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Effect of Mutation of Proline 93 on Redox Unfolding/Folding of Bovine Pancreatic
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ABSTRACT. Both the reductive unfolding and oxidative regeneration of a P93A mutant and wild-type RNase
A have been studied at P& and pH 8.0. The rate of reduction of the-4®b disulfide bond is accelerated
about 120-fold by the P93A mutation, while the reduction of the- B8 disulfide bond is not accelerated

by this mutation (within the experimental error). Moreover, the reduction of native P93A to ae3$40

is about 10 times faster than the further reduction of the same de8$}@pecies. These results demonstrate
that the reduction of the mutant proceeds through a local unfolding event and provides strong support for
our model in which the reduction of wild-type RNase A to the des species proceeds through two independent
local conformational unfolding events. The oxidative regeneration rate of the P93A mutant is comparable
to that of wild-type RNase A, suggesting that a cis-93 peptide group that is present in native wild-

type RNase A and in native des[405], is not obligatory for the formation of the third (final) native
disulfide bond of des[4095] by reshuffling from an unstructured 3S precursor. Thus, the trans to cis
isomerization of the Tyr92-Pro93 peptide group during the regeneration of wild-type RNase A may occur
after the formation of the third native disulfide bond.

The kinetics of the unfolding/folding of bovine pancreatic des|[65-72]
ribonuclease A (RNase A)a protein with four disulfide Local Unﬁﬂy | \
bonds and four prolines (two in the cis and two in the trans
conformation), has been examined by two separate ap- N /a5t gg — 28t o fast
proaches in our laboratory. In one approach, the disulfides
are reduced and the thiols are then oxidized with glutathione | ., Unfoldinx /
(1) or dithiothreitol @—4). In the other approach, the
disulfide-intact protein is unfolded with guanidine hydro- des[40-95]
chloride and then refolded by diluting this denaturation FiGURE 1: Kinetic model of the reductive unfolding of RNase A
reagent §—8). at 15°C, pH 8 0). R, N, 1S, 2S, and 3Sepresent the reduced

(R), native (N), and rapidly interconverting disulfide ensembles

The mechanisms for the DTT-induced unfolding and containing -3 disulfide bonds, respectively.

refolding are shown in Figures B)(and 2 @, 4), respec-

tively, where R, N, 1S, 2S, 3S, and 4S represent the reduced R 18 25 35 45
(R), native (N), the disulfide intermediate ensembles contain- PN
ing 1—4 disulfide bonds, respectively, and desf6®] and desl40-95]  des(65-72]

des[40-95] represent RNase A lacking the-632 and the \N/

40—95 disulfide bond, respectively. There are two major gg e 2: Oxidative regeneration model of RNase A at°’Z5 pH
pathways, through the structured desf6%] and des[46& 8 (4), showing the major pathways. R, N, 1S, 2S, 3S, and 4S
95], respectively, in both the reductiof) @nd regeneration  represent the reduced (R), native (N), and rapidly interconverting
disulfide ensembles containing-4 disulfide bonds, respectively.

t This work was supported by the National Institute of General The 3S reshuffling to des[4@85] and des[6572] is the rate-
Medical Sciences of the National Institutes of Health (Grant GM- determining step.
24893). Support was also received from the National Foundation for
Cancer Research. of wild-type RNase A 8, 4). Other minor pathways in

* To whom correspondence should be addressed. Tel: (607) 255- . : 4+ ; : . ‘o )
4034. Fax: (607) 254-4700. E-mail: hass@cornell.edu. oxidative folding (L0, 11) are not considered in this discus

1 Abbreviations: RNase A, bovine pancreatic ribonuclease A;BTT  Sion. The mechanism for the GdnHCl-induced unfolding and
pL-dithiothreitol; DTT, oxidized dithiothreitol; GdnHCI, guanidine  refolding of the disulfide-intact molecule is represented by
hydrochloride; AEMTS, 2-aminoethyl methanethiosulfonate; EDTA, the “box” model of Figure 38), in which nonnative isomers

ethylenediaminetetraacetic acid; Tris-HCI, tris(hydroxymethyl)ami- . -
nomethane hydrochloride; 1S, 2S, 3S, and 4S, ensembles of rapidlyOf three prolmes (Pr0114’ Prol17, and espeC|aIIy Pr093)

interconverting disulfide species containing 1, 2, 3, and 4 disulfide”retard the conformational folding.
bonds, respectively; des[2@4], des[58-110], des[406-95], and des- An intriguing question is how are these processes coupled,

