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ABSTRACT. This research was undertaken to distinguish between local and global unfolding in the reversible
thermal denaturation of bovine pancreatic ribonclease A (RNase A). Local unfolding was monitored by
steady-state and time-resolved fluorescence of nine mutants in each of which a single tryptophan was
substituted for a wild-type residue. Global unfolding was monitored by far-UV circular dichroism and
UV absorbance. All the mutants (except F8W and D38W) exhibited high specific enzymatic activity, and
their far-UV CD spectra were very close to that of wild-type RNase A, indicating that the tryptophan
substitutions did not affect the structure of any of the mutants (excluding K1W and Y92W) under folding
conditions at 20C. Like wild-type RNase A, the various mutants exhibited reversible cooperative thermal
unfolding transitions at pH 5, with transition temperatures-2A.5 °C lower than that of the wild-type
transition, as detected by far-UV CD or UV absorbance. Even &C8®ell above the cooperative transition

of all the RNase A mutants, a considerable amount of secondary and tertiary structure was maintained.
These studies suggest the following two-stage mechanism for the thermal unfolding transition of RNase
A as the temperature is increased. First, at temperatures lower than those of the main cooperative transition,
long-range interactions within the major hydrophobic core are weakened, e.g., those involving residues
Phe-8 (in the N-terminal helix) and Lys-104 and Tyr-115 (in the C-ternfiri@irpin motif). The structure

of the chain-reversal loop (residues-945) relaxes in the same temperature range. Second, the subsequent
higher-temperature cooperative unfolding transition is associated with a loss of secondary structure and
additional changes in the tertiary contacts of the major hydrophobic core, e.g., those involving residues
Tyr-73, Tyr-76, and Asp-38 on the other side of the molecule. The hydrophobic interactions of the
C-terminal loop of the protein are enhanced by high temperature, and perhaps are responsible for the
preservation of the local structural environment of Trp-124 at temperatures slightly above the major
cooperative transition. The results shed new light on the thermal unfolding transitions, generally supporting
the thermal unfolding hypothesis of Burgess and Scheraga, as modified by Matheson and Scheraga.

The cooperative thermal unfolding of ribonuclease A and global transitions. This question can be approached by
(RNase A} with intact disulfide bonds has been shown to using fluorescence-based spectroscopic measurements and
be a reversible two-state transition in neutral or mildly acidic site-directed mutagenesis to introduce fluorophores into
solutions (—12), but becomes irreversible as the pH various parts of the RNase A molecule. Since wild-type
increases above 72), There are, however, indications of RNase A does not contain any tryptophans, this residue is
multiple steps in the thermal transitiod3-25, 70), for ideal for such substitutions and, in fact, had already been
which a mechanism has been proposg§, (L8, 70) with used in studies in which Tyr-932) and Phe-1209) were
subsequent varying degrees of supporting experimentalrep|aced with Trp.
evidence 18, 26—31, 70). It is, therefore, of interest to obtain
further evidence to determine whether the unfolding process
is really a single transition or consists of a series of local

The goal of this work was to investigate the local and
global conformational changes that occur during the thermal
unfolding transition of RNase A by a multiple-probe ap-
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of Biological Services of the Weizmann Institute (Rehovot,
Israel). The final recombinant protein products were purified
by ion-exchange chromatograpt35], and their purity was
checked by SDSPAGE analysis. The enzymatic activities
of all species were determined by the procedure described
previously 85).

Spectroscopic Measuremerfgur types of spectroscopic
measurements were made: near- and far-UV circular di-
chioism (CD), UV absorption, and tryptophan fluorescence.
All experiments were carried out in-20 mM sodium
acetate buffer (pH 5.0). The near-UV CD, UV absorption,
and fluorescence measurements were made by using a quartz
cell with a path length of 1.00 cm, whereas the far-Uv CD
measurements employed a quartz cell with a path length of
0.020 cm.

Circular dichroism spectra were measured at various
Ficure 1. Ribbon diagram of bovine pancreatic ribonuclease A, temperatures with a model 62A DS CD spectrometer (Aviv
taken from a high-resolution X-ray crystal structu@)(and _  agsociates, Lakewood, NJ) calibrated with a camphorsulfonic
showing the locations of the nine point mutations studied here. The _ . . S
added tryptophans sample most of the major structural elementsac'd_SOIUtlon 86, 37). Eq_“"'b“um far-UV_CD spectra were
of RNase A, including the majof-hairpin region (D38W and obtained at 20 and 8 in 5—20 mM sodium acetate buffer
Y92W), the N-terminal helix region (KIW and F8W), and the major (pH 5.0), while near-UV spectra were obtained only at 20
hydrophobic core region (Y73W, Y76W, K104W, Y115W, and  °C under the same conditions. The raw CD measurements
V124W). (in millidegrees) were converted to molar ellipticitp] and
MATERIALS AND METHODS mean re_sidue eIIi_pticity(E[)]m (in degrees< square centimeter

per decimole) using molecular weight values computed from

Materials. All enzyme preparations and other chemicals the amino acid composition (Table 1). The secondary struc-
were purchased from Boehringer Mannheim or Sigma, unlessture content was calculated from the far-UV CD spectra in
stated otherwise-Tryptophan from Sigma was used without the 196-250 nm wavelength range by the procedure and
further purification. computer program CONTIN developed by Provencher and

Production and Purification of Recombinant RNase A. Glockner 88—40). The far-UV CD spectra of 17 proteins
RNase A mutants were prepared by point mutagenesis and41) obtained at 20°C were used as a reference set for
purified as described by del Cardaytal. 34) and Laity secondary structure analysis. Four spectra of denatured
et al. 35). The plasmids were sequenced at the Departmentproteins 42) were added to the reference set used for analysis

Table 1: Parameters of Absorption, Far-UV CD Spectra, and Secondary Structure of Wild-Type RNase A and Its Tryptophan Derivatives at
pH 5.0 and 2C0°C (and at 20°C after heating to 80C)?

mutant MWP € [©]d A9 (nm) O] Amd (NM) oc (%) B3¢ (%) turrf (%) re (%)

wild type 13682 9.8 0.2 —30.8+0.3 275 —-11.440.3 208 22+ 0.7 34+ 1.3 24+ 0.7 21+ 0.8
—11.940.6 208 23+ 0.9 32+ 1.5 24+ 0.7 22+ 0.8

K1W 13740 141+ 0.3 —19.5+1.1 274 —9.94+0.5 209 18+ 0.9 32+1.2 26+ 0.4 23+ 0.6
—9.4+0.3 209 174 0.9 33+ 1.2 26+ 0.5 23+ 0.6

F8W 13721 13.660.6 —23.2+14 275 —11.0+£ 0.5 208 20+ 0.7 31+ 1.2 25+ 0.5 22+ 0.6
—10.6+ 0.8 209 19+ 0.8 34+ 1.2 25+ 0.5 22+ 0.7

D38wW 13753 16+ 0.1 —23.0+14 276 —-11.24+0.5 208 19+ 0.9 34+ 1.4 24+ 0.6 22+ 0.8
—10.8+ 0.5 208 17+ 0.8 37+ 1.4 24+ 0.6 21+ 0.8

Y73W 13705 13.#H0.1 —19.6+1.3 274 —-12.44+0.3 208 214+ 0.6 33+ 1.1 24+ 0.6 22+ 0.6
—12.44+0.3 207 214+ 0.7 32+ 1.2 25+ 0.5 23+ 0.7

