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ABSTRACT. The slow fluorescence unfolding phase of bovine pancreatic ribonuclease A is studied by
stopped-flow kinetics and site-directed mutagenesis of tyrosines to phenylalanine and prolines to alanine.
It is shown conclusively that this phase arises frimmo specific sources: Tyr92 reporting on this—
transisomerization of Pro93 and Tyr115 reporting on tie-transisomerization of Pro114. Previous
studies have conjectured that the slow unfolding phase arises frononalsource (Tyr92-Pro98is—

trans isomerization) based primarily on studies of the homologous protein guinea pig ribonuclease A
[Schmid, F. X., Grafl, R., Wrba, A., and Beintema, J. J. (19B6)c. Natl. Acad Sci U.SA. 83, 872—

876]; it is proposed here that Lys113 in the latter protein interferes with the isomerization of the Lys113-
Prol114 peptide group. The site-directed mutations studied here enabielitidual isomerizations of

Pro93 and Prol114 to be monitored, providing an optical technique by which these well-defined molecular
folding events can be studied, under both folding and unfolding conditions, and compared to molecular
simulations. The time constants for Pro93 and Prol114 isomerization agree closely with those of our box
model of proline isomerization under unfolding conditions, which had been derived from exhaustive
statistical modeling of double-jump refolding data [Juminaga, D., Wedemeyer, W. J., Galdarez,

R., McDonald, M. A., and Scheraga, H. A. (199ipchemistry 3610131-10145].

Proline isomerization during protein folding has been
actively studied for over 2 decadek @). Since proline is
an imino acid, its X-Pro peptide group hasns and cis
isomers of nearly equal enerd3)( The relative populations
of these isomers are roughly 3ttgnscis) in small peptides
and unfolded proteinsd, although the precise ratio varies
with the preceding amino acid. By contrast, the ratio for
the amino acids is greater than 100:8,(5, 6). When an
unfolded protein is exposed to folding conditions, its prolines
generally adopt a single isomeric state, although a few
proteins exhibit isomeric heterogeneity even in the native
state 7).

The isomeric state of some proline residues can profoundly ¢, .- 1 Ribbon diagram of RNase A with the four prolines

affect the conformational refolding of the whole protel);(  indicated. The structure was taken from Wiodawer eti). (The
such prolines are termed “essentialB).( Nevertheless,  diagram was prepared with the program MOLMOL of Koradi et

conformational folding generally precedes isomerization to al- (12).

the native isomer. In other words, non-native isomers raview see refl0). The refolding of RNase A is hetero-
decelerate, but generally do not block, conformational geneous, and five exponential phases have been detected by
refolding ©). o tyrosine absorbance; these phases are denajedtJUp,
Bovine pancreatic nbonucle.ase A (RNa_sé) Aqs long Us", and W, representing the very fast, fast, medium, major
been a test system for studying the relationship betweeng|ow. and minor slow refolding phases. RNaselA, (12
proline isomerization and conformational folding (for a recent Figure 1) has four prolinestransPro42, cis-Pro93, cis-
Prol14, andiransProl17), of which the latter three are
TThis work was supported by Grant No. GM-24893 from the essential13). Using exhaustive statistical fitting of double-