[65—72], RNase A lacking the 2684, 58-110, 40-95, and 6572 ; ; ; ; i
disulfide bonds, respectively: HPLC, high-performance  liquid i.e., which step occurs first, the conformational folding of

chromatography; P93A, a proiine to alanine mutant at position 93 of the protein, the isomerization of the prolines to their native
RNase A. state, or the formation of the native disulfide bonds? We
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Ficure 3: “Box” model for disulfide-intact reductive unfolding
of RNase A 8). The protein unfolds conformationally from the
native state (N) to the unfolded but very fast refolding specigs U
in which only the native isomers of the X-Pro peptide groups are

present. The fast, medium, slow, and very slow refolding species

(denoted as }J Un, Ugy, and U, respectively) are then produced

by independent isomerizations at the Asnl113-Prol14, Valll6-
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Ficure 4: Chromatograms from a 36 h reduction mixture of wild-
type RNase A (top) atha 1 hreduction mixture of the P93A mutant
(bottom). Conditions for both reductions were pH 8.0,°C5 100
mM DTTred and 8QuM protein. The reduced protein is designated
R, and the native protein is N. The peak for N in the bottom
chromatogram is very broad.

scribed previously 2). All other chemicals were of the
highest grade commercially available.
The reduction procedure was similar to that used for wild-

Prol117, and Tyr92-Pro93 peptide groups. The arrows above thetype RNase A %). The initial reduction conditions were 80
figure indicate the prolines to which each dimension of the box uM P93A in 100 mM Tris-HCl and 1 mM EDTA buffer at

corresponds, from which it is evident that nonnative isomers of
Pro114, Prol117, and Pro93 cause increasing disruption of confor-

mational folding. The Tyr92-Pro93 and Asnl113-Prol14 peptide
groups are cis in the native protein.

pH 8 and 100 mM DT®¢ degassed by humidified argon
gas, and the temperature was controlled at@5At various
times, a 0.5 mL reaction aliquot was removed and blocked
by adding 100 mg of solid AEMTS for 2 min and then

address this question here by investigating the kinetics of quenched by adding 2L of acetic acid. After being

the DTT-mediated unfolding/folding of a mutant of RNase
A, in which Pro 93 was replaced by alanine. The mutation
decreases the stability of the protein, withTislowered by
about 12°C (7), and perturbs the structure locally around
residue 93 7, 13, 14). Both the Tyr92-Pro93 and Tyr92-
Ala93 peptide groups of native wild-type RNase A and the
P93A mutant, respectively, are in the cis conformation (
12—14). However, the isomerization rates and the equilib-
rium cis—trans ratio are quite different for an X-X compared

desalted by elution on a G25 superfine column with 50 mM
acetic acid solution, the sample was loaded onto a Hydropore
SCX (Rainin) analytical HPLC column.

The oxidative regeneration process was carried out as
described by Rothwarf and Scheraga), (with minor
modification. The initial oxidation conditions were 262
uM protein in 100 mM Tris-HCI and 1 mM EDTA buffer
at pH 8 and 56100 mM DTT, degassed by humidified
argon gas, and the temperature was controlled &CL5At

