, predominateiyhelical half onto

the medium- and long-range interactions to form the core e 3 sheet. Fluorescence resonance energy transfer (FRET)

(i.e., effectively by conformational searching), although gy nheriments of the fully reduced form under folding condi-
electrostatic interactions between the nuclei could play a role ;o (68) support this interpretation.

as well.

Given this folding scenario, it is plausible to hypothesize ~ 1he conformational refolding of iJha_ls also been studied
that the incorrect isomer at Pro93 inhibits the formation of USINg a cross-linking protocob@). Lysines 7 and 41 were
the adjacenB-hairpin motif by preventing the formation of ~ Cross-linked through their \atoms using 1,5-difluoro-2,4-
the nucleating type VI turn at Pro93. Formation of the native dinitrobenzene. The cross-linked protein exhibits the same
hairpin would have to be nucleated by a longer-range Native structure as wild-type RNase AQj, and similar
interaction. Moreover, formation of the native hairpin may 'efolding phasesg). The cross-linked protein is thermo-
also compete with the formation of non-native local structure, dynamically much more stable than wild-type RNases8)(

e.g., in theg-bulge region (residues 8®1), which would and this change in stability appears to result largely from
further slow conformational folding. entropic (not enthalpic) factors, consistent with the high

Refolding of U:. In the box model of Figure 2, the conformational lability observed in the loop region (residues
concentration of u at equi”briumis very low. However, 16_23) Therefore, the cross-linked protein could be used
this species could be prepared in an almost 100% pure statd0 assess the association of lysines 7 and 41 in the folding
by a double-jump procedur@?, 24, 41, 53—55). Starting transition state of the wild-type proteifl, 62). The results
in the native state (which is isomerically pure), the RNase suggested that the N-terminaihelix is not associated with
A was jumped to strongly unfolding conditions (viz., 4.2 M the C-terminals-sheet in the transition state for conforma-
GdnHCI at pH 2 and 18C), in which the conformational  tional folding 61, 62) of Ug. The FRET measure$®) also
unfolding proceeds much more rapidly than the proline support this suggestion.
isomerization. The protein was held under these conditions  Conformational Folding of the Other Isomeric Species.
long enough to allow complete unfolding of the protein to  The conformational folding of Lis generally similar to that
Uyr but not long enough to populate any non-native isomeric of U, for pH values above 5. This is consistent with
state significantly (roughly 0.8 s at T&). The proteinwas  experimental and theoretical studies indicating that the cis
then returned to folding conditions, and the conformational trans isomerization of the Asn1i®Proll4 peptide bond
refolding of Us was monitored by various probes such as makes relatively minor, localized changes that do not affect
absorbance, fluorescence, circular dichroism, andDH  the structure of the adjacent hydrophobic core of residues
exchange.. Thus,_ conformationaj fo_lding could be studied 5g—110 6, 23, 36, 63-67). However, at low pH, the
directly without cis-trans isomerization. conformational folding of Wdiffers significantly from that

The pH and GdnHCI dependence of the refolding kinetics of .
indicated that a conformational intermediate (denotgds|
populated in refoldingg3). The intermediate appears to be
favored under stabilizing conditions, e.g., at low denaturant < ) .
conditions or neutral pH5@). H—D exchange experiments corresponding isomeric states cannot be studied, although

have suggested that the amide protons of the minor hydro-the results indicate that non-native isomers of Pro93 and
phobic core (near the C26°84 disulfide bond) become Pro117 suffice to make the native state thermodynamically

strongly protected: on the other hand, those of the major Unstable relative to the unfolded state.

The refolding of L'g appears to be rate-limited by proline
isomerization 24). Hence, the conformational folding of the

hydrophobic core (near the C5&110 disulfide bond) Preparation of Stable Isomeric Specig$e goal of these
receive medium protection, and others receive little or no studies of RNase A was to characterize the conformational
protection b5). folding of individual isomeric species to investigate the role