Y76W 13705 13.3:0.3 —285+0.6 276 —-11.3+0.2 208 20+ 0.8 33+ 1.4 25+ 0.5 21+ 0.7
—11.14+0.2 207 18t 0.8 35+1.4 25+ 0.7 21+ 0.8

Y92w 13705 14.#0.3 3.0+ 0.3 289 —13.3+ 0.5 208 23-1.0 34+ 1.7 244+ 0.8 20+ 0.9
—12.0+ 0.3 209 214+0.9 33+ 1.6 25+ 0.7 21+ 0.8

K104W 13740 14.6:00.1 —345+0.5 275 —11.4+ 0.4 208 22+-0.8 32+ 1.4 24+ 0.7 22+ 0.8
—10.7+ 0.1 209 19+ 0.8 34+ 1.3 25+ 0.6 22+ 0.7

Y115W 13705 13.6:0.2 —22.1+0.5 283 —11.7+ 0.2 209 21+ 0.9 35+ 1.5 24+ 0.7 20+ 0.8
—11.3+0.2 209 20+ 0.8 35+ 1.5 24+ 0.7 20+ 0.8

V124W 13765 13.H0.3 —-37.8+t1.1 275 —10.1+ 0.3 208 20+ 0.7 35+ 1.3 24+ 0.6 21+ 0.7
—10.4+0.3 208 20+ 0.7 33+ 1.2 25+ 0.6 22+ 0.7

mean —11.4+1.0 20.6t15 336+1.1 243+07 215+1.0
—11.1+ 0.9 195+19 338+15 248+0.6 21.7+09

aFor each protein, as well as for the mean values in columtkl6 the first line pertains to 20C and the second line to 2« after heating
to 80°C and then cooling to 20C. The mean values are averages over both the wild-type and mutant prbtdisiscular weight, computed from
the amino acid compositiofi. Extinction coefficient & 10° M~* cm™1) at the maximum of the absorption spectrum (at a wavelength of 278 nm).
4[@] and [O] represent the molar ellipticity and mean residue molar ellipticity in kilodegreeguare centimeter per decimole at the minimum
of the CD spectrum at andim, respectively® a, 4, and turn represent the relative amount of amino acid residues involvedhétices -sheets,
and -turns, respectivelyr (=1 — o — 8 — turn) is the remainder. The errors pertain to the fittings according to the Prover@liekner
procedure 38—40), and not to errors in the determination of molar ellipticity.
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of the experiments carried out at 8C. ] Table 2: Specific Activity of the Trp Mutants Relative to the
UV absorption spectra were measured with a model 17DS Activity of the Wild-Type Protein

UV —vis—IR spectrophotometer (Aviv Associates) and cor- mutant activity (%) mutari activity (%)
rected for Rayleigh light scattering by the procedure of Leach ,

o - wild type 100 Y76W 86t 7
and Scheragat@). The extinction coefficients of the mutants K1W 94+ 5 YO2W 85+ 6
were determined relative to the standard wild-type value of  Fsw b K104W 94+ 5
9.8 x 10°* M~t cm? (44) using the concentrations obtained D38W b Y115W 85+ 7
by the Biuret method4®). The extinction coefficients of Y73wW 92410 vizaw 95+ 6

the nine mutants were higher than that of wild-type RNase @Each mutant protein contains one tryptophan resiéliva enzy-

A, reflecting the contribution of added tryptophan. These Mmatic activity was found for these mutants.

extinction coefficients generally fall in the range of-1B4

x 10® (Table 1); however, the value for the D38W mutant of the pure folded and unfolded states, respectively, under

is unusually high (16.9x 10%), possibly reflecting an  the solution conditions of the measurement.

interaction between W38 and Y92. The values of&y and &, for the thermal transitions
Steady-state fluorescence measurements were taken at 201€asured by UV absorbance and far-UV CD were obtained

°C, using an AT-105 spectrofluorimeter (Aviv Associates) DYy assuming that the spectroscopic signals for the pure folded

and quartz cells with a 1.0 cm 1.0 cm cross section. The and unfolded states vary linearly with the temperature, i.e.,

excitation wavelength was set to 297 nm (bandwidth-e21 ~ &v = av + byt and &y = ay + but, wherea and b are

nm), and the emitted fluorescence spectra were resolved toconstants antirepresents the temperature in degrees Celsius.

1.0 nm after correcting for the spectral sensitivity of the Thesea andb parameters were determined for the folded

spectrofluorimeter. The quantum yielg, was determined and unfolded state by fitting the spectroscopic data in a small

by using a standard aqueous solution of tryptophan at 20range at the extremes, i.e., at low and high temperatures,

°C, for whichq = 0.20 @6, 47, 71). The optical density of respectively. In contrast, the tryptophan fluorescence signals

all solutions was adjusted to 0.868.11 at 297 nm. of the folded and unfolded states were assumed to vary
Time-resolved fluorescence measurements were taken atinearly with T/ (whereT is the absolute temperature and

22°C (with laser excitation at 297 nm and emission at 350 77 the viscosity), i.e.&y = ay + bu(T/y) and &y = ay +

-+ 8 nm) by using a single photon-counting system described Pu(T/7), where & = q.J/q, the inverse quantum yield

elsewhere 48). The data were then fit to a sum of normalized to its value at 2TC. The solution values of at

exponentials using a least-squares analysis. different temperatures were taken to be .equal to tho;e of
Thermal Transition ExperimentShermal transition mea- ~ Pure water £0); presumably, the low protein concentration

surements were carried out at pH 5.0 by varying the (~"0-7 mg/mL) makes a negligible contribution to the
temperature from 20 to 8T in increments of +2 °C, while viscosity, whether_unfolded or not. The values oKlpwere
monitoring the ellipticity at 215 nm, the absorption at 278 fitted to the following equation

nm, and the steady-state tryptophan fluorescence spectra. The RInK =a—b/T )
temperatures were controlled to within C.C. After each u
target temperature had been reached, the solutions wer

allowed to equilibrate for 152 min (for far-Uv CD and intercepa correspond to the van't Hoff enthalpyH

measurements) or-23 min (for near-UV CD, absorption, and entropyAS of unfolding, respectively. The midpoint

and fluorescence measurt_aments)_. Prior to all spectroscoplqemperature of the transition was determinedlas= b/a.
measurements, the protein solutions were aspirated under

vacuum and their concentrations were measured SpectroRESULTS
photometrically.