to an X-Pro peptide group; this suggests that a study of thevarious times, a reaction aliquot was removed and blocked
mutant and wild-type protein can provide information about by AEMTS solution (final concentration of 3 mM) for 2 min
the role of the trans to cis isomerization of Tyr92-Pro93 in and then quenched by adding acetic acid. After being desalted
oxidative folding. We focused on the question whether the by elution on a G25 superfine column with 50 mM acetic
isomerization of peptide group 93 to the native cis conforma- acid solution, the sample was loaded onto a Hydropore SCX
tion in the precursor 3S species must precede the last(Rainin) analytical HPLC column. A 30 s DT (final
disulfide reshuffling step that results in the formation of des- concentration 10 mM) reduction pulse was also carried out
[40—95]. The stability and conformational folding/unfolding to identify the peaks of the stable des spec#sThis DTTed
of this mutant have been studied extensiv@lyand, together  concentration is sufficient to reduce all of the unstructured
with the results of the reductive unfolding experiments in intermediates to the reduced protein.
this study, which provide information about local/global
fluctuations in the structured disulfide species, help in RESULTS
interpreting the oxidative folding data presented here. Figure 4 compares the chromatograms from a 36 h
reduction of wild-type RNase A with that fro a 1 h
MATERIALS AND METHODS reduction of the P93A mutant, under the same reducing
Wild-type RNase A was purchased from Sigma and condition (at 15°C and pH 8.0). The major difference
purified as reported by Rothwarf and Schera®)aThe P93A between these two reductions is that, whereas des[8b
mutant of RNase A was expressed and purified as describeds the dominant intermediate for wild-type RNase A, des-
by Dodge and Scheragd(AEMTS was prepared according [40—95] is the dominant intermediate in the reduction of
to the method of Bruice and Kenyoh5). Ultrapure DT T4 P93A with almost no des[6572] being observed. The lag
was obtained from Sigma and used without further purifica- time between the appearance of intermediates (des species)
tion. DTT** was purchased from Sigma and purified by the and that of the fully reduced species is also significantly
method of Creighton1(6). Reduced wild-type RNase A and shortened, from aba3 h for wild-type RNase Ag) to about
reduced P93A mutant were prepared and purified as de-10 min for the P93A mutant.
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Ficure 5: Relative concentrations of species as a function of
reduction time (at 18C, pH 8.0, 100 mM DT 80uM protein). Elution time (min)
Plots: Q) native P93A; ©) des[40-95] of P93A; () reduced

. ; ; : FiIGUrRe 6: Chromatograms fra a 3 h oxidative regeneration
P93A; native wild-type RNase A. The decay of native P93A : -
is descﬁlgable by a sin)éﬁ)e-exponential curve. Y mixture of wild-type RNase A (top) and the P93A mutant (bottom).

Conditions for both regenerations were pH 8.0,°C5 100 mM
- DTTo, and 32uM protein. The peak for N in the bottom
Table 1: Reduction Rate Constants of RNase A at@%nd pH 8 chromatogram is very broad.
wild-type  P93A P9o3A/
RNase & mutant wild-type

native— des[46-95] (min~* M~  0.0021 0.26 124 des[58-110]
des[40-95] — 2S (mim: MY 0.0068  0.024 35

aData from Li et al. 9).

des|26-84}
des[65-72]

The reduction of P93A is significantly faster than that of
wild-type RNase A. Within 3 h, more than 98% of native
P93A has been reduced, mostly to desf88], and the
amount of des[6572] is unobservable within experimental
error (Figure 5). Assuming that the reduction rate is first . .
order in DTTed(9), the decay curve of native P93A versus 40 2 44 4
time could be fitted to a single-exponential function with a Elution time (imin)
rate constant of 0.26 min M for reduction of its 46-95  pgure 7. Chromatograms of the three-disulfide region of the
disulfide bond. This is about 120-fold larger than that of wild- same oxidative regeneration mixture as in Figure 6, which had
type RNase A (0.0021 mit M~%) (9). Moreover, the decay  been subjected to a 30 s pulse of D¥Tprior to blocking with
curve of des[46-95] of the mutant (after about 250 min when AeEa'l\I"(chS)r- gtlaost[sdi G(;%F]))O‘?Vg%'ttr{ F\);n';’;lasee é&g):étg\”gnzsﬁ‘g;&eaﬁr?se
the amoum.Of native P93A. has bepomg negligible) can be ﬁot shown in the figure because)i/‘f)appears in the region of the 1S
fitted to a single-exponential function with a rate constant peak @).
of 0.024 min* M~ for the reduction of des[4095] of P93A ] ] o
(Table 1). It is worth noting that the reduction rate of native the eluting solution (50 mM acetic acid); as a consequence,
P93A to des[46-95] is about 10-fold faster than the rate of native P93A may be somewhat unfolded during the elution
further reduction of des[4095]. on thg HPLC column. Th|s is demonstrated by using a neut.ral