Site-directed mutants also indicate the importance of the of backbone interactions in pathways of conformational
minor hydrophobic core in the refolding of U The Y25F folding. However, except for the native species, it is difficult
and Y97F mutants slow the folding drasticall$2}, sug- to prepare a pure isomeric species; the unfolded state is
gesting that these tyrosine residues are required for thisgenerally a mixture of species due to the isomeric equilibra-
folding. The Y92W mutant41) exhibits a burst phase by tion that occurs under unfolding conditions. The RNase A
fluorescence, a relatively small burst phase in the refolding experiments were able to discern the folding of the individual
of Uy, and a larger burst phase in single-jump refolding isomeric species only through careful kinetic analysis of the
experiments from the equilibrium unfolded state. Subsequentsingle-jump and double-jump folding and unfolding experi-
experiments (unpublished results) have indicated that thisments carried out on wild-type and mutant proteins. It would
fluorescence burst phase is composed of two well-resolvedbe preferable to prepare stable, pure isomeric species so that
exponentials on the sub-millisecond time scale, with a still- their conformational folding and unfolding could be assessed
unresolved burst phase. in isolation.
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Unfortunately, there is no naturally occurring amino acid Conversely, non-native isomers likely retard folding by
locked in the cis isomer. Non-prolyl amino acids have a inhibiting such association and also by permitting non-native
strong preference for the trans isomer, and thus, it is nuclei to compete with the native nuclei.
theoretically possible to prepare a stable, pure all-trans |n contrast, nonessential prolines are generally in positions
isomeric species by mutating every proline to alan®®.(  that are not critical for rapid folding, or they are associated
Alternatively, 2,4-methanoproline which is locked in the trans  with isomer-neutral conformations, i.e., conformations which
conformation 68, 69) and L-5,5-dimethylproline (dmP)  tolerate both isomers. This often occurs in irregular and/or
which is locked in the cis conformatio27) can be used to labile structures near the surface of the protein, e.g., prolines
obtain a stable protein with specific X-Pro peptide groups 15 and 17 in roe deer RNas8&4). This type of proline
locked in given conformations. In particular, the cis-locked appears to be the most common; examples of such prolines
proline analogue dmP has been prepared and studied byare found in most proteins. There are several examples of
NMR in two tripeptides, Tyr-dmP-Asn and Asn-dmP-Tyr, proteins with more than 10 proline residues which have no
corresponding to the tripeptides containing the cis prolines slow-folding phase whatsoeve85); presumably, all of the
of RNase A (residues 9294 and 113-115) 7). In addition, prolines are nonessential.

a general synthetic method is being developed for introducing  An unresolved question is how closely the-etsans ratio
such unnatural proline analogues into prote?& 29). Thus,  and isomerization kinetics of X-Pro peptide groups in
it is possible to prepare stable, isomerically pure species of proteins undeunfoldingconditions are approximated by their
RNase A and to study their conformational folding directly. pehavior in model peptides. Negligible differences in the rate

This work is underway in our laboratory. constants would make it easier to interpret double-jump
. . . . refolding studies (N— U — N) since the kinetics of the
Proline Isomerization in the Folding of Other Proteins first step (N— U) could be determined in advance from

Slow refolding and unfolding phases have been detectedswdies.Of model peptide analogue_s. This would help in
measuring the effects of non-native isomers on the confor-

in many proteins {0—72). Most of these slow phases have i D . S
yp L ) P mationalrefoldingkinetics. In general, the evidence indicates

been correlated with cistrans isomerization, displaying . A RS
many of the classic hallmarks, e.g., a slow reaction with an Fhat model peptide kinetics correspond roughly to the kinetics

activation energy of 20 kcal/mol, an indifference to solution in the unfolded p“’te".‘m but this qorresppndenqe IS not
conditions, or catalysis by PPlases. Unfortunately, these slowrObUSt enough to predict the populations of isomeric species.
phases have been correlated with specific isomeric specie
for only relatively few proteins, e.g., RNase A (described
above), RNase T17@, 74), staphylococcal nuclease (SNase)  Non-native proline isomers are an effective probe for
(75), bovine pancreatic trypsin inhibitor (BPTI}§), thiore- studying the conformational folding of proteins. Unlike site-
doxin (77), iso-2-cytochromec (78), p13Uct (79), cellular directed mutagenesis or changes in disulfide bonding, proline
retinoic acid binding protein | [CRABPI8Q)], the mercury isomerization is @onformationakhange in a single dihedral
binding protein MerP 40), the G fragment of the immu-  angle.