National Institute of General Medical Sciences of the National Institutes jump refolding data, a new “box” model has been derived
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1 Abbreviations: RNase A, disulfide-intact bovine pancreatic ribo- ; ; oAt in At
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When observed by fluorescence undé&iong unfolding For the double mutants [Y92F/Y115F] and [Y92F/P114A],
conditions figh [Gdn-HCI] andlow pH), RNase A exhibits  the Y92F cDNA in pET22b{) from the previous study was
two phases, a slow phase £ min) and a fast phase ¢ used. The codons for Tyrl15 and Prol114 were changed to
ms) (L5). The fast phase is sensitive to pH and [GdiEl] TTT (phenylalanine) and GCT (alanine), respectively. The
and is also observed by absorbance, corresponding to therocedures for site-directed mutagenesis followed the Kunkel
exposure of buried tyrosines to the solvent and, thus, to method 21).
conformationalunfolding (14). By contrast, the slow phase The procedures for the expression and purification of the
cannot be observed by absorbance, suggesting that it corremutant proteins were described previouslg)( The cor-
sponds to docalizedprocess after conformational unfolding rectness of the mutations was confirmed by DNA sequencing,
(15). Moreover, the slow phase is relatively independent of amino acid analysis, and mass spectrometry.
pH and [GdRHCI] and has an activation energy 20 kcal/ Determination of Extinction CoefficientFor the wild-
mol, suggesting that this phase arises fi@at-transproline type protein and the Y92F, P42A, P93A, P114A, and P117A
isomerization which reduces the fluorescence quenching of mutants, their extinction coefficients were obtained from
adjacenttyrosines {, 15, 16). The main goal of this paper previous studiesl3, 14). For the new mutants, the extinc-
is to identify the prolines and tyrosines that are responsible tion coefficients were determined by means of an NTSB
for the slow fluorescence unfolding phase. assay for disulfides2?). The absorbances of approximately

It has long been believed that the slow fluorescence 1 mg/mL of the protein stock solutions (in 100 mM acetic
unfolding phase arises fromsinglesource, namely, Tyr92  acid) were measured at 275 nm. The NTSB assay was
reporting on the isomerization of Pro935 16). If true, carried out by mixing 6Q:L of the protein stock solution
the amplitude of this phase could be used as a specific assayvith 1220uL of the assay buffer (2 M GdBCN, 50 mM
of the isomeric state of Pro937—19). However, kinetic glycine, 300 mM sodium sulfite, 3 mM EDTA, 25 mM
studies of the slow unfolding fluorescence phase of the site-NTSB, pH 9.5). The formation of NTB was followed by
directed mutant Y92F have cast doubt on this interpretation measuring the absorption at 412 nm, and the concentration
(14). of NTB formed was determined using 13 900 Mcm ™! as

In this paper, further kinetic studies of the fluorescence- the molar extinction coefficient of NTB at 412 nr3). The
monitored unfolding of several new site-directed mutants resulting concentration of NTB was then used to calculate
demonstrate that the slow fluorescence unfolding phase ariseghe concentration of the protein stock solution and, hence,
from two sources, specifically from Tyr92 reporting on Pro93 the molar extinction coefficients of the proteins at 275 nm.
and from Tyrl15 reporting on Prol14. The site-directed All of the absorption measurements were carried out with a
mutants enable us to track tiveividual isomerizations of ~ modified Cary model 14 spectrophotomet28)(

Pro93 and Pro114 under unfolding and folding conditions,  Determination of Enzymatic Aetty. The enzymatic
and the observed rate constants agree with those of theactivities were determined from the catalytic rate of hydroly-
proposed “box” modeli4). The ability to follow individual sis of cytidine 23'-cyclic monophosphate (cCMP) (Sigma)
proline isomerizations optically provides a new avenue into in 100 mM Tris, 0.2 M NaCl, pH 7, at room temperature
the conformational folding of proteins and yields definitive (24). The rates of catalysis were monitored by absorption
results against which molecular simulations can be compared.at 286 nm and the slopeAgbsorbancétime) divided by

the concentrations of the wild-type protein, and the mutants
MATERIALS AND METHODS were compared. The relative rates of catalysis are reported
as percentages of the wild-type rate.

Guanidine Hydrochloride TransitionsA series of solu-
tions with the protein{1 mg/mL) dissolved in 0.1 M sodium
acetate, pH 5.0, at various concentrations of Gifti, was
allowed to equilibrate at 18C overnight. GdrHCI con-
centrations were determined by measuring refractive indices
of the solutions at 25C (25) using a Bausch and Lomb
refractometer. Absorbance at 287 nm was measured with a
modified Cary model 14 spectrophotomet@B)(with the
sample compartments maintained at°Cs The transitions
were analyzed by the method described by Santoro and Bolen
(26).