Thermal Transitions Are Rersible under These Condi-
tions. The thermal transitions followed by far-UV CD, by
UV absorption, and by fluorescence were found to be

reversible for all mutants, which is consistent with previous : . .
studies {—12). The irreversibility of thermal denaturation ~Previously @4). The far-UV spectra (Figure 2) agreed with

above pH 7 2) arises primarily from succinimide formation ~ Préviously published spectr8, 20, 51-53), and the second-
at the Asn-67-Gly-68 peptide bond49). This succinimide ary structure contents estimated from these data also agree
formation occurs primarily at higher pH, and only if the with the accepted percentages known from the crystal

protein is held at a higher temperature80 °C) for some structure 83). The near-UV CD spectrum measured at 20

time. The experiments presented here were carried out at © @1d PH 5.0 (Figure 3) was closely similar to spectra

pH 5, well below the pH threshold for irreversibility. measured at room temperature and neutral §{$4—56).
The folding equilibrium constanK, for the thermal Finally, the thermal transition temperature and fitted ther-
u

transition was computed as modynamic parameters a_greed with th(_)se calculated_ previ-
ously 3, 12) for the wild-type protein under similar

SvhereR s the gas constant (1.987 cal/mol) and the slope

Wild-Type RNase A Control Experimenthie wild-type
data agree with previously published data insofar as these
are available. The extinction coefficient (Table 1) and
enzymatic activity (Table 2) agree with those published

E—& conditions.
K,= N (1) The Trp Mutants Hae Natie-like Structure at 20C.
Ey—¢ Seven of the nine Trp mutants exhibit high specific enzymatic

activity (Table 2), which is strong evidence that their folded
where & represents the measured signal (UV CD or UV structure is highly similar to that of the wild-type protein.
absorbance) angl, and&y represent the corresponding values The sole exceptions are F8W and D38W for which no
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Ficure 2: Equilibrium far-UV CD spectra of wild-type RNase A
and the nine tryptophan mutants recorded at 20 ant>8@nd pH
5.0. The minimal values of each spectrum correspond to@ig [
values in Table 1 (column 6) and Table 3 (column 2).
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Ficure 3: Equilibrium near-UV circular dichroism spectra of wild-
type RNase A and the nine tryptophan mutants recorded a€20
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ferent thermal transition temperatures and enthalpies for the
nine mutants.

The near-UV CD spectra can be grouped into three
families (Figure 3). The Y76W, K104W, and V124W
mutants have spectra very similar to that of wild-type RNase
A. In contrast, the K1W, F8W, D38W, Y73W, and Y115W
mutants exhibit spectra that are similar in shape but
significantly reduced in amplitude compared to that of the
wild-type protein. Finally, the Y92W mutant is anomalous,
with no resemblance to the wild-type protein; rather, this
protein exhibits a small positive peak, which may correspond
to the 0-0 L, electronic transition observed at lower
frequencies in the wild-type protein and other mutants. It is
remarkable that the mutation of a single tyrosine (of six in
wild-type RNase A) is capable of altering the near-UV CD
spectrum so drastically, especially since this mutation occurs
in a highly flexible loop and does not appear to alter the
native structure. The fluorescence anisotropy of Trp-92
indicates restricted rotational freedom due to interactions with
the protein environmen®{). This may reflect a ringring
interaction between Trp-92 and Pro-93 that has been
observed in peptide analogues (unpublished results) and that
has been hypothesized to account for the large fluorescence
burst phase observed in single-jump refolding studies of this
mutant 32).

It has been hypothesized that interactions between Tyr-
73 and Tyr-115 are primarily responsible for the near-Uv
CD band observed in wild-type RNase Agj. The side-
chain hydroxyl groups of these tyrosines appear to be
involved in a medium-strength hydrogen bond, as observed
both crystallographically33) and by Raman spectroscopy
(27, 31). We note, however, that the tryptophan mutations
of these residues result in relatively modest changes in this
band. Therefore, a specific structural interpretation of this
band remains in doubt [the minima of those mutants are

and pH 5.0. The minimal values of each spectrum correspond to Shifted toward a higher wavelength compared to those of

the [©] values in Table 1 (column 4).

enzymatic activity was found. However, the absence of

the other mutants (about 283 nm compared to about 275 nm
in the other mutants excluding W-92)].
Residual Structure Persists at High TemperaturBise

enzymatic activity is likely due to the fact that these two similar far-UV CD spectra observed for the wild-type and
residues are close to the active site (i.e., close to His-12 andmutant proteins at 80C do not correspond to a statistical
Lys-41, respectively) and minor structural perturbations can coil, suggesting that some structure may be present (Figure

affect the activity.

2). (We denote this structure as “residual”, since it is likely

The far-UV CD spectra of the mutants agree closely with that it consists of structural components of the native protein;

that of the wild-type protein at 28C (Figure 2). Since such

however, in principle, nonnative structure is also possible.)

spectra are believed to report on the secondary structure ofThe secondary structure contents for all the mutant and wild-
the protein, this agreement suggests that all nine of the Trptype proteins at 80C (Table 3) suggest that residual structure
mutants adopted a native-like fold. To support this conclusion is found in~35—45% of the ensembles of denatured wild-
further, the secondary structure contents of the nine mutantstype and mutant proteins, and that the tryptophan substitu-
were estimated from the far-UV CD spectra at’20(Table tions do not alter the residual structure significantly.

1). The results agree with the secondary structure content of Earlier studies have also indicated the presence of residual
the wild-type protein, consistent with a native-like structure structure in the thermally denatured protel®,(16, 23, 27,

for the nine tryptophan mutants.
The Trp Mutations Induce Local Structural Changdear-
UV CD spectra taken at 20C (Figure 3) exhibit more

59-61). Taken together, these accumulated data represent
strong evidence that contradicts a strict two-state model for
thermal unfolding. Presumably, the statistical distribution of

variation among the mutants than do the far-UV CD spectra conformations irunfoldedstates may vary significantly with
(Figure 2). In general, near-UV CD spectra are believed to solution conditions.

report on the local asymmetric environment of aromatic  Multiple Transitions Are Obseed during HeatingCon-
residues; thus, these spectra suggest that the details of thsistent with the native fold and small structural disruptions
tertiary packing differ among the nine Trp mutants. This observed by far- and near-UV CD, respectively, the nine
interpretation is structurally plausible and consistent with the mutants all exhibited a stability slightly lower than that of
thermal transition data reported below, which exhibit dif- wild-type RNase A, as judged by the approximately-2.5



Thermal Denaturation of RNase A Biochemistry, Vol. 40, No. 1, 200197

Table 3: Parameters of the Far-UV CD Spectra and Secondary Structure of Wild-Type RNase A and of Tryptophan Mutants at pH 5 and 80
oca

mutant Blm Am (NM) o (%) B (%) turn (%) r (%)
wild type —13.0+ 0.6 200 10+ 0.2 19+ 0.5 16+ 0.3 54+ 0.6
K1w —-11.8+0.8 201 12+ 0.4 10+ 0.7 13+ 0.4 66+ 0.8
F8W —11.4+0.8 200 10+ 0.5 18+ 0.9 16+ 0.7 56+ 1.2
D38W —12.0+ 0.5 200 9+ 0.3 15+ 0.5 14+ 0.3 62+ 0.6
Y73W —13.5+0.7 200 10+ 0.3 13+ 0.6 13+ 04 64+ 0.8
Y76W —13.7+ 0.6 200 10+ 0.3 12+ 0.6 12+ 0.4 66+ 0.7
Y92w —13.0+ 0.5 201 10+ 0.3 13+ 0.5 13+ 0.3 64+ 0.6
K104wW —-11.44+0.3 201 10+ 0.3 15+ 0.5 14+ 0.3 61+ 0.6
Y115W —13.2+ 0.4 201 10+ 0.3 13+ 0.6 13+ 0.4 64+ 0.8
V124w —13.24+0.2 200 9+ 0.2 13+ 0.5 13+ 0.3 64+ 0.6
mean —12.6+0.9 10.0+ 0.8 141+ 2.7 13.7+1.3 62.1+ 4.1

aFor definitions of the parameters, see Table 1.

