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ABSTRACT. With steady-state and time-resolved fluorescence energy-transfer measurements, we determined
the distributions of intramolecular distances in nine mutants to study the conformations of wild-type
ribonuclease A in the reduced state under folding conditions. Although farCI¥Y measurements show

no evidence for a secondary-structure transition, temperature- and GdnHCI-induced changes in intramo-
lecular distance distributions in the reduced state revealed evidence for long-range subdomain structures
in the denatured protein. These poorly defined structures, reflected here by wide distributions corresponding
to a wide range of energies, form during refolding in a complex sequence of multiple subdomain transitions.
A more well-defined structure emerges only when this structural framework, which directs the successive
steps in the folding process, matures and is reinforced by stronger interactions such as disulfide bonds.

With a nonradiative excitation energy-transfer (TR-FRET) mined by multidimensional NMR spectroscofdy(15), and
technique, we previously showed that the C-terminal portion a nonrandom distribution of one-disulfide bonds in the
of bovine pancreatic ribonuclease A (RNase A) in the R ensembles of intermediate species containing @6g fwo
state has interresidue distances that are closer to those of17), and three 18) disulfide bonds, respectively, was
the native structure than to those of a statistical coll; i.e., observed.

the protein in the R state is poised to fold1j. Similar
conclusions were deduced for other reducddnatured
proteins such as the bovine pancreatic trypsin inhibigor (
3). In addition, the N-terminal portion of the RNase A chain

In this paper, we examine the starting material, viz., the
reduced-denatured form of RNase A, and show that the R
form can undergo (i) a thermal transition (and cold unfold-
ing), indicated by changes of interresidue distance distribu-

in the R, state is separated from the C-terminal core by larger tions, even though such transitions are not detected by

intramolecular distances than in the native structure (1).
The reduceddenatured state of RNase A was the starting
point for oxidative folding studies with dithiothreitol that

circular dichroism, and (ii) several Gdn-HCl-induced con-
formational transitions, reflected in changes of interresidue
distance distributions. These distributions of intramolecular

led to a folding mechanism involving intermediate structures distances (IDDs) between fluorescent probes were deter-

on several different pathways4<{13). Several of the

mined by TR-FRET measurements. For this purpose, nine

intermediate folded structures were characterized; e.g., thepairs of sites in the RNase A molecule were labeled by a

structures of two three-disulfide intermediates were deter-
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folding begins. Characterization of this form provides

hass@ INformation about the starting state of protein folding models.

In hierarchical folding models, it is assumed that secondary-
structure elements form early in the folding proce$8).(
Other studies show that the kinetics does not depend on
secondary-structure formation, and that strong specific
hydrophobic contacts seem to play a dominant r8le2().

One simulation Z1) supports neither a pure hydrophobic
collapse nor a diffusioncollision model, with folding
beginning with formation of a few helical hydrogen bonds,
followed later by a gradual concomitant formation of more
hydrogen bonds, together with a reduction in the radius of
gyration. Itis currently unclear if the formation of secondary
structure (native or non-native) is a general prerequisite for
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N with the C-terminal subdomain pass through a set of
( hierarchic transitions following the initial compaction transi-
tion.

MATERIALS AND METHODS

Preparation of the Different RNase A Speciéhe
preparation of recombinant RNase A derivatives and mutants
has been discussed in previous papérs2@). In brief, a
single tryptophan residue (at one of the positions 73, 76,
92, and 104) and a non-native cysteine residue (at one of
the positions 19, 32, 52, 77, 102, 115, and 124), replacing
the corresponding single solvent-exposed residue, were
introduced into each mutant (Figure 1). The additional non-
native cysteine was subsequently blocked by an alkylating
fluorescent reagent (7-iodoacetamidocoumarin-4-carboxylic
acid). These mutants are abbreviateen, wherem is the
location of the tryptophan andlis the location of a coumarin
derivative on the additional cysteine. The labeled RNase A
mutants were characterized by absorption and fluorescence
spectroscopy, and the specificity of the labeling reactions