Figure 6 shows that, during oxidative regeneration at 15 Solution to desalt, which produces a much sharper native
°C and pH 8.0, both the P93A mutant and wild-type RNase peak, although §t}|l a little broader than that_ of wild-type
A exhibit similar 1S and 2S groupings but a difference in RNase A. In addltlon,_ at a late stage of reduction (more_ than
the 3S region. Figure 7 compares the chromatograms for20 h), the accumulation of perhaps some byproducts in the
wild-type and P93A RNase A after a 30 s reduction pulse at ;S region becomes significant [small peak near R after 1 h,
15 °C and pH 8.0. As with wild-type RNase A, the des- N Figure 4, and a Iarger.peak after 24 h (not shown here)];
[40—95] species is the dominant 3S species during the hence thg sum of the natlve,_desféms],and reduced forms
regeneration of the P93A mutant of RNase A; however, the of P93A is less than 100% in Figure 5 by the amounts of
three other des species, which are observed in the regenerad2yProducts in the 1S region.
tion of the wild-type protein17), are not observable in the
regeneration of P93A. From Figure 8, it can be seen thatDISCUSSlO'\I
the regeneration rate of the native protein and the disap- Reduction of RNase Kinetic studies 9) have suggested
pearance rate of the fully reduced P93A mutant are compa-that the mechanism for the reduction of wild-type RNase A
rable to those of wild-type RNase A. at 15 and 25C, pH 8, is analogous to the EX2 mechanism

The native peak of P93A in Figures 4 and 6 is much of amide proton exchangd g, 19) in which the first step
broader than that of wild-type RNase A. This is because involves structural unfolding followed by reduction of the
PO3A is less stable than wild-type RNase A @nd is exposed disulfide bond. The reaction may be represented
denatured during the desalting process due to the low pH of(9) as

A (280nm)
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indicate that the perturbation caused by the absence of the
100 40—-95 disulfide bond and by the P93A mutation is not
additive. NMR studies1(2) have shown that [C40A, C95A]
and wild-type RNase A have similar structure, with the main
difference being in the region around the missing-96
disulfide bond. X-ray diffractionX3) and further NMR {4)
studies show that, although P93A retains the cis conformation
of wild-type RNase A, the two proteins differ in structure,
primarily around position 93. Thus, the structural perturbation

/ (and destabilization) by the P93A mutation and by the
/i breaking of the nearby 4695 disulfide bond occurs locally,

50 1+

Percentage of total protein

/ . in similar regions of the molecule; this is consistent with
04 o the nonadditivity described above.
5 5(')0 10'00 15'00 Oxidative Regeneration of RNase Aation-exchange
chromatography of the AEMTS-blocked sample enables the
Regeneration time (min) intermediates to be separated according to the number of
FiGURE 8: Relative concentration of species as a function of their disulfide bonds. Most of the intermediates of wild-type
oxidative regeneration time (pH 8.0, 16, 50 mM DTT, 20uM RNase A [R, 1S, 2S, 3S (except for the des species), and

pRrﬁges'g)- AF_"O-"?: rgguQZEV%QQ%AmUmtgﬁP&QEegﬁg‘é% "\‘,’J:ﬁj'_t%’pee 4S] do not have stable tertiary structure, as indicated by their
RNase A. ’ yp fast reduction rate [some 100 000-fold larger than the
reduction of the des species and native RNase)f but
they may have some local structure around the B5bond
as demonstrated by the nonrandom distribution of one-
. . L . disulfide bonds in the 120) and 2S 21) ensembles. Des-
where N is the native protein, Ns alocally unfolded species [65—72] and des[46:95] of wild-type RNase A have stable
(yvherekf ‘?ndk“ are the rate constants for local cqnforma- nativelike structure as shown by NMR experiments on des
t|ona! foldmg and unfolding, respectively), and | is a des species 22) and their mutant analogue? 23, 24); they
SPECIes, 1.€., des[4@5] or des[65-72]. _Reduct|on of one also have similar thermal stabilities, with tfig of the des-
more native bond unfolds the protein and leads to the 65—72] analogue (44C) being slightly higher than that of

