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ABSTRACT. The purpose of this investigation is to characterize the reduced state of RNase A (r-RNase A)
in terms of (i) intramolecular distances, (ii) the sequence of formation of stable loops in the initial stages
of folding, and (iii) the unfolding transitions induced by GdnHCI. This is accomplished by identifying
specific subdomain structures and local and long-range interactions that direct the folding process of this
protein and lead to the native fold and formation of the disulfide bonds. Eleven pairs of dispersed sites
in the RNase A molecule were labeled with fluorescent donor and acceptor probes, and the distributions
of intramolecular distances (IDDs) were determined by means of time-resolved dynamic nonradiative
excitation energy transfer (TR-FRET) measurements. The mutants were designed to search for (a) a possible
nonrandom fold of the backbone in the collapsed state and (b) possible loops stabilized by long-range
interactions. It was found that, under folding conditions, (i) the labeled mutants of r-RNase A in refolding
buffer (the R, state) exhibit features of specific (nonrandom) compact but very dispersed subdomain
structures (indicated by short mean distances, broad IDDs, and a weak dependence of the mean distances
on segment length), (ii) the backbone fold in the C-termjfidike portion of the molecule appears to
adopt a native-like overall fold, (iii) the N-terminal-like portion of the chain is separated from the
C-terminal core by very large intramolecular distances, larger than those in the crystal structure, and (iv)
perturbations by addition of GAnHCI reveal several conformational transitions in different sections of the
chain. Addition of GdnHCI to the native disulfide-intact protein provided a reference state for the extent
of expansion of intramolecular distances under denaturing conditions. In conclusion, r-RNase A under
folding conditions (the R state) is poised for the final folding step(s) with a native-like trace of the chain
fold but a large separation between the two subdomains which is then decreased upon introduction of
three of the four native disulfide cross-links.

The kinetics of the oxidative refolding of reduced bovine inhibitor (17, 18). It was proposed that specific long-range
pancreatic ribonuclease A (RNase' Ay dithiothreitol have interactions between pairs of single residues or short stretches
led to a folding mechanism involving intermediate structures of the chain prior to formation of secondary structures can
on several different pathway4-{5), and the structures of  be a key factor in determining the steps that direct the folding
two of these (three-disulfide) intermediates have been pathway (8). Nevertheless, information is still lacking about
determined by multidimensional NMR spectroscopy 7).
A nonrandom distribution of one-disulfide bonds in the 1 Abbreviations: RNase A, bovine pancreatic ribonuclease A; wt-

; ; ; . RNase A, wild-type RNase A; WRNase A, mutant RNase A with
ensembles of intermediate species containing @euid residuem replaced with tryptophan; (WC"-RNase A, mutant RNase

two (9) disulfide bonds has been observed; similar distribu- A with residuem replaced with tryptophan and residuereplaced
tions were reported by Ruoppolo et al.Of. Small-angle with cysteine; Cca, 7-acetamidocoumarin-4-carboxylic acid; I-Cca,

X-r ring 11—1 nd time-r Iv namic non- 7-iodoacetamidocoumarin-4-carboxylic aciai{n)-RNase A, (W',C")-
ay scattering { 3 and time-resolved dynamic no RNase A labeled at residua with tryptophan and at residugwith

radiat_ive excitation energy t_ranSfer (TR'FREIM(—]-G) cysteine coupled