Ficure 1: Ribbon diagram of bovine pancreatic ribonuclease A with the fluorescent alkylating reagent was confirméd (
taken from a high-resolution X-ray crystal structu2?), and ' 23); their enzymatic activity was found to be similar to that

showing the locations of the residues defining the segments whoseOf the native nonmodified RNase A)( In six of these RNase
conformational transitions were studied here. Shearbons of the A derivatives, the tryptophancoumarin pairs spanned chain

four inserted tryptophan residues (the donors) are represented agegments within the C-terminal hydrophobic core, viz.,

red §pheres. The carbons of the seven non-native cysteine residues residues 73 to 124, and, in three of the derivatibe
conjugated to coumarin (the acceptors) are represented by blue h id | din the C inal . f
spheres. Nine colored straight lines designate the pairs of sites intfYPtophan residue was located in the C-terminal portion o

specific segments. Black lines denote a segment involving both the chain while the coumarin was inserted in the N-terminal
the N- and C-terminal parts of the molecule, and magenta lines portion of the chain, viz., residues-60 (Figure 1). CD and
denote segments in which both residues reside in the C-terminalf|yorescence energy-transfer experiments were carried out
part of the molecule. on these derivatives as described previouly2Q).

Far-UV—CD Thermal Transition.Circular dichroism

the management of the folding transition. However, in a few , !
cases it was shown that. even under drastic denaturingSpeCtra were measured at various temperatures with a model

conditions where secondary-structure elements were un-062A DS CD spectrometer (Aviv Associates, Lakewood, NJ),

folded, proteins showed native-like conformational prefer- Calibrated with a camphorsulfonic acid solutia?B¢-25).
ences {—3). It was suggestedl( 3) that a few nonlocal Thermal transition measurements were made by varying the
interactions, which lead to the formation of long loops, can {emperature from 20 to 8%C in increments of 2C while
make a major contribution that populates weakly stabilized Monitoring the.elhpthny at 220 nm. The temperatures were
conformers, which are productive folding intermediates. ~ controlled within 0.1°C. After reaching each target temper-
Itis still an open question as to what determines the spatial 2lUré, the solutions were allowed to equilibrate for 2 min.
location of the compaction nucleus. Characterization of the Prior to all spectroscopic measurements, the protein solutions
structure of the ensembles of conformations under partially Were aspirated under vacuum, and their concentrations were
folded conditions is expected to yield clues as to the type of Measured spectrophotometrically. The raw CD measurements
interactions that direct the formation of compact structures (N Millidegrees) were converted to molar ellipticity][and
and their transitions. Is there one global coordinated transition™ean residue ellipticity flm (in degem? dmol™) using
of all parts of the chain or a series of localized transitions? Melecular weight values computed from the amino acid
What is the role of local versus nonlocal interactions in the €OMPosition.
folding/unfolding transitions, and are the transitions within ~ Steady-State Fluorescence MeasuremeBteady-state
the hydrophobic core of reduced RNase A cooperative?  fluorescence measurements in the presence of different
The determination of changes in selected distributions of GdnHCI concentrations were made at Z5 using an AT-
long-range intramolecular distances by the FRET methods 105 spectrofluorimeter (Aviv Associates) and quartz cells
provides a procedure to obtain structural parameters, whichof 0.3 x 0.3 cm cross section. The excitation wavelength
are relevant to these issues. The temperature- and GdnHClwas set to 297 nm (bandwidth of-2 nm), and the emitted
induced conformational transitions monitored by steady-state fluorescence spectra were resolved to 1.0 nm after correcting
and time-resolved FRET measurements reported here werdor the spectral sensitivity of the spectrofluorimeter.
designed to address these questions. The changes of intramo- Time-Resaled Nonradiatie Energy-Transfer Measure-
lecular distance distributions in the set of nine pairs of site- mentsMeasurements of fluorescence lifetimes were carried
specifically labeled RNase A mutants [Figure2PR)] in the out by using the time-correlated single-photon counting
reduced state (3 were monitored. The results obtained here system described previousl®,(3). Fluorescence emission
show that, in reduced RNase A, which exhibits no evidence was collected through a polarizer oriented at the magic angle
of secondary-structure content, structural elements associated~55°) relative to the polarization of the exciting beam.