Table 4: Midpoint Temperature (in degrees Celsius) and van't Hoff Enthalpy (kilojoules per mole) of the Main Thermal Transition of
wt-RNase A and the Trp Mutants Detected by Far-UV CD (CD), UV Absorbance (UV), and Tryptophan Fluorescence (TF) at pH 5.0

CD uv TF
mutant Tm AH Tm AH Tm AH

wild type 64.3£0.1 380+ 45 58.2+ 0.2 426+ 20 - -

Kiw 67.6+0.1 347+ 35 60.0+ 0.2 272+ 8 - -

F8W 55.4+ 0.2 3094+ 54 48.1+ 0.1 3174+ 17 46.8+0.1 203+ 12

D38W 60.84+ 0.2 248+ 19 55.44+ 0.2 321+ 43 59.0+ 0.2 302+ 7

Y73W 61.84+0.1 338+ 83 52.1+ 0.3 2964+ 30 57.3£0.2 315+ 38

Y76W 58.2+ 0.2 134+ 5 52.7+£0.2 274+ 33 56.8+ 0.1 251+ 1.1

Yo2W 65.44+ 0.1 2544 18 60.7£ 0.2 395+ 7 59.44+ 0.2 315+ 67

K104W 53.44+0.1 268+ 16 48.9+ 0.8 406+ 14 42.4+0.1 439+ 9

Y115W 59.9+ 0.2 180+ 6 54.24+0.2 203+ 10 50.3+ 0.1 311+ 8

V124W 59.8+ 0.2 272+ 45 55.2+0.1 378+ 11 61.3+0.1 386+ 38
11°C shifts in the transition midpoint temperaturg (Table subtle and entropically favored, e.g., a loosening of the
4); the corresponding van't Hoff enthalpies are also given packing of the major hydrophobic core composed of the
in Table 4. C-terminalB-hairpin and the N-terminal helix. This hypoth-

Remarkably, the van't Hoff plots of the thermal unfolding esis of a quasi-molten-globule transition in the pretransition
monitored by tyrosine absorbance and far-UV CD spectra region is supported by the fluorescence data reported below.
(discussed in detail below) indicated the presence of at least The presence of residual structure at 80 and of
two conformational transitions. For nearly all of the mutants, pretransitional changes in the statistical distribution of folded
there is a pronounced kink in the van't Hoff plots, which conformations suggests that a strict two-state model does
cannot be fit well by assuming a single transition. One not accurately describe the thermal unfolding of RNase A.
transition corresponds to the main cooperative unfolding Accordingly, the following sections describe tryptophan
transition near 60C, but the other generally occurs at a fluorescence studies that were carried out to characterize both
significantly lower temperature, in the range of-3%b °C. the residual structure ensemble of the thermally unfolded

The observation of multiple thermal transitions is consis- state and the nature of the conformational transitions that
tent with earlier studies showing conformational transitions precede the global unfolding of RNase A.
that occur at temperatures far lower than that of the main  Steady-State Tryptophan Fluorescence: Emission Maxima
cooperative unfolding transition. The earliest such studies and Quantum Yieldg-luorescence spectra were collected
were proteolytic, and indicated that a conformational transi- for the nine tryptophan mutants at 20 and ®and again
tion occurred in the range of 3815 °C, which led to the at 20°C (Table 5 and Figure 4). In all mutants, the final
proteolytic susceptibility of the second helix (residues-25 fluorescence spectrum agreed with the initial spectrum to
35) and to the end of the mafhsheet, notably in the vicinity ~ within experimental error, indicating that the thermal transi-
of Phe-46 and Met-7916). Later studies also showed that tion was fully reversible. As a control, a spectrum was also
conformational transitions occurred in this range near His- collected for free, unblocked tryptophan at 0.

105 and in the N-terminal helixtg, 18, 70). These regions In four mutants, the emission maxima of the fluorescence
are contiguous in the native structure, with the N-terminal spectra were shifted significantly toward longer wavelengths
helix nestling between the second helix, the end of the main at higher temperatures; such shifts are known to correspond
f-sheet, and the C-termingihairpin; thermal destabilization to an increase in the effective dielectric constant of the
of one of these structures could destabilize all of them. medium corresponding to a more polar environment sur-
However, other data showed no significant structural or rounding the tryptophan residuel?®). The largest shift
energetic changes, e.g., in the overall dimensions of theoccurred for the F8W mutant, from-331 to 350 nm,
protein @0), in its backbone topology (CD data), in its heat consistent with the full burial of F8 in the native structure.
absorption 8), and in the strong hydrogen bond between Smaller shifts were observed for the Y73W, Y92W, and
Asp-14 of helix | and Tyr-25 of helix 1l 27, 31, 59). V124W mutants, consistent with the fact that all of these
Therefore, the conformational transition must be relatively residue positions are partially buried in the native structure.
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Table 5: Parameters of Tryptophan Fluorescence of RNase A
Tryptophan Mutants in Sodium Acetate Buffer (pH 5.0)

Table 6: Parameters of Time-Resolved Tryptophan Fluorescence of
RNase A Trp Mutantsat pH 5.0 and 22C

mutant temperaturéC) o (%) max (NM) mutant 7. (ns) on  T2(NS) o w3(NS) as  x?  Ta(NS)
free tryptophan 20 20 353 K1wW 038 043 132 050 399 0.06 1.15 1.08
Kiw 20 7.694+0.13 344 F8w 023 023 1.09 044 241 033 112 1.32
80 2.45+ 0.06 344 D38W 0.85 0.10 232 0.90 - - 115 218
20— 8(¢ 7.314+0.16 343 Y73W 013 052 0.89 0.33 262 015 1.06 0.77
F8w 20 8.70+ 0.15 331 Y76W 092 0.34 297 0.62 6.51 004 131 242
80 5.83+0.14 350 Y92W 0.067 091 075 0.06 273 0.03 1.03 0.185
3080 8.92+ 0.20 335 K104W 0.18 029 1.20 0.41 3.90 0.30 1.28 1.71
D38W 20 16.18+0.16 329 Y115W 0.097 0.71 0.66 0.24 3.14 005 1.14 0.39
80 4.75+ 0.08 331 V124W 0.08 074 144 020 3.87 006 1.54 0.59
20-—80 16.15+0.16 329 ar is the lifetime.o; is the contribution of componemtto the total
Y73W 20 0.57+0.02 334 . , . 1P
fluorescence intensityzay is the averaged lifetime, computed as
80 0.85+ 0.02 343 ST S
20— 80 0.63+ 0.02 334 O Tl 2004
Y76W 20 16.34+ 0.12 337
28 20 12-‘;& 8-(1)2 ggg emission maxima of these surface-exposed residues suggest
‘ ' that the dielectric environment of these residues is really
Y92W 20 2.76+ 0.04 332 . o .
80 2.414 0.04 341 identical in the native and thermally unfolded states.
2080 2.89+ 0.04 333 Interestingly, the emission maxima of the five surface-
K104W 20 10.27:0.10 342 exposed mutants are lower than that of the unblocked
28_ 80 lgggi 8'88 gﬁ tryptophan standard.g = 353 nm). In particular, the D38W,
Y115W 20 283+ 003 334 Y76W, and Y115W mutants all had emission maxima in
80 4.23+ 0.06 337 the range of 329337 nm even at 80C. Moreover, the fully
20—80 3.10+0.04 334 buried F8W mutant had an emission maximum of 331 nm
V124w gg ;gji 8'82 333 at 20°C, a value very similar to those of the mutants with
20— 80 481+ 0.07 341 tryptophans inserted into surface-exposed residue positions

2 Quantum yield? Maximum wavelength of the spectrum determined
with an accuracy of 1 nnf.From refs46, 47, and71. ¢ After heating
to 80 °C and then cooling to 20C.
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Ficure 4: Equilibrium tryptophan fluorescence spectra of the nine
tryptophan mutants recorded at 20 (wild-type RNase A has no
tryptophan). The excitation wavelength was 297 nm, with a spectral
resolution of 1 nm. The spectra are normalized to their maximum
intensity.