SingleJump StoppedFlow Kinetic Experiments All of
the kinetic data presented in this paper were determined by
fluorescence measurements. The experimental setup, using
a Hi-Tech PQ/SF-53 stopped-flow apparatus, has been
described previously2(). The flow cell had a path length

2 Y25F, Y92F, Y97F, and Y115F are the tyl’OSine-tO-pheny|a|ar‘line Of 10 mm and a Wldth Of 2 mm. A Xenon arc Iamp (Ushlo
mutants of RNase A, corresponding to tyrosines 25, 92, 97, and 115, ’

respectively; P42A, P93A, P114A, and P117A are the proline-to-alanine 92Pan) was used as the light source; the excitation wavelength
mutants of RNase A, corresponding to prolines 42, 93, 114, and 117, Was set at 268 nm, and a band-pass filter 2800 nm)
respectively; [Y92F/Y115F] and [Y92F/P114A] are the mutants of was used for emission. Data were collected every 0.5 ms

RNase A with two-point mutations consisting of Y92F, Y115F and : ;
YO2F., P114A mutations, respectively, z; and as, 7o are the for the first minute and every 50 ms thereafter, for-P%

amplitudes and time constants corresponding to the fast and slowMin. Some experiments (unfolding at 4-2_M GHICI, pH
unfolding phases, respectively. 2.0, and 15°C) were repeated by absorption, but the data

Purification of WildType Ribonuclease .AWild-type
bovine pancreatic ribonuclease A type 1-A (Sigma) was
purified by cation-exchange chromatography according to
the procedure of Rothwarf and Scheragf)(

Expression and Purification of MutantsThe mutant
plasmids for YO2F, P42A, P93A, P114A, and P1%tW¥ere
obtained from previous studie43, 14). For Y115F, the
mutation was carried out with the synthetic gene for bovine
pancreatic ribonuclease A (a gift from the Genex Corp.),
which was originally cloned in an M13mp18 vector (United
States Biochemical) but later transferred into the pET22b-
(+) vector (Novagen) between tivsd and Hindlll restric-
tion enzyme sites following the procedures described pre-
viously (14). The codon corresponding to Tyrll5 was
mutated to TTT (phenylalanine) to obtain the Y115F mutant.
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Table 1. Summary of the Equilibrium Properties and Enzymatic 1S Présumably due to its effect on the catalytically essential
Activities? residue Lys4111). The equilibrium GdrHCI transitions

show that all the mutants are fully folded (unfolded) under

62733 [Gdn-HCI]1/2° mt % aC'[iVityj C . . . . . .

: the initial (final) conditions used in our single-jump stopped-
wild-type 9609+ 117 3.03 3.72 100 flow experiments
Y92F 8200+ 120 3.05 2.90 90 p .
P93A 11770+ 400 2.20 2.79 69 The equilibrium GdrHCI transitions show other interest-
gﬁii 15%%%;& ;gg gig ‘31-‘218 g; ing features. By comparing the wild-type protein with the
PA2A 9900+ 200 3.02 242 57 Y92F mutant, as well as the two pairs of r_nu_tants Y115F/
P117A 10000t 200 2.52 2.66 83 [Y92F/Y115F] and P114A/[Y92F/P114A], it is clear that
[YO2F/Y115F] 6700+ 85 3.23 2.64 90 tyrosine 92 does not alter the transition midpoint significantly
[Y92F/P114A] 800Gt 65 2.28 4.30 9 (Table 1). The Y115F mutation seems itcreasethe

@The data for the Y115F, [Y92F/Y115F], and [Y92F/P114A] are transition midpoint slightly, judging from the Y115F mutant
newly obtained in this study, while the data for the wild-type protgin compared to the wild-type protein and from the [Y92F/
ans e Y52 12, P2 LLan e LLTA e e chaned 1 156 mutant compared (0 the YS2F mutant (Table 1. By
cm 1) at 275 nm (22°C) in 100 mM acetic acict [GdnHCl]y» contrast, the proline mutants P93A, P114A, and P117A
represents the midpoint for the GeHCl transition at 15°C in 100 feature strongly depressed transition midpoints (Table 1).
mM sodium acetate, pH 5.0, determined by the method of Santoro and This is not surprising; the P114A mutation disrupts the native