SSummary

noglobulin light chain§1), and the SH3 domain of the p&5 Proline isomerization can be exploited in two ways. First,
subunit of bovine phosphatidylinositdtBinase (P13 kinase)  non-native proline isomers can be treated as transient site-
(82). directed mutants, since the isomerization rate is typically

Some prolines appear to be completely buried in the much slower than the conformational folding rate. The
hydrophobic core, e.g., Pro117 in RNase, the buried prolinesconformational folding of specific isomeric species indicates
(Prol1, Pro31, and Pro56) of staphylococcal nucle@Sg ( which chain segments are critical for conformational folding.
Pro76 of thioredoxin 77), Pro39 of RNase T17¢), and Second, the isomerization rates and equilibrium-tians
Pro85 in CRABPI 80). However, some buried prolines do ratios of specific prolines can be used to detect local structure
not appear to give rise to slow folding phases, e.g., Prol34and to monitor the local environment of the prolines. It
in the Fyn-SH3 domaing3), although this may reflect an  should be stressed that the goal of these studies is not to
unusually low non-native cis content in the unfolded state characterize proline isomerization per se, but rather to exploit
(<4%). Buried prolines are relatively rare, presumably the kinetic and structural clarity of the isomerization reaction
because the proline residue may disrupt the hydrogenas an assay of conformational structure and of the pathways
bonding of local residues. of conformational folding.

Essential prolines appear to be associated with the cis Non-native proline isomers can have widely varying
conformation that forms tight turns, e.g., Pro93 in RNase effects on conformational folding. Some prolines have no
A, Pro143 in the Cfragment of immunoglobulin1), Pro55 discernible effect on conformational folding (nonessential
in RNase T1 73), Pro76 in iso-2-cytochrome (78), Pro67 prolines); some prolines slow conformational folding (es-
in MerP (40), Pro90 in p181(79), and Pro70 in the SH3  sential prolines), often as much as a 1000-fold, and some
domain of PI3 kinase82). Such hairpin turns usually occur  prolines completely disrupt conformational folding (critical
on the surface of a protein, and thus, such prolines are notprolines).
buried and presumably do not stabilize the folding pathways It is remarkable that a change in a single dihedral angle
by direct hydrophobic or hydrogen bonding interactions. (the peptide bond dihedral angl® should be capable of
Instead, native isomers of such prolines probably stabilize making such dramatic changes in the conformational folding
the folding pathways indirectly by promoting the association kinetics. A structurally plausible explanation is that the non-
of residues which in turn stabilize the folding pathways native isomer disrupts conformational folding by altering a
through hydrophobic and hydrogen bonding interacti®@ ( critical pattern of peptidepeptide hydrogen bonds (i.e., local
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secondary structure) that is essential for the subsequent 16

folding. For example, the native cis isomer of Pro93 in RNase
A naturally forms g3-turn, which may then act as a chain-
folding initiation site (CFIS), catalyzing the formation of the
two-stranded3-hairpin (residues 79104) G0). The non-
native trans isomer of Pro93 disrupts the native t@n),(
which requires that a larger loop be closed to form the correct
pB-hairpin, slowing its formation. Moreover, other chain
segments (e.g., thebulge from residue 88 to 91) may form
incorrect loops which compete with the native loop.

This hypothesis is supported by a survey of the essential
prolines of various proteins. Nonessential prolines tend to
be found in loosely ordered loop segments of the native fold
(e.g., Pro19 in bovine seminal RNase A), or in secondary
structure elements which can accommodate both isomers.
Essential prolines occur in regions of critical secondary
structure, either completely buried in the structure (e.qg.,
Pro117 of RNase A) or in tight turns (e.g., Pro93 of RNase
A).

Thus, it seems that specific secondary structure is impor-

tant at an early stage of conformational folding. This is
consistent with the older CFIS model for folding5( 49—
51) and disagrees with several “new view” models of protein
folding, which postulate that specific secondary and tertiary
structure plays a role only in the final stages of protein
folding (86).

The methodology for assaying proline isomerization has
been steadily improving in recent years. Several fluorescence
and isomer-specific proteolytic methods have been developed
for proteins and peptides, as well as the combination of site-
directed mutagenesis and single- and double-jump kinetic
experiments.
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