In contrast, very small shifts (within the experimental error)
were observed for the K1W, D38W, Y76W, K104W, and

of wild-type RNase A. The relatively low fluorescence
emission maxima of these mutants (compared to free solvent-
exposed tryptophans) may reflect an unusually hydrophobic
local environment of these tryptophans, possibly due to
adjacent residues or to residual structure that survives
denaturation. In particular, tryptophans 76 and 115 belong
to the major hydrophobic core, and there is evidence that
some hydrophobic interactions in this core region survive
thermal denaturation1f). In contrast, D38W may form
aromatic-aromatic interactions with residues Tyr-92 and
Tyr-97; these residues are effectively adjacent, because of
the disulfide bond between residues 40 and 95. A W38
Y92 interaction is also suggested by the anomalously high
molar absorbance of the D38W mutant (Table 1).

The fluorescence quantum yields of the tryptophan resi-
dues also depend on the local environment and vary from
16 to 0.6% at 20°C (Table 5). The variation of the Trp
fluorescence quantum yield reflects a variation in both the
nonspecific quenching by solvent molecules and the specific
guenching by local interactions of charged side chains,
carbonyls, and sulfur-containing functional groug3)(

The variation of the fluorescence quantum yields did not
correlate with the positions of the emission maximum. This
is another indication of specific local interactions that can
be changed upon unfolding depending on whether the side
chains are involved in local (e.g., Trp-38) or nonlocal (e.g.,
Trp-92) interactions.

Tryptophan Fluorescence: Quantum Yields and Mean
Lifetimes.Time-resolved fluorescence measurements were
also taken for these nine mutants at’22 The fluorescence
of all tryptophan mutants exhibited triphasic exponential
decays, with the exception of the D38W mutant, for which
only a biphasic decay could be resolved (Table 6).

Y115W mutants; these residue positions are more exposed The mean fluorescence lifetimes,f of the mutants were

to the solution on the surface of the protein in the native
wild-type structure. The small shifts in the fluorescence

strongly positively correlated with their quantum yields
(Figure 5), which is consistent with the fundamental equation
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Table 7: Parameters for the Dependence of the Reciprocal Quantum Yield of Tryptophan Fluorescence of the RNase A Tryptophan Mutants on
the Temperature/Viscosity Ratio in the Native and Temperature-Induced Unfolded States (see eq 3)

native state unfolded state

slopeby slopeby

mutant (x1C® cP/deg) interceptn ra (x 10 cP/deg) intercepty, ra
V124W 0.68+ 0.06 0.79+ 0.02 0.997 1.6% 0.11 —0.17+0.10 0.999
F8W 1.11+ 0.01 0.67+ 0.01 0.999 1.6%0.01 —0.11+ 0.01 0.999
D38w 1.174+0.07 0.65+ 0.02 0.998 2.22£ 0.07 0.49+ 0.07 0.999
Y73W 1.12+ 0.13 0.66+ 0.05 0.993 0.82£ 0.11 0.10+ 0.10 0.999
Yo2w 0.94+0.12 0.72+ 0.04 0.996 1.140.14 0.11+ 0.13 0.999
mean 1.0A4 0.09 0.67+ 0.02

Y76W 1.32+ 0.04 0.60+ 0.02 0.996 3.65 0.09 0.32+ 0.08 0.999
K104W 1.44+ 0.09 0.574+0.03 0.998 3.56 0.07 0.19+ 0.05 0.996
Y115W 1.53+ 0.06 0.56+ 0.02 0.998 0.52t 0.06 0.09+ 0.05 0.992
mean 1.43t 0.11 0.58+ 0.02

ar is the correlation coefficient of the linear regression. The values of the slope and intercept in eq 3 were normalized by the reciprocal quantum
yield at 20°C and pH 5.0.

Tryptophan Fluorescence: Temperature Dependence of
the Quantum Yieldsin the absence of conformational
transitions, the reciprocal quantum yieldglis a linear
- function of the absolute temperaturg, corrected for the
viscosity, 7, which reflects a trivial temperature quenching
mechanism: If = a + b(T/y) (63, 64). This equation is
applicable for single-chromophore proteins such as the Trp
w-3 ] mutants considered here, and accounts for diffusion processes
0.05L w-124 in the solvent which control the mobility of the internal
w-o2V-115 residues in a protein molecule and the collisional quenching
w-73 by the solvent. Thaterm is a temperature-independent sum
o a1 PO 3 of the excited-state deactivation rate constants at a temper-

Mean Life Time(ns) ature of absolute zero, or infinite viscosity (both of which

Ficure 5: Plot of quantum yield vs mean lifetime for the tryptophan !mp_ly no temperature_—relz_ited mo_tlon). It probably _represe_nts
fluorescence of the nine tryptophan mutants of RNase A in the Intrinsic local quenching interactions such as the interaction
native state. The linear fit agrees with data taken for other proteins Of a tryptophan with a spatially adjacent disulfide bond. The

and for free tryptophan, suggesting that most of the tryptophans in slopeb has been interpreted as a temperature-independent

the nine mutants are quenched by solvent interactions. However,ij,qex of mobility and is meant to reflect the frequency of

the Y92W and Y73W mutants are anomalous, suggesting that other Lo . . .

mechanisms contribute to their quenching. guenching interactions that occur with the solvent or with
other protein groups.

q = /7, wherer; is the radiative lifetime. The fitted common To allow comparisons between the mutants whose quan-

value forz, was 14 ns for seven of the mutants (excluding tum yields differ dramatically (Table 5), we transformed the
Y73W and Y92W), which falls within the range of +@0 above equation as

ns found for other proteins containing tryptopha®,(71),

and is also consistent with the radiative lifetime of tryptophan Obo

in water,~16 ns 62). These observations are consistent with E =a+ b(%) ©)

a model in which the substituted tryptophans are quenched

primarily by the solvent. whereqy represents the quantum vyield at 20, which is
The tryptophan residue of mutant Y73W did not conform introduced as a normalization factor.

to the correlation betweemandr,, (Figure 5). Tryptophan The thermal transition plots afy/q (Figure 6) fit well in

73 had an exceptionally low quantum yield (Table 5), while the temperature regimes where the folded or the unfolded

Tay Was not reduced proportionally. This is an indication of states are populated almost exclusively, supporting the valid-

the presence of a subpopulation which is ground-state- ity of using the tryptophan quenching relationship in eq 3 to

quenched. Tryptophan 73 is close to the disulfide bond describe the following process in RNase A. These plots also

between residues 65 and 72, which may account for this resemble analogous plots made for other protedis §6).