Bolen 26). mrepresents the first derivative of the free energy difference gt cture of residues 1+118 of the hydrophobic core
between the folded and unfolded states with respect to the concentration lacing th tiveis fProl14 by & . !
of GdrnrHCI. The units for [GdPHCI]12, andm are M and kcal moi* replacing the nativels Isomer ot Fro y aansisomer

ML, repectively.¢ Relative rates for the hydrolysis of cCMP reported  (29). Similarly, the P93A mutation causes disorder in the
as percent of the wild-type rate. The rates refer to the initial slopes of region of residues 8994, and experiments have indicated

the plots of absorbance at 287 nm, corresponding to the production of that the Tyr92-Ala93 peptide group may remais in the
the substrate, versus time, at 25 in 100 mM acetic acid, pH 7.0. folded state 13, 30). Pro117 is completely buried in the
hydrophobic core31), and hence, its replacement by alanine
were not presented. The absorption measurements detecteid likely to disrupt the hydrophobic core. It is interesting to
only fast phases whose time constants were similar to thosenote that the mutation P114A makes the transitioare
determined by fluorescence. For the absorption measure-cooperative (largem value), whereas the other mutations
ments, a deuterium lamp (Hellma) was used as a light source make the transitiotesscooperative (Table 1). Finally, the
and the monochromator for the incident light was set at 287 P42A mutation does not affect the transition midpoint
nm. significantly (Table 1).

For the single-jump unfolding experiment at 4.2 M Gdn  The Reporting TyrosinesThe main goal of this paper is
HCl and pH 2.0, the protein solution in 1.2 M G#CI, 50 to identify the prolines and tyrosines that are involved in
mM sodium acetate at pH 5.0 was mixed (1:10) with the the slow fluorescence unfolding phase. The reporting
unfolding buffer, 4.5 M GdrHCI, 50 mM glycine at pH 1.8, tyrosines were identified by mutating several tyrosines of
for the unfolding at 5.2 M GdHCl and pH 1.0, a similar  RNase & to phenylalanine. This mutation is conservative,
protein solution was mixed (1:10) with the unfolding buffer,  eliminating only one atom, the "Catom; nevertheless, the
5.6 M GdnHCI, 120 mM glycine at pH 0.8. The starting  flyorescence properties of the aromatic ring are sufficiently
protein concentration for all measurements we50 uM. altered toeliminatethe normal tyrosine fluorescence signal.
Most measurements were carried out at’Cs However,  Thjs approach has the advantage that the mutated residue is
to determine the activation energy for the slow phase, notobserved, except by omission, and thus, a more faithful
measurements were repeated at different temperatures.  picture of the wild-type kinetics can be discerned from the

Data obtained from all stopped-flow measurements were fluorescence of theemainingtyrosines. This contrasts with
fit to a sum of exponentials plus a constant baseline and aour previous approach, exemplified in the Y92W mut&a),(
linear slope to model slight drifts in lamp intensity and where the mutated residue itself is observed and the local
photobleaching effects. The fitting was done with a package dynamics may differ from that of the wild-type protein.
developed in our laboratory, which employs a simulated  gg\ /) tyrosine-to-phenylalanine mutants (Y25F, Y92F
annealing Ne!defMead simplex algorithm2(8) to minimize and Y97F) have been described in a previous pab@r' (h ,
the »* statistic. In all cases, the fits were _robu_st and this paper, we consider these mutants as well as the single
reproducible. Each run was fit and checked individually; mutant Y115F and the double mutants [Y92F/Y115F] and
the variances of the reported amplitudes and time constantygse/p1144]. Judging from their high residual enzymatic
were cglculatgd from the expressmr_nf 1 .Z(y — V5 activity and thermodynamic parameters (Table 1), these
Yvherey is the fitted value of the amplitude or time constant, mutants are structurally similar to the wild-type protein, and
yis the average value, a(rjm IS the numb.er.of runs. Al their proline isomerizations, especially under unfolding
errors are listed at the 95% confidence limit. conditions, should not be drastically altered. Thus, the
contribution of the mutated tyrosines can be selectively
“knocked out” without changing the underlying proline

Equilibrium Properties The equilibrium properties of  isomerizations. It should be noted that no slow phase was
several new mutants are listed in Table 1. All the mutants
have native-like enzymatic activity indicating that their folded 3RNase A refers to disulfide-intact bovine pancreatic ribonuclease

conformations are similar to that of the wild-type protein. - a: the wild-type protein corresponds to the natural (not recombinant)
The relatively large change in the activity of the P42A mutant RNase A.