formation of the reduced species by fast, successive reductio he des[46-95] analogue (42C) (25). Recently, two new
steps without accumulation of any other intermediates (Figure des species des[Sﬂ%O] and des[2é84] alsg’shown in

1). The only two intermediates populated on reductive _. : . :

. ; . Figure 7, were found during thexidative regeneratiorof
unfoldmg_of the wild-type protein at 18C are two structured wild-type RNase A at 15C and pH 8.0 17). These two
des species, des[652] and des[46-95]. The other two des . o o

. des species may not be stable at°25but are sufficiently
species, des[2684] and des[58 110], are not populated on structured at 15C to withstand a reduction pulsé?)
reductve unfoldingof wild-type RNase A, primarily because _ ) P ST )
the reduction rates of the 284 or 58-110 bonds whose The most obvious difference between the oxidative folding
exposure requires global unfolding are much less than thoseof P93A and the wild-type protein is in the 3S region of the
for the 65-72 and 46-95 bonds which can be exposed by chromatogram (Figure 6), indicating an altered distribution
local unfolding. Thus, the rate-determining steps involve two Of the intermediates. Three of the des species, des}2
independent local unfolding events near the-82 and 46- des[58-110], and des [6572], elute in the 3S region of
95 disulfide bonds, respectively, without a common transition the chromatogrami()). (Des[40-95] elutes in the 1S region
state ). The data presented here further support this view, of the chromatogram.) The reduction-pulse experiment, in

K
N <N, =1 1)

as indicated below. which all of the unstructured intermediates are reduced to R
The reduction rate of the 4005 bond of native P93A is  but the structured ones are not, suggests that the difference
about 10 times faster than the reduction rate of despg) between the 3S profile of the wild-type and mutant chro-

of P93A (Table 1), clearly indicating that the first step in matogram is in the population of the structured species. Des-
the reduction of P93A is a local and not a global unfolding [26—84], des[58-110], and des[6572] of P93A do not
event. The reduction rates of the-682 and 46-95 bonds  Wwithstand a reduction pulse and do not appear to be populated
of the native wild-type protein are simila®)( However, in during the regeneration of P93A (Figures 6 and 7). The
native P93A, the reduction rate of 405 is at least 10 times  absence of a disulfide bond in these des species destabilizes
faster than that of the 6572 bond, judging from the  different regions of the protein than the one(s) destabilized
negligible population of des[6572] before the appearance by the P93A mutation. Thus, the mutation likely makes these
of any further reduced species while a significant amount des species unstable at 16 and provides an explanation
of native P93A has been reduced to dest88] (Figure 5). for the absence of des[2@4] and des[58110] in the
The mutation selectively accelerates the reduction of the 40 regeneration of P93A. The more stable des{@2] of P93A
95 bond, supporting the earlier contenti® {hat there are  is expected to be stable at 2&. However, the reductive
separate transition states for the two local unfolding events. unfolding experiment has shown that the local destabilization
The reduction rate of native P93A is 120 times greater around the 4695 disulfide bond leads to a considerably
than that of the native wild-type protein. However, the increased reduction rate which is likely responsible for the
reduction of des[4695] of P93A is only 3 times that of  absence of des[6572] in the chromatogram after a reduction
des[40-95] of wild-type RNase A (Table 1). Thus, the data pulse.
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The rate of formation of the native form of P93A is
comparable to that of the wild-type protein. At 16, about