efficient quenching. Disulfide bonds are known to be The fitting of the quantum yields for the pure native and

effective quenchers of Trp fluorescence caused by anunfolded states allows an unfolding equilibrium constént

enhancement of nonradiative intersystem crossing to tripletto be defined on the basis of these linear fits in a manner

states. Since this tryptophan residue is adjacent to theanalogous to that which is used to obtdinfrom far-Uv

disulfide bond along the backbone, it seems likely that this CD and UV absorption data in this study. First, from the

quenching mechanism would also be operative in the wide variation in the slopes of th®y/q plots for the different

denatured state. Tryptophan 92 has a very short fluorescencéryptophan mutants in the thermally unfolded state, it is

lifetime (Table 6), probably as a result of efficient collisional evident that the tryptophans are not quenched equally by the

quenching by the disulfide bond between residues 40 andsolvent, suggesting different degrees of solvent exposure in

95. the thermally unfolded states of the mutants. Second, Figure
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Ficure 7: Fractionf, of the population of the unfolded state in
the tryptophan fluorescence-detected thermal unfolding of the
tryptophan mutants of RNase A as a function of the temperature

T (K cP™)
Ficure 6: Dependence of reciprocal relative quantum yiglglg

on absolute temperature, corrected for the viscosity chafge,

for the tryptophan mutants of RNase A in 0.01 M sodium acetate expressed as the difference between the current tempeTaune

buffer (pH 5.0, room temperature). The positions of the substituted the midpoint temperatur, of the thermal unfolding of the same

:L):eptt?epsrﬁir; r(?es;ilij—zf]j;?elg)dllfr?etg? ;25?:32%?}23' Straight lines ShOWmutants detected by far-UV CD. The K1W mutant shows no

fluorescence-detected transition.

6 also makes evident the fact that the cooperative unfolding However, it should be noted that the first group correlated
transitions of some tryptophan mutants occur at a much lowerwith those mutants whose emission maxima shifted signifi-
temperature than the main cooperative unfolding transition, cantly upon thermal denaturation, indicating that thermal
e.g., the transitions of F8W and K104W, in agreement with unfolding led to both higher levels of exposure of tryptophan
the pretransition data cited above for His-105 and for the residues to the solvent and spatial separation from adjacent
N-terminal helix (6, 18, 70). These two topics are discussed quenching groups, as mentioned above. The second group
in turn. correlated with those mutants whose emission maxima did
Differential Sobent Exposure in the Thermally Unfolded not shift significantly upon thermal denaturation, indicating
State.The quantum yield plots of Figure 6 show cooperative that, despite internal rearrangement of the tryptophan envi-
transitions occurring in the vicinity of the various substituted ronment, the level of exposure to the solvent did not change,
tryptophan residues. The temperatures at which the local tran-but quenching by adjacent groups and/or water molecules
sitions occur and their relation to the transition temperature became more effective.
of the global cooperative unfolding transition will be dis- With regard to the second point, in every mutant except
cussed in the following section. At temperatures above and Y73W and Y115W, the slopk of the asymptotic line (from
below these local transitions, the quantum yields fit eq 3 Figure 6) after the thermal transition is greater than the slope
well. Only the KIW mutant exhibits no transition, resembling before the transition, indicating increased thermal fluctuations
more closely the behavior of free, unblocked tryptophan, of the tryptophan environment (greater freedom for the
presumably due to the conformational lability and high level chromophore motions). Tyr-73 and Tyr-115 both occur in
of solvent exposure of the N-terminal residue. (This mutant strongly hydrophobic segments of the native wild-type
is discussed in more detail at the end of the Results.) protein; thus, our data suggest that these segments do indeed
The behaviors of the quantum yields of the various form local hydrophobic clusters in which Trp-73 and Trp-
tryptophan mutants differ strongly in two respects: first, in 115 occur in a more tightly packed environment (both being
whether their quantum yield increases or decreases upon locatlose to a disulfide bond) after thermal unfolding than before.
unfolding; and second, in the slope of the asymptotic lines This reduction in the slopé is more pronounced for the
before and especially after the thermal transition. With regard Y115W mutant than for the Y73W mutant, consistent with
to the first point, the change in the quantum yield upon local the higher local hydrophobicity for Tyr-115 and the com-
unfolding is determined by the relative change in the level mensurately higher propensity of its local hydrophobic cluster
of exposure to the solvent and in the removal of the (residues 106118) to initiate conformational folding. These
tryptophan from the presence of quenching residues in theconclusions are consistent with the observed shifts in the
native structure, e.g., disulfide bonds. Thus, the quantum emission maxima cited above for these mutants.
yields increase for the F8W, Y73W, Y92W, Y115W, and Noncoincidence of Local and Global UnfoldingVith
V124W mutants, all of which are close to local quenching regard to the noncoincidence of the fluorescence unfolding
groups, particularly the disulfide bonds between residues 40curves and the main cooperative unfolding transition shown
and 95, 65 and 72, and 58 and 110. Hence, the tryptophansn Figure 6, it is important to realize that these low fluores-
are no longer juxtaposed near these residues in the thermallycence transition temperatures are not the trivial result of a
unfolded state, indicating that the native structure is not lower midpoint temperature in these mutants for the main
exactly preserved. In contrast, the quantum yields decreasecooperative unfolding transition. To illustrate this point, in
upon thermal denaturation for the mutants K1W, D38W, Figure 7 we plof,, the fraction unfolded (as measured from
Y76W, and K104W, most likely corresponding to a simple the Trp fluorescence-detected transition curves of Figure 6),
increase in their levels of exposure to the solvent with the versus the temperature relative to the transition temperature
concomitant increase in the extents of solvent quenching.for the main cooperative transition, as measured from the
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far-UV CD spectra for the same mutants. The mutants fall 30 r r . :
into three basic groups. The first group consists of the mu- A
tants F8W, Y92W, K104W, and Y115W, whose fluorescence-
detected transition temperatures are much lowet(Q(°C
lower) than their main cooperative transition temperature. 20r ]
This discrepancy indicates that the corresponding regions
of the polypeptide chain become destabilized well in advance
of the main cooperative transition. The second group consists
of the mutants D38W, Y73W, and Y76W, which unfold
locally a few degrees (1-54.5 °C) in advance of the main
cooperative transition. Finally, the mutant V124W forms a
group by itself, in that local unfolding appeared at a temper- 0 : . - -
ature slightly higher than that of the global unfolding of the
protein. This sequence of structural destabilization agrees 10°exp(-E /RT)
with the Burgess Scheraga structural model for thermal de- A
naturation in RNase Alf), as discussed in the conclusions. y T T y -
Analysis of the K1W Mutan& more detailed analysis of wl B ° oW
the K1W mutant revealed a temperature dependence similar ' m‘: Fit WoA
to that of free tryptophan in solution. This means that the
N-terminal Trp residue did not interact with the rest of the
protein to the same extent as did the tryptophan residues in
other mutants. Both the free Trp and K1W data were
modeled (Figure 8) by using the equation

—a—Free Trp

1/q

10 | E

30

20

11 aexprEdRT 4) y
q K N
0.0 0.5 1.0 1.5 2.0 2.5 3.0
which has been shown to provide an accurate description of 10°exp(-E /RT)
A

the temperature dependence of solvent-induced quenchingF )
of free Trp in solution 46, 65, 71). In this equationko IGURE 8: Temperature dependence of the reciprocal fluorescence

represents the nonradiative temperature-independent intrinsicgﬁgnlgr&wlgggggirﬁ %ﬂ?’lptﬁpsré%?uﬁi%%ﬁé%ﬂ?%? Eﬁl)-iaSn.((j))}%\;\./

deactivation rate of the excited staterepresents the inverse  The temperature axis is represented as €Ba(RT). The straight
radiative fluorescence lifetime) is a constant, anda is lines show the best linear fit according to the highest correlation
the activation energy of the quenching reaction. Both the coefficient. The K1W mutant shows no fluorescence-detected
free Trp and K1W data fit this equation well, whereas the ftransition.