RESULTS AND DISCUSSION
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Table 2. Kinetic Data from the Single-Jump Unfolding at 4.2 M Table 3. Kinetic Data from the Single-Jump Unfolding at 5.2 M

GdrrHCI, pH 2.0, and 15C? GdrrHCI, pH 1.0, and 15C?
fast phase slow phase fast phase slow phase

o T (msPe as®  s(sp R¢ Ry o 7 (s as’ vs (sP
wild-type 0.66 421 0.34 74+1 100 100 wild-type 0.64 11+ 1 0.36 79+ 3
Y92F 0.75 431 025 44+1 83+2 54+3 Y92F 0.76 9t 1 0.24 46+ 2
P93A 0.67 41+5 033 47+2 61+3 57+2 P93A 0.66 10+ 2 0.34 45+ 2
Y115F 0.67 434 0.33 105t2 55+1 5442 Y115F 0.69 H1 0.31 115+ 3
P114A 0.78 26t1 0.22 115+6 68+2 53+3 P114A 0.73 6+ 1 0.27 114+ 5
P42A 0.70 321 030 732 99+2 85+3

2 The single-jump unfolding is from 1.2 M GdACl, pH 5.0, to 5.2

F\%&)lgéwllSF)‘—‘ (())7637 41&% 833 ?gi% ??i% giig M Gdn-HCI, pH 1.0, at 15°C. The unfolding is monitored by
[Y92F/Y115F] 100 422 434 2 fluorescence; the excitation wavelength is 268 nm, and a band-pass
[YO2F/P114A] 100 23t 3 69+ 4 filter (280—400 nm) is used for emissioh See Table 2.

aThe single-jump unfolding is from 1.2 M GdACl, pH 5.0, to 4.2
M Gdn-HCI, pH 2.0, at 15°C. The unfolding is monitored by  which eliminates this disulfide bridge, was preparéd)(
fluorescence; the excitation wavelength is 268 nm, and a band-passThe slow fluorescence unfolding phase was not affected
filter (280—400 nm) is used for emissio”R The observed fluorescence significantly (data not shown).

increase is fitted to a sum of two exponentifts exp(t/z) + as .
exp(—t/tg)}, whereos and as are the amplitudes (in arbitrary units) By contrast, the Y92F and Y115F mutations profoundly

andz; andrs are the time constants for the fast (f) and slow (s) phases, affect the slow unfolding fluorescence phase. In both
respectivelyd anddis correspond to theormalizedamplitudes, which mutants, the fluorescence amplitude is reduced by 50%; the
are calculated using the expressianfos + as) and ag(as + as), time constant observed for YO2F is 441 s, whereas that

respectively, so thais + ds = 1. Normalized amplitudes are denoted ; ; PR
with bars overhead:. The fast unfolding phase is not discussed in this for Y115F is 105+ 2 s, which are significantly faster and

paper; the amplitudes and time constants are included here for SIOWer, respectively, than that of t_he wild-type protein (Table
completeness. It should be noted that the fast unfolding phase is2). The sum of the slow unfolding phases for Y92F and
relatively insensitive to the YO2F, P93A, Y115F, and P42A mutations, Y115F closely matches that of the wild-type protein. Thus,
as well as the [Y92F/Y115F] double mutation. By contrast, the P114A thase two tyrosines (92 and 115) seem to be jointly

and P117A mutations significantly accelerate the fast unfolding phase, . .
presumably through their disruptions of the packing of local hydro- responsible for the slow unfolding fluorescence phase of

phobic residues! R and Rs represent the ratios of thennormalized RNase A. To verify this observation, the double mutant

amplitudes of the mutants to the wild-type protein. For examRle,  [Y92F/Y115F] was prepared and, as expected, the slow
representsts divided byaswr, where these two amplitudes have been  unfolding fluorescence was completely eliminated (Table 2).
corrected for concentration babt normalized to their corresponding The time constants of the Y92F and Y115F mutants differ