Formation of the Hydrophobic Core of Ribonuclease A Biochemistry, Vol. 41, No. 48, 20024227

Decay of fluorescence emissioh(t), was analyzed by o ———————T——T— . T
nonlinear least-squares multiexponential fittir&)(
All measurements were made atZ2and pH 7.0, unless 2} 4

stated otherwise, with excitation at 297 nm. Two fluorescence
decay curves were recorded for each set of energy-transfer
experiments: (@) the fluorescence decay curve of the trypto-
phan residue in the absence of an acceptor ihRMase A

(the “D-experiment”) and (b) the fluorescence decay curve
of the tryptophan residue in the presence of the acceptor

attached to the genetically engineered cysteine residue in the 8t W .

correspondingri—n)-RNase A (the “DD-experiment”). The

A
I

[©] Kdeg cm? dmol
&

background emission was routinely subtracted from the a0l . . . . . .
corresponding fluorescence decay curves. To measure back- 2 % 4 % 6@ 70 &
ground emission, a solution of recombinant wt-RNase A was Temperature(°C)

used. Donor emission was monitored at 360 nm (bandwidth Ficure 2: Far-UV CD (molar ellipticity) temperature transition of
of 12—16 nm). Data collection for each set of measurements reduced RNase at 220 nm. RNase A was unfolded and reduced by
(two samples) was carried out on the same day within a shortincubation in the presence of 150 mM TCEPM GdnHCI, and

. ; ; . . 40 mM HEPES (pH 7.5) at 37C for 60 min. The reduced RNase
time period. This reduced possible variations due to changes \yas then dialy(zped ag;inst buffer containing 40 mM HEPES (pH

in calibration of instruments. Spectroscopic characterization 7.5y and 20 mM TCEP overnight. The resulting reduced RNase A
of fluorescent probes, data analysis, and control experiments(0.7 mg/mL) was used to follow the change in the CD as a function

were described in detail in a previous study. (The pair of of temperature.
probes used in the present study provides reliable distance
determinations between 14 and 38 A. Distansd® A and 55
higher could not be determined with high enough confidence.
The fractions of the ensembles of the protein conformers
which had interprobe distances of 40 A and above are
presented here despite this uncertainty because the areas
under the distribution curves below 40 A can be related to
the portions of the distributions with intramolecular distances
above 40 A; thus, the fractions of molecules with distances
larger than 40 A are reasonably well represented by this

50 |

Mean Distance (A)
&

analysis, despite the uncertainty. 30
For the cold-unfolding measurements, the temperatures I
were increased from 5 to 2% in increments of 3C. After 0 5 10 15 20 25
reaching each target temperature, the solutions were allowed Temperature (°C)
to_ eqUIIIbr?te for 3 min. The temperatures were controlled Ficure 3: Global cold unfolding transition of different segments
within 0.1°C. of the reduced RNase A mutants in thg Btate at pH 7 as a
function of temperature. Mean intramolecular distance distributions
RESULTS were obtained from time-resolved FRET measurements at different
temperatures for double-labeledh{n)-RNase A mutants. The
Thermal Unfolding Transitions in Reduced RNasé ide fluorescence decay of the tryptophan residue of the mutant protein

far-UV—CD spectrum of reduced RNase A shows a very Was measured in 40 mM HEPES (pH 7) buffer containing 20 mM
low level of secondary structure (data not shown). The 220 DDT and 5 mM EDTA at different temperatures (as specified for
. . . each mutant).

nm CD signal showed no sign of a thermal transition over
the range of 26:80 °C (Figure 2). This result was reproduc-  calculated using global analysiag). Global cold unfolding,
ible with different reducing agents (data not shown), and it which is more pronounced for the mixed-domain segments
agrees with previous observatioria7). Although reduced (i.e., 73-19, 73-32), occurs below 2C°C. This global
RNase A contains very little (or no) secondary structure, it expansion of RNase A at low temperatures demonstrates that
was suggested by Navon et dl) that at least some segments  RNase A is rather compact in the reduced state and that this
of the molecule, in particular in the C-terminal subdomain compactness is presumably due to local and nonlocal
which includes the hydrophobic core, are collapsed into a hydrophobic interactions, which weaken at low temperature.
compact structure in the\Rstate. Steady-State FRET Analysis of GdnHCl-Induced Dena-