K104W data (used here as a control) do not (Figure 8). The
fitted activation energies for free Trfe{ = 40.2 + 0.08
kJ/mol) and for the KIW mutan&}, = 58.6+ 0.8 kJ/mol)
disagree. This, as well as the difference in emission maxima
shows that the indole ring in the mutant K1W is attached to
the surface of the protein without specific structurally
dependent interactions.

Far-UV CD Detected Thermal Denaturatiofhe replace-
ment of wild-type residues with tryptophan did not result in
any detectable change in the calculated secondary structure
‘content at room temperature. However, the far-Uv CD
spectra of the thermal transitions of the mutant proteins were
not superimposable (see the Supporting Information). Specif-
ically, the fine details of the denaturation transitions were
DISCUSSION affected by_IocaI interactions of the trprophan side chajns

and loss of interactions of the replaced wild-type side chains,

By using a multiple-spectroscopy approach, combined with resulting in a lack of uniformity in the shape of the transition
site-directed insertion of fluorscent probes, this study pro- curves and in the midpoint temperatures. Notwithstanding
vided evidence for multiple transitions in different parts of the differences in the far-UV CD spectra, the perturbation
the RNase A molecule during thermal denaturation. With caused by the site-specific replacement of the single wild-
the exception of the V124W mutant, these local unfolding type residues with tryptophans was minimal since all the Trp
transitions occurred at temperatures lower than those of themutants, with the exception of the two mutants near the active
global unfolding transition. The far-UV CD signal detected site (FBW and D38W), retained at least 85% of the wild-
a cooperative loss of secondary structure (the global unfold-type RNase A enzymatic activity (Table 2).
ing transition). The change in UV absorption, which depends  Effects of Inserted Tryptophans on Structure and Thermal
on conformational changes in the vicinity of the tyrosine and Stability. To use the site-specific insertion of tryptophans
tryptophan residues, detected changes in many sites over thénto RNase A to probe the characteristics of local and global
entire tertiary structure. These sites were two clusters of thermal denaturation of the wild-type protein, it is essential
tyrosine residues (25, 92, and 97 and 73, 76, and 115) asto determine the extent to which the insertion of a nonnative
well as sites of tryptophan residues at different positions. tryptophan residue destabilizes the protein structure. Table
The change in fluorescence properties of each single tryp-4 shows that a subgroup of mutations (K1W and Y92W)
tophan residue reported specific local changes in conforma-shifts the far-UV CD-detected transition midpoint temper-
tion in the vicinity of the engineered indole side chains.  ature {[Iy) to higher temperatures compared to that of wild-
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type RNase A. The D38W and Y73W mutations slightly for these mutants, it seems reasonable to conclude that the
decrease thd, (<4 °C), and the Y76W, Y115W, and local changes are not coupled to the cooperative denaturation
V124W mutations decrease thig, even more (46 °C) of the secondary structure of the whole molecule.
compared to that of the wild-type protein. Finally, the F8W  The V124W mutant was an exception showing the higher
and K104W mutations had the most destabilizing effect on stability of the local structure than the secondary and tertiary
the thermal stability of the proteins, decreasing the far-UV structure. This is probably due to the replacement of Val-
CD-detected', by 9 and 11°C, respectively. Overall, then, 124 with the larger more hydrophobic Trp. The more
there is a minimal to moderate effect on protein stability hydrophobic indole of Trp-124 in the nonstructured C-
from the substitution of a tryptophan residue at various terminal oligopeptide can be attached to adjagkstrands
locations within RNase A. and become almost free only after the disruption of the
Fluorescenceersus UV DetectioriThe number and char- ~ -strands upon heating. Trp-73 is involved if-atrand, and
acteristics of the transitions observed by the three spectro-the coincidence of the far-UV CD- and fluorescence-detected
scopic techniques (UV, far-UV, CD, and fluorescence) differ transition (Figure 7) is not surprising.
significantly from each other. The transition temperatures  The second group (Trp-38, -73, and -76) undergoes local
of all the mutants as well as that of wt-RNase detected by changes in conformation only in the main cooperative
UV absorption changes were between 4 ari@€ %ower than transition, although residues 38 and 76 are not part of
those of the corresponding far-UV CD-detected transitions. secondary structure elements. This is a manifestation of the
In addition, it is of interest to compare the transition temper- interaction of these chain sections with the secondary
atures measured for each mutant using tryptophan fluores-structure backbone of the molecule.
cence to monitor local unfolding with those measured using The K1W mutant differed from the other mutants: the
far-UV CD and UV absorption to detect global transitions. secondary and tertiary structures unfolded at higher temper-
By comparison of theT, values determined by UV  atures than for wild-type protein, but local structure around
absorption and tryptophan fluorescence, two groups of RNaseTrp-1 did not show any transition. According to the
A Trp mutants can be distinguished. The group of the F8W, fluorescence spectrum of K1W, centered at-3334 nm at
Y92W, K104W, and Y115W mutants had a high@&g, high and low temperatures, Trp-1 is a solvent-exposed
detected by UV absorption, compared to the correspondingresidue with limited motion of the indole ring. This absence
Tm value determined by fluorescence. In contrast, The of a thermally induced conformational transition both in the
values determined by UV absorption were lower than the quantum yield and in the spectra may be the result of surface
corresponding fluorescence-deriveglvalues for the D38W,  binding of the solvent-exposed indole side chain to some
Y73W, Y76W, and V124W mutants. This indicates that the part of the protein. Evidently, this attachment led to some
local environment of the tryptophan residues in the mutants stabilization of the protein molecule and a shift of the global
from the first group unfolded at temperatures lower than thermal transition.
those of the cooperative change of the tertiary structure. For Two-Step Transitions of Wild-Type and Mutant RNase A.
the second group, the situation is reversed. The thermal unfolding study of wild-type RNase A with
Fluorescenceversus Far-UV CD DetectionThe com- calorimetric and optical detection indirectly suggested a two-
parison of local versus global unfolding is complicated by step transition, the first of which is a pretransition with
the unknown extent of structural perturbations attributed to nonmeasurable heat absorptid,(18, 35, 67, 70). In the
the replacement of a wild-type RNase A residue with study presented here, it is shown that the pretransition can
tryptophan. To estimate the extent of structural perturbation be characterized by some changes in secondary and tertiary
caused by the tryptophans, the far-UV CD-detected transition structures as measured by the three spectroscopic methods.
of each mutant protein was used as an internal reference.This requires further investigation by recording full far-uv
The denatured fractior,, in Figure 7 shows the shift of the  CD spectra of the whole molecule, which is beyond the scope
fluorescence-detected transitions of each RNase A Trpof this investigation.
mutant protein relative to their corresponding far-UvV CD-  The two-step transition was found for all mutants even
detected transition. though the mutations caused shifts in Thg¢s. This shows
As can be seen in Figure 1, residue 104 connects the twothat the two-step transition is a property of the whole
p-sheet elements of the molecule and is part of the molecule and not just a reflection of local unfolding events.
hydrophobic core with close contact to residues 79 on one Summary of the Features of the Thermal Unfoldinge
side and 124 on the other. Thus, the change in the secondaryeplacement of different residues in RNase A with tryptophan
structure occurs at temperatures higher than the change irdid not affect the protein structure at room temperature (as
the local environment of the tryptophan ring. Residue 8 is reflected by the far-UV CD spectra and the enzymatic
part of helix 1. Residues 92 and 115 are located betweenactivities) but influenced the thermal denaturation pathway.
two strands iB-sheets 1 and 2, respectively, and can undergo However, the reversibility of the thermal denaturation
local changes while the secondary structures are still stable transition was not perturbed. The unfolding of the secondary
Tryptophans 38, 73, and 76 of the second group had the mainstructure and local tertiary structure at the positions studied
transition close to that detected by far-UV CD. was not complete at the end of the transition. For all the
From Figure 7, it seems that, of the first group, Trp-104 mutants, the transition temperatures derived from the UV
and Trp-115 showed a complete single fluorescence-detectedabsorbance (tertiary) were lower then those derived from the
transition which overlapped the pretransition detected by the corresponding far-UV CD (secondary) measurements. This
far-UV CD signal. The local environments of residues 104 indicates that the unfolding of the tertiary structure preceded
and 115 underwent a full transition associated with only small the unfolding of the secondary structure which is in line with
changes in the secondary structure of the molecule. Hencethe general notion of a hierarchy of protein denaturation.
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The differences in the denaturation transition temperatures Moreover, the relative transition midpoint temperatures of
detected by tryptophan fluorescence and by far-UV CD are the mutants measured by far-UV CD and by Trp fluorescence
relatively small (6-11 °C), and the temperature ranges are in general agreement with the sequence of structures
overlapped. This indicates that no molten-globule-like in- hypothesized by the BurgesScheraga model to be desta-
termediate §8) could be stabilized as a dominant conformer. bilized by thermal unfolding. The side chain of Trp-92 is
Mutations caused shifts of both types of transitions, which the first structure to be changed early in the unfolding. The
indicates that denaturation of secondary structures wassame is true for the relaxation of the tertiary interactions of
evidently affected in part, or even initiated, by some changes the C-terminal3-hairpin and the N-terminal helix, judging
in the tertiary structure. from the relative transition midpoint temperatures of Trp-8,