E;;Xhz’?ffé;:an:ﬁw;)l'ﬂk’srhﬁi;?f;t'Zi' (\i\?e'}f%g"?;ﬁn%g];l;gz':’ almost 3-fold. This raises the question of whether the two

mixture, all have a slow fluorescence phase whose amplitude is roughly Phases should not be Qiscernible in the slow unfolding
one-half that of the wild-type proteirR¢ ~ 0.5). This correlates well  fluorescence phase of wild-type RNase A, where only one

with our model that the slow fluorescence phase in the wild-type protein exponential phase has ever been reportes-(9). To

is the sum of two independent proline isomerizations (at Pro93 and address this concern, we repeated our stopped-flow experi-

Prol114) being reported by roughly equal fluorescence changes in their .
adjacent tyrosines (Tyr92 and Tyr115). As described in the text, the ments on a 5850% mixture of the Y92F and Y115F

proline mutations eliminate the corresponding isomerization, while the mutants. Only a single exponential could be discerned, and
tyrosine mutations eliminate theeporting of the corresponding its time constant matched that of wild-type RNase A (Table
isomerization by fluorescence. The P42A and P117A mutations also 2).

have smaller slow phase fluorescence amplitudes, which most likel
results from changgs in the local environmgnts of t’he tyrosines whic%/ The slow phases tepqrted by Tyr92 and Tyrl15 bear all
in turn affect their fluorescence differences under proline isomerization. the hallmarks of proline isomerization. These fluorescence
The ratio of the fast amplitude® corresponds to changes in phases occur on the correct time scd)eand are insensitive
conformationalunfolding which is not discussed in this paper; itis to pH and denaturant (Table 3). By contrast, the time
presented here merely for completenéss.50:50 mixture of YO2F  constant for the conformational unfolding in the fast phase
and Y115F at similar concentrations. (in which proline isomerization isot involved) is reduced
at the higher GdiHCI concentration. The activation energies

detected by absorbance for any of the mutants described infor the slow fluorescence unfolding phases of Y92F and
this paper. Y115F were measured to be 26:60.4 and 20.8t 0.3 kcal/

The results of these mutational studies on the slow mol, respectively, which are consistent with proline isomer-
fluorescence unfolding are summarized in Table 2. The ization (1, 4). Moreover, the time constants for these two
mutations Y25F and Y97F produce no effect whatever on mutants differ significantly from each other under all
the slow fluorescence unfolding, either in the amplitude or experimental conditions, indicating that these tyrosines are
in its time constant, as reported in a previous pafdy. ( reporting on the isomerizations of two distinct prolines
Hence, Tyr25 and Tyr97 do not appear to contribute to the (Figure 2). This result is not surprising, since these tyrosines
slow fluorescence unfolding phase, consistent with the are well-separated along the polypeptide chain and, by the
assumption that the slow phase is a localized process, sincdocality assumption, the tyrosines should report only the
these tyrosines are not adjacent to prolines. Tyr73 and Tyr76isomerization of prolines adjacent in the sequence.
are likewise not adjacent to prolines but conceivably could  The Isomerizing ProlinesProline-to-alanine mutants were
contribute to the slow fluorescence unfolding phase, through prepared for each of the four prolines of RNasel8)( Since
the isomerization of the nearby 652 disulfide bridge §3). the cis—transratio for alanine is negligibly small3( 5, 6),
To check this possibility, the double mutant [C65S/C72S], individual isomerization processes can be selectively “knocked
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500 l — By contrast, the P114A mutation significantly alters the

slow fluorescence unfolding phase (Table 2). The slow
fluorescence phase of this mutant protein has a time constant
of 115+ 6 s and an activation energy of 21420.5 kcal/
mol, which agree closely with the values for the Y115F
mutant (Table 2, Figure 2). As determined by X-ray
crystallography 29), the mutant X-Alal14 peptide bond is
trans and causes only minor structural changes confined to
residues 116118. Thus, the isomerization of Pro114 can
be selectively eliminated without perturbing the isomeriza-
tions of the other prolines.