TR-FRET Analysis of Cold Unfolding throughout the turation TransitionsTo determine whether specific segments
RNase A MoleculeOne aspect of the overall compactness constituting the hydrophobic core lose their compactness in
of RNase A in the reduced state is reflected by the global a cooperative manner and whether the transitions in different
cold unfolding of the molecule as determined by TR-FRET segments in this region are coordinated (i.e., whether different
measurements, as a function of temperature. Cold unfoldingsegments in the hydrophobic core lose or assume specific
was also reported previously for RNase A by Jonas and hisstructure in a hierarchic manner in the GdnHCI transition),
collaborators 28). Figure 3 illustrates the mean intramo- the GdnHCI-induced unfolding/refolding transitions were
lecular distance between the tryptophan donor and themonitored. These transitions were monitored by steady-state
coumarin acceptor for six segments at different temperaturesFRET detection of the long-chain segment which links the
measured with six different RNase A derivatives, and N- and C-terminal subdomains (932) and of several
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A) 10— T T as the GdnHCI concentration increases, indicating the
( ) 73102 ——— No GdnHCI . . .

I ——MGdnHel | | absence of any stable intermediates. By contrast, Figure 4

e shows that the changes of the donor emission intensities for

075 A oot | ] several RNase mutants are nonlinear when the GdnHCI

e Gntict | | concentration is increased. Over some ranges of variation

of the denaturant concentration, there are large changes in
donor emission intensity, whereas there are negligible
changes in other ranges of increase of the denaturant
0251 i concentration. This is an indication of pronounced transitions
in the conformations of the labeled chain segments in the
relevant mutants. For example, the denaturation of the mutant
0.00 5 w0 5 0 =0 labeled at res_ldu_es 92 gnd 102 shows significant changes of
the donor emission mainly between 1dahM and between

0.50 |- -

Intensity

wavelength (nm) 3 and 3.5 M GdnHCI. This means that different mutants show
B) oo e 8,20 enhanced changes of donor emission intensity at different
0232 {9252 T GdnHCI concentrations. This is direct evidence for multiple
0.20} /- e 40.20 . . .
G — conformational changes within the partially folded RNase
045 / I @15 A molecule at the subdomain level.
010l — o0 TR-FRET Analysis of GdnHCI-Induced Denaturation
et —— Mgk Transitions.More detailed characterization of the confor-
-?-" 0.05 3.5M GdnHC| M Gan 10.05 . .. . .
5 43 v ! mational transition of the C-terminal subdomain of several
g o = e T ok selected mutants was obtained by time-resolved FRET
£ / To.50 measurements of the GdnHCIl-induced unfolding of the
! oo reduced RNase A mutants. The distributions of intramolecu-
oo — =~ lar distances in four labeled C-terminal chain segments,
o.08f —memel A moawer | 1o.20 defined by the pairs of residues7615, 76-124, 73-102,
0.0s} e _E,:%ZZTS lo10 and 104-77, were determined under various denaturant
003t —arogmor soawer ] concentrations. We used only these four mutants in TR-FRET

320 330 340 350 360 370 320 330 340 350 360 370

experiments because the derivatives which monitor a pair
Wavelength (nm)