the second model, formation of the third native disulfide bond
in the precursor species can occur with either native cis or
30% of the wild-type protein regenerates through des[26 nonnative trans peptide group 93 at a similar rate. This model
84] and [58-110] (26). These intermediates are long-lived is consistent with conformational folding occurring either
kinetic trapped species which, eventually, reshuffle to other before or after the formation of the third native disulfide
intermediates rather than oxidize directly to the native form bond in des[46-95]. The unfolded protein with the P93A
(26). An increased regeneration rate of P93A might have mutation has practically no native cis peptide group 93, and
been expected due to the destabilization by the P93A thus, its regeneration rate would be drastically decreased if
mutation of the kinetically trapped species. However, after the first model were valid. However, the mutation would
initiation of the reoxidation of the reduced protein, a quasi- have only a small effect on the regeneration rate if the second
equilibrium is established among the (R,-14&S) intermedi- model were valid. The close agreement found between the
ates R7, 28). The structured intermediates (the des species) regeneration rate of the wild-type and P93A protein suggests

are not part of the quasi-equilibrium and emerge slowly from
the 3S ensemble by intramolecular reshufflidg Z6—28).
Therefore, the destabilization of the kinetic trapped species,
which may prevent their accumulation during the regenera-
tion of P93A, has no direct effect on the regeneration rate
except that it increases the concentration of all the unstruc-
tured ensembles which participate in the quasi-equilibrium.
Thus, in the regeneration of the mutant (as compared to the
wild type) protein, a small increase in the concentration of
R makes the disappearance of R seem slightly slower, and
a small increase in the concentration of 3S increases the rat
of formation of the native form. However, these effects are
similar in magnitude to the error of the experiment. The
pathway involving des[4095] eventually accounts for more
than 90% of the wild-type protein regenerated atC526).
Thus, the comparable rate of regeneration of the wild-type

that the second model is more likely.

CONCLUSIONS

Our results show that the effect of the P93A mutation on
the reduction of RNase A is mainly local; the reduction rate
of the 40-95 disulfide bond is accelerated about 120 times,
while considerably less acceleration is observed for the
reduction of the 6572 disulfide bond. There is no significant
difference between the oxidative regeneration rates of the
P93A mutant and wild-type RNase A, showing that cis/trans

§somerization about the Tyr92-Pro93 peptide group is not

the rate-determining step in the regeneration of wild-type
RNase A under the conditions used here and suggesting that
the Tyr92-Pro93 trans to cis isomerization during the
oxidative regeneration of wild-type RNase A can take place
after the formation of three native disulfide bonds.

protein and P93A suggests that the mutation does not have

much influence on the formation of desf405] from 3S.
The central question in our study is how conformational
folding, proline isomerization, and disulfide reactions are
coupled in oxidative regeneration. While it is not possible
to discern the mechanism of the coupling from these
experiments, these data rule out one possible mechanism
as shown below, and suggest that isomerization of the 93
peptide bond to native can occur after formation of all of
the three disulfide bonds of des[405]. Since the intermedi-

ates of RNase A, except for the des species, are unfolded at

15 °C, the coupling among conformational folding, proline
isomerization, and disulfide reactions can occur in the last
intramolecular reshuffling reactions in the precursor 3S
species, leading to formation of the third (final) native
disulfide bond of des[4695] with concomitant folding of
this species. Theoretically, 12 different precursors can exist
in the regeneration mixture, each having two native disulfide
bonds and one nonnative one. In the unfolded precursor of
the wild-type protein, proline 93, which has a large effect
on the conformational folding rat&); is in either the cis or
trans conformation. However, in the unfolded P93A mutant
protein, peptide group 93 is only in the nonnative trans
conformation. Thus, the close agreement between the
regeneration rate of the wild-type and the mutant protein
allows us to distinguish between two possible models. In
the first model, the formation of the third native disulfide
bond of des[46-95] in one or more precursor species can
occur only if the species has a native cis peptide group 93.
In the precursor species with a trans peptide group 93, this
reaction does not occur at all or occurs only at a much lower
rate. This model suggests that conformational folding in the
precursor species with the obligatory native cis peptide group
precedes the formation of the third native disulfide bond. In
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