The P93A mutation likewise alters the slow fluorescence
unfolding phase significantly. The time constant of the
residual slow phase is 4% 2 s and its activation energy is
19.7 + 0.5 kcal/mol, which agree closely with the values
measured for the Y92F mutant (Table 2, Figure 2). The
situation for the P93A mutant is complicated by the fact that

10 L Ala93 may becis in the folded state 13, 30). This is
3.3 3.4 3.5 3.8 surprising since non-prolyis residues are extremely rare
T-'x 10" (K™Y (6) and suggests that strongnlocalinteractions are acting
Ficure 2: Arrhenius plots for the slow fluorescence unfolding on Alags, although the nature of these !nterac'_uons remains
phase of the mutants P93A (lower curve, diamonds), Y92F (lower t0 be determined. Fortunately, Ala93 isomerizedrems
curve, circles), P114A (upper curve, diamonds), and Y115F (upper much more quickly than a proline; this isomerization is
curve, circles). The activation energies equal 19.8.5 kcal/mol essentially complete before the residual slow unfolding

(P93A), 20.6+ 0.4 kcal/mol (Y92F), 21.2t 0.5 kcal/mol (P114A), nifi
and 20.8+ 0.3 kcal/mol (Y115F). within 95% confidence limits, Uorescence phase has progressed significab8y (Thus,

The striking agreement between the data for P93A and Y92F and th€ isomerization of the Tyr92-Ala93 peptide group does not
between the data for P114A and Y115F strongly supports the Seem to contribute to the slow unfolding fluorescence phase,
hypothesis that Y92 and Y115 report on the isomerizations of only which is due to the isomerization of Pro114 in this mutant
P93 and P114, respectively (see text). Thus, it has been shown that only tyrosines 92 and 115
) ) - ) and only prolines 93 and 114 contribute to the slow
out” without affecting the ability of tyrosines to report on  f,0rescence unfolding phase. The time constants and
other processes. amplitudes of Y92F and P93A agree over a wide range of
The P42A mutation does not affect the slow fluorescence temperatures (Figure 2) and experimental conditions (Tables
unfolding phase (Table 2). This is expected by the locality 2 and 3), as do the Y115F and P114A mutants. The
assumption, since Pro4z2 is distant from Tyr92 and Tyr115; activation energies also agree and are consistent with proline
its closest connection is through the Cys4tys95 disulfide cis—trans isomerization 4). We therefore conclude that
bridge. As a further check, this disulfide bridge was tyrosine 92 reports on the isomerization of proline 93 and
eliminated in the [C40A/C95A] mutanBE), removing the tyrosine 115 reports on the isomerization of proline 114.
close covalent linkage between Pro42 and Tyr92. The slow The New“Box Model A new box model had been
fluorescence unfolding phase was not significantly affected Proposed recently relating the eight isomeric states of the
(data not shown). The Lys4Pro42 peptide bond isans three essential_ prolines with the five (_)bservreaﬂolding _
in the native statel(l), and it may be that Pro42 does not Phases4). This box model was determined by exhaustive
isomerize significantly tais under unfolding conditions3¢) statistical fitting and indicated that, under the present
since experiments on peptides and other proteins indicatetnfolding conditions (4.2 M Ga#iCl, 15 °C, pH 2.0),
that a Lys-Pro peptide bond remains overwhelmingigns Prol114 isomerizes with a time constant of B&3 s, Pro93
under unfolding conditions7( 37). A similar argumentwill @t 115+ 7's, and Proll7 at 1¥ 1 s (Table 7A of refl4).