between two domains (carboxyl-terminal donor and amino-
FIGURE 4: Steady-state FRET emission spectra of the donor of terminal acceptor), e.g. 9282, 92-52, and 73-19, did not
reduced RNase A mutantsi-n) at increasing GdnHCI concentra- ~ exhibit a distinct transition between two discrete conforma-
ggn818;22°% alnodﬁg z% Tt[leorgutan/ts 3302, 92—3&2, 9%—52,th tions (1). In the pair of domains, the decrease in FRET
—102, an about 0.6 mg/mL) were reduced in the N di
presence b6 i GankiC, 50 mi HEPES (pH 7.0).and 150 mut o/ 5 TN 8 SRR SERia T e e e
DTT. Aliquots of 200uL were dialyzed against the specified ' . ;
GdnHCI concentration in the presence of 20 mM DTT. The samples S€mbles of conformations and not between defined interme-
were filtered, and the fluorescence emission spectra were recordeddiates. The mean and width of each distribution show the
with an excitation wavelength of 297 nm. The spectra were extent of unfolding and multiplicity of the conformations in
normalized at 454 nm, the emission maximum of the coumarin the Ry ensemble, in response to stepwise changes of the

probe. The intensity of the donor increases as the GdnHCI . .
concentration increases, reflecting the increased distance anodenaturant concentrations @& M GdnHCI) and reduction

reduced quenching. In (A) the results obtained for-282 are of disulfide bonds.
shown, demonstrating a typical scan. In (B) the tryptophan emission  The intramolecular distance distributions for these four

region (326-380 nm) is enlarged. segments are shown in Figure 5. These mutants probe
conformational changes in different regions of the C-terminal
segments within the C-terminal part (302, 92-52, 92— subdomain, presumably representing the development of

102, and 10477) of the reduced RNase A mutants. The loosely ordered structure in the initial formation of different
donor emission spectra (Figure 4) show the decrease ofparts of the hydrophobic core. When immersed in 6 M
tryptophan emission intensity relative to that of the acceptor GdnHCI, the four labeled chain segments exhibited very low
maximal intensity (Figure 4A) upon reduction of the GdnHCI levels of FRET efficiency, indicating large mean end-to-end
concentration. In a control experiment, we verified that the distances ¥40 A) and large widths of the distributions.
emission of the acceptor (coumarin) does not change andThese mean distances exceeded the range of reliable distance
the fluorescence maximum does not shift when the GdnHCI determination with the present pair of probes. (Therefore,
concentration is changed (data not shown). This insensitivity the corresponding traces in Figure 5 do not represent the
of the acceptor spectrum to the concentration of denaturantactual IDDs. Rather, they are presented here to emphasize
is probably due to the location of the acceptor, which was the large intramolecular distances that exist under fully
designed to be on the surface of the molecule, and to thedenaturing conditions.) Gradual reduction of the GdnHCI
fact that the structures characterized for the reduced stateconcentrations down to folding conditions (0 M GdnHCI)
are loosely packed. Hence, this decrease in tryptophanresulted in stepwise reduction of both the width and the mean
emission intensity is due to enhanced FRET upon reductionof the distributions. This analysis of the conformational
of the distance between the donor and excerptor. As showntransitions in the C-terminal subdomain did not reveal a clear
in Figure 4B, the distance monitored between the N- and common cooperative transition. Instead, it showed a series
C-terminal subdomains (922) increases almost linearly  of minor coordinated local transitions, probed by the different
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0.04

P Y e N Ty R e o I R 77;1.e., itis diffuse. The transition to a narrower distribution
—— MG e in width of the mean distances between this pair of residues

' (73—102), characteristic of the R state, was completed
between 3 ath 2 M GdnHCI. The transition at the low
GdnHCI end of the titration of these two chain segments
reached a relatively narrow intramolecular distance distribu-
tion. This stepwise reduction of the width of the distribution
is indicative of stepwise formation of a well-ordered
structure.

The mutant labeled at residues 76 and 124 probes a longer
chain section which, in addition to the 1647 segment,
includes the 20 C-terminal residues. This chain segment
forms the C-terminal antiparallgl structure in the native
state. The mean distance between residues 76 and 124 is
larger than 40 A in the denatured state at GAnHCI concentra-