Despite this close coupling of secondary and tertiary 1'P-104, and Trp-115. The structures changed at higher
structure, the current measurements indicate that two, perhapfemperatures are the majéiairpin (residues 79102) and
three, thermally induced transitions occur during the thermal (€ 100P (residues 6572), as seen by the relative transition
unfolding of RNase A. The pretransition is associated with MidPoint temperatures of Trp-38 and Trp-76. One discrep-
a few changes at the tertiary level of the structure. A possible ancy, however,_\_/wth the BurgesScheraga mod_el IS th.e
scenario for the order of thermal denaturation of the RNase remarkable §tablllty observed here for the C-terminal residue
A molecule, based on our data, is as follows: First, nonlocal ¥&/-124, which was observed to be cleaved by carboxypep-

tertiary interactions around the C-terminal hydrophobic core tidase slightly before the main cooperative tran5|t|ﬁ_ﬁ).( .
are weakened. This includes changes in the local environmentval'l.24 forms.a strong backbone hydrogen bonq with His-
and contacts around residues 8, 104, and 115. In the crystal]'05 n the native structure, wh|.c_h.has been cc_)njecturgq to
structure 83), these three residues are involved in nonlocal contribute to the strqng 'pH sensitivity of the fqldmg stability
contacts between secondary structure elements that are stab i f RNﬁaset A}%r?) ' tTh'? dlrs]crepar;ci/_ may posf/lb:.ylgi duet_tc_J_
at the pretransition temperatures. Residue 8 is in contact € etiect of the tryptophan mutation since va partici

between helix | and the C-terminal loop; residue 104 is in pates in the hydrophobic core, and the tryptophan side chain

contact with residue 124 and wijBrsheet 2, and residue 's much larger than that Of_ valine.

115 is part of the contact between the C-terminal loop and Unfortunately, our experiments cannot test other aspects
the loop formed by the segment of residues-62. Residue ~ Of the BurgessScheraga model, e.g., whether helix II
92 also shows a local change of microenvironment, perhaps("€Sidues 2535) becomes destabilized in the temperature
due to loosening of the contact between the adjacent chainf@nge of 36-45°C, in concert with the changes occurring
reversal loops (residues 389 and 91-94). Our data further I the interface between helix | (residues B3) and the
suggest that the second local step in the thermal unfolding major hydrophobic core. This is structurally plausible, since
of RNase A may involve local conformational changes that

helix Il interacts with helix | through a very strong side
are closely associated with the cooperative main transition Sh&in—side chain hydrogen bond between Asp-14 and Tyr-
of the secondary structure, including the microenvironment

25 (59); thus, the structural destablization of helix | and helix
of residues 73, 76, and 38. From the crystal structas, ( [l should be coupled. Raman spectroscopy data indicate that
it is known that residues 73 and 76 are part of the loop that

this strong hydrogen bond is maintained up to the main
forms a contact with the C-terminal loop, and residue 38 is cooperative transition2(/, 31).

part of the loop that forms a contact with the chain reversal

segment of residues 9B4. The third phase of the thermal

denaturation, which is in the last part of the cooperative We thank M. A. McDonald for help in cloning and
secondary structure unfolding, likely involves loss of the loop expression of wild-type and mutant RNase, Dr. S. Yu.
structure between residues 104 and 124, detected by changegenyaminov (Mayo Foundation, Rochester, MN), Dr. N. J.
of the fluorescence of Trp-124. This can be due to the Greenfield (University of Medicine and Dentistry of New
hydrophobic nature of the interactions between residues inJersey-Robert Wood Johnson Medical School, Newark, NJ)
the C-terminal loop&7), as was also found by Beals et al. for programs and consulting to calculate the secondary
(69), who showed that the loop structure of the 20 C- structure from the far-UV CD spectra, and Dr. W. J.
terminal-residue fragment (O-T-16) was stabilized by hy- Wedemeyer for helpful comments on the manuscript.
drophobic interactions.

These data provide clear evidence for significant structural SUPPORTING INFORMATION AVAILABLE

changes prior to the main cooperative unfolding transition.  ~p and UV transition curves of all nine mutants. This

Further, they support the BurgesScheraga modelf) [as material is available free of charge via the Internet at http://
modified by Matheson and Scherad#,(70)] for the specific pubs.acs.org.

sequence of structures progressively destabilized during

equilibrium thermal unfolding of RNase A. In agreement REFERENCES

with that model, there appears to be a pretransition in the

range of 36-45 °C (well below the main cooperative 1. Harrington, W. F., and Schellman, J. A. (1938) R. Lab.
transition near 62C), in which the interaction of helix | Carlsberg, Ser. Chin0, 21-43.

(residues 3-13) with the major hydrophobic core is loosened, 2. ggcrmggz’zgé_‘gé’ggnd Scheraga, H. A. (19E1jm. Chem.
providing increased conformational freedom to the side 5 5. " 5 L khechinashvili N. N (1978)Mol. Biol
chains involved in the interface (which includes residue 8 86, 665-684. T Y
on one side and residues 104 and 115 on the other) while 4, Seshadri, S., Oberg, K. A., and Fink, A. L. (1984)chemistry
preserving the overall backbone topology. 33, 1351-1355.
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