be made below concerning the Lys113-Pro114 peptide group;Lhesle vafllues agree with ;h%'nme ﬁonstantsrlqitgrglnid {LOT
in guinea pig ribonuclease A. e slow fluorescence unfolding phases, which indicate tha

i o Prol14 isomerizes with a time constant of 441 s and
The P117A mutation also does not significantly affect the pro93 at 115+ 6's. Such independent verification strongly
slow fluorescence unfolding phase (Table 2), despite its gyggests that the newly proposed box model is correct.
proximity to Tyr115. However, since Prol17 is more distant  comparison with Homology Studiedt has long been
from a tyrosine than prolines 93 and 114, its isomerization pelieved that Tyr92 is the only tyrosine involved in the slow
Signal is apt to be small. Therefore, it is important to fluorescence unf0|ding phasea_lg) The primary evi-
eliminate the signals from the other prolines, which might dence for this was derived from homologous proteins. In
otherwise dominate the Pro117 signal. The double mutantparticular, guinea pig ribonuclease A which has phenylal-
[Y92F/P114A] was prepared; the contribution of Prol1l7 anine in place of Tyr92 exhibits no slow fluorescence
through Tyr115 should be readily apparent, since Tyr92 has unfolding phase, although it possesses the Pro114-Tyr115
been eliminated and Alall4 does not isomerize. However, peptide group. This observation poses a challenge to the
this mutant exhibits no slow fluorescence unfolding phase, “two-proline” interpretation of our results.
indicating that the isomerization of Proll7 is silent in the  The amino acid sequence provides the most likely
wild-type protein. explanation for this discrepancy. Prol14 is preceded by
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Asnl113 in bovine pancreatic RNase A, but by Lys113 in from the National Center for Research Resources of the
the homologous guinea pig protein. As mentioned above, National Institutes of Health.

the Lys—Pro peptide bond is overwhelmingtyans in the
unfolded state?, 37). Thus, if the Lys113-Pro114 peptide
bond werdransin the native state of guinea pig ribonuclease
A, little isomerization would occur upon unfolding, and thus
the slow fluorescence phase would be absent. However, this
explanation remains hypothetical, since thistrans ratio

of Prol14 has not been measured in native or unfolded
guinea pig ribonuclease A.

CONCLUSIONS

It has been shown conclusively that the slow fluorescence
unfolding phase of RNase A arises from two sources: Tyr92
reporting on thecis—transisomerization of the Tyr92-Pro93
peptide group and Tyrl15 reporting on the corresponding
isomerization of Pro114. The isomerizations of Pro117 and
Pro42 seem to be silent by fluorescence, although earlier
studies have suggested that the Lys41-Pro42 peptide group
may not isomerize significantly even under unfolding condi-
tions 36). The rate constants measured for the isomeriza-
tions of Pro93 and Prol14 agree closely with those deter-
mined in the recently proposed new “box” model of proline
isomerization under unfolding condition$4).

The site-directed mutants used in this paper enable the
isomerization ofindizidual X-Pro peptide groups to be
monitored under unfolding conditions. It is possible to
extend this type of assay to isomerizations occurring under
folding conditions, using a double-jump method. In such
an approach, the unfolded protein is first refolded for varying
times before initiating unfolding. Theis—transratio of the
various prolines at the moment when unfolding is initiated
can be measured from the amplitudes of the respective slow
unfolding phases. Such experiments are how underway in
our laboratory.

The ability to measure theis—trans isomerization of
individual prolines provides a new assay for structural
information on proteins in solution. The equilibrium and
time constants of this isomerization may be sensitive to the
local conformational structure and interactions; thus, mea-
surements of proline isomerization may give information
about the latter. In particular, changes in the equilibrium
constant may monitor the development or destruction of local
conformational structure. Moreover, the two statésand
trans, are well-defined in conformation, and their observed
equilibration can be used as a benchmark for comparison
with molecular simulations 38, 39), since the peptide
dihedral anglev provides a well-defined reaction coordinate,
similar to earlier studies on tyrosine ring flippingd). Such
studies are underway in our laboratory.
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