Distance (4) tions higher than 3 M. Onlyta3 M and lower GdnHClI
Ficure 5: Intramolecular distance distributions from TR-FRET concentrations did the mean end-to-end distance of this chain
ggggsésbggmoergiz%gﬁbﬁgog%bei:ig;? r%‘ g}t‘fg;e‘sn;@rggtgﬁt'scﬁ]nﬁ;tra‘segment reach the significant detection limit of the measure-
Ry and U states. The fluorescence decay of the tryptophan residuemem’ and it appears to havg a dlstlnpt transition between 4
in each mutant protein was measured in 40 mM phosphate (pH 7)@nd 3 M GdnHCI. The 40-residue chain segment (monitored
buffer containing 20 mM DTT and 5 mM EDTA with no GdnHCI by the derivative from residue 76 to 115) includes two native-
(the Ry state) and in the presence of different concentrations of state § structure elements, the long antiparalfelsheet
de”HC' éas. SF;]eCiﬁed for éeg‘f\;‘ ggnalgj.lThehsame (;“Ut?‘”ts (/€€ (residue 79 to 104) and part of the C-terminal antiparglel
théenac}ilfsrlifi_d((len éoicﬁ’;eaﬁgcu state) n(OXiZGWI_I:/l Oéggzgﬁt.'o(r}ﬁese structure (see Figure 1). The transition monitored by the
distances include an approximat8 A contribution from the probes change of the dls_tance between residues 76 and 115 th_US
and the linker.) The experimental setup and data analysis arereflects changes in both of these structural elements. This
described in detail elsewherg)( mutant exhibits a transition between 3dad M GdnHCI.

Unlike the 104-77 and 73-102 mutants, the 76115 and

mutants, which occurred at different concentrations of the 76—124 mutants show much wider distributions, indicating

0.03

Probability

denaturant. a lower degree of order, both at high GdnHCI concentrations
Residues 104 and 77 are located at the edges of a chairand in the R state.
segment that forms an antiparalj@Istructural element in The detailed analysis of the distributions of the end-to-

the native state. Reduction of the disulfide bonds under end distances of the four chain segments revealed a complex
otherwise folding conditions increased the mean distance GdnHCI-driven unfolding/refolding transition in the C-
between these two residues to 20 A with a small width, terminal subdomain of the reduced RNase A mutant mol-
indicative of an interaction that holds the two ends of this ecules. At least four segmental transitions were observed in
28-residue segment in juxtaposition, despite the lack of the coordinated hierarchic formation of the C-terminal
evidence for the formation of the natiyestructure (Figure  structure of the reduced molecule, which is centered around
2). This chain segment thus forms a long unstructured loop the hydrophobic core: (a) a transtion between 6 and 5 M
whose ends are poised for formation of a native tertiary fold. GdnHCI, which is monitored by 16477 and 73-102, which
The transition toward formation of this quite dispersed presumably represents the initial compaction phase; (b) a
structure appears to involve two distinct minor transitions, transition between 4 @3 M GdnHCI, detected here by the
first between 6 ath5 M GdnHCI (presumably reflecting the  76—124 pair, which presumably reflects the formation of
initial compaction of the molecule) and second between 1.5 the loop from residue 104 to 124; (c) a transition between 3
and 0 M GdnHCI (Figure 5). In Figure 5, there are three and 2 M GdnHCI, followed by 76115, which presumably
groups of distributions monitored for the 1647 deriva- reflects formation of the loops between 79 and 104, and
tive: one at low GdnHCI concentration, one at GdnHCI between 104 and 124, and interaction between them; and
concentration between 1.5 and 5 M, and on@ &l GdnHCI. (d) a final transition between 1.5@&® M (Ry state) GAnHCI,
This means that there are two structural transitions. This which is detected by 106477, 76-124, and 76-115, and
result is in agreement with the previous results presented inprobably represents the last compaction among the foregoing
Figure 4B, where two transitions were also monitored for loops. Further support for this sequence of events is indicated
mutant 104-77. by comparing the distances measured for oxidized RNase A
Residues 73 and 102 delineate a similar section of thein 6 M GdnHCI (yellow traces in Figure 5) with the distances
chain with longer separation than that between residues 104measured between the donor and acceptor in thst&e in
and 77 in the native state and correspondingly in thst&te. these four pairs. The 58L10 disulfide bond imposes a
This 40-residue chain segment showed the same (but smalleconstraint on the 10477 and 73-102 distances in oxidized
in magnitude) renaturation transition that was involved in RNase A n 6 M GdnHCI, but their distances are the same
104-77. A possible cause for this lower magnitude is that as the distance measured for these two pairs in the reduce
the N-terminal side of this segment (residues-78) is not state in the absence of GdnHCI\(Rtate). However, in the
associated with the formation of the C-terminal hydrophobic case of 76-124, the disulfide bonds do not impose any
nucleation cluster and is part of a flexible loop, and the constraint, and, in the oxidized state in the presence of 6 M
transition in 73-102 will not be as sharp as that in 104  GdnHCI, the distance between this pair was too large to
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monitor. In the case of #6115, the disulfide bonds imposed The Compact Collapsed State of RNase A Does Not
constraints, and the distance measured for oxidized RNaseContain Secondary Structurebhe far-UV—CD experiment

A in 6 M GdnHCI was equal to the distance measured for (Figure 2) showed very clearly that, in the Rtate of the
reduced RNase A in the presend®2dvl GAnHCI. Theeffect RNase A molecule, there are very little or no secondary-
of these different constraints indicates that the formation of structure elements. By biochemical criteria (i.e., activity, far-
disulfide bonds could occur only after the cysteines in the UV—CD), the reduced RNase A molecule could be regarded
regions monitored here by the 1647 and 73-102 pairs as denatured. However, in a previous stutly ve demon-
come close, while it is not necessary for the cysteines in the strated that reduced RNase A is in a relatively compact state,
regions followed by 76124 and 76-115 to achieve such  which already contains the general structural framework of

close interaction. the native protein. Since the major structural framework of
RNase A is based on the C-terminal antiparafletheets
DISCUSSION (Figure 1), it is not surprising that theyRtate is character-

ized by a very low amount of mature secondary structure;

A full understanding of the role of the initial compaction this is because formation of & sheet requires interaction
of a polypeptide chain requires the elucidation of the between pairs of residues that are separated by long-chain
mechanism and kinetics of the hydrophobic collapse. In the segments such as the 21 residues between 104 and 124,
present study, we demonstrated that the maturation of thiswhich are close to each other in space in theskte and in
compact state involves coordinated transitions of different the native protein. Weak nonlocal interactions between
chain segments of the C-terminal part of RNase A. We also residues close to the edges of natigeelements can
succeeded in dissociating the succeeding steps, which leadiccelerate the formation of the native structures during the
to the maturation of the hydrophobic core (Figure 5). These folding transitions.
findings were made possible through the use of nine different The Compaction Transition Is Achied through a Suc-
mutants of RNase A, each of which contained a pair of cession of Subdomain TransitioriEhe steady-state FRET
tryptophan and coumarin moieties, defining nine segments, (Figure 4) and TR-FRET experiments (Figure 5) detected
which made it possible to follow the conformation of these thermal- and denaturant-induced segmental conformational
nine segments independently (Figure 1) in steady-state FRETtransitions in the reduced RNase A molecule. These results
and TR-FRET experiments. confirm and further support the conclusions that (a) specific

In a previous study 1), we demonstrated that reduced subdomain structures are weakly stabilized in thesRite,
RNase A is relatively compact in theyRstate and already  (b) some of the segmental transitions occur under differing
contains the general structural framework of the native solution conditiongsegments monitoring the hydrophobic
protein. This state of the protein could be regarded as acorg and some segments showed gradual conformational
folding intermediate which has completed the initial compac- change over a wide range of temperatures or GdnHCI
tion phase and contains a developed hydrophobic core. Theconcentrations(the interdomain segmenisand (c) the
successive events in the folding process (i.e., to attain thereduced RNase A molecule showed a cold unfolding (warm
fully matured secondary structures and a complete set ofrefolding) effect.
disulfide bonds) are presumably induced by a structural For several mutants, the means of the distributions of
program embedded in the amino acid sequence participatingdistances between pairs of residues separated by more than
in the construction of the hydrophobic core. The main goal 20 residues (as in 1647/7) were close to their crystal
of the present work was to characterize this collapsed statestructure separation, despite the absence of mature secondary
of reduced RNase A and use it as a model system to studystructure, in support of the “loop hypothesi8).(According
the formation and specific transitions that promote the to this hypothesis, a chain segment can be unstructured while
formation of the hydrophobic core. The rationale for the its ends are involved in a loosely stabilized interaction that
design of the present experiments was based on the notiorkeeps them in a close or native-like distance. Figures 4 and
that determination of distributions of IDDs should constitute 5 show that the transitions in the chain segments of the
an effective contribution in addressing major questions of C-terminal subdomain can reflect steps in the formation of
interest in the context of the folding of RNase A. These a noncontiguous folding nucleation cluster in which the ends
include the questions of (a) whether the folding transition is of two long loops are held at native-like distances (as in-104
a single cooperative two-state transition or a sequence of77 and 76-124). These loops are composed of the chain
multiple subdomain transitions and (b) the extent to which segments that form the two major native antiparaftel
formation of the native-like overall tertiary conformation of structures (residues 7404 and residues 166.24). When
the chain segments depends on formation of secondary-the GdnHCI concentration was reduced below 3 M, the ends
structure elements, or the role that nonlocal interactions play of this loop assumed a native-like arrangement, as indicated
in the initial formation of intermediate structures. by the distance measured for the—7BL5 pair (Figure 5).

The experimental approach that combines site-directed These experiments support the view that a folding nucleus
double labeling and time-resolved FRET measurementscan correspond to a cluster of interacting residues, located
provides a unique contribution in the present context becausefar from each other along the sequence, and thereby bring
(a) the measurements are targeted to selected subdomaidifferent parts of the chain togethes, (29). In particular,
structural elements of the molecule and hence enablethere are possible hydrophobic interactions between residues
resolution of well-defined local transitions, and (b) the in the following clusters: residues 780, 104-107, and
parameters obtained from the time-resolved measurementd16—-124 @0, 31). These clusters form parts of the secondary
(i.e., width and mean of IDDs) are suitable for characteriza- structures in the native state, yet Figure 2 shows that the
tion of ensembles of weakly stabilized conformers. nucleation does not require secondary-structure elements to



Formation of the Hydrophobic Core of Ribonuclease A

be formed in these intermediates in thg Kate. A similar
conclusion was obtained from kinetic studies, which show
that the kinetics does not depend on secondary structures;
strong and specific hydrophobic contacts seem to play the
dominant role 82).

These experiments further enhance the conclusion that the
denatured states have a significant level of ordered structures
at the tertiary level without secondary structures. In addition,
these experiments emphasize the key role of the contribution
of nonlocal interactions to the determination of the initial
subdomain structures in the unfolded or partially folded states
of the protein. A few such nonlocal native-like interactions
can yield a much smaller entropy loss, with an accompanying
major reduction of the available conformational space
compared to the formation of a compl¢tesheet. These non-
secondary-structure elements can then form a noncontiguous
clustered folding nucleus. A combination of the present 14
approach for determining intramolecular distance distribu-
tions with site-directed mutagenesis should be effective for 15.
identifying specific residues that contribute the interactions
that lead to formation of the nucleus and control the folding ,
mechanism.

pw

5.

8.
9.

11.
12.

13.

17.
CONCLUSIONS

Under folding conditions, reduced RNase AyjRshows
no sign of secondary structure, yet the C-terminal domain
of the molecule has a compact structure with native-like 2q.
features which can undergo unfolding/refolding transitions.
The results of a determination of a series of distributions of 21
intramolecular distances are consistent with the hypothesis ,,
that a few nonlocal interactions can lead to formation of
noncontiguous nuclei and very flexible loops of the chain 23.
segments. The formation of these structures during refolding
is a complex combination of multiple subdomain transitions.
Different structural elements of the reduced molecule
undergo conformational transitions at different denaturant
concentrations in a coordinated sequential manner. The early
compact state of reduced RNase A is characterized by wide
distributions (Figure 5) corresponding to a wide range of 28.
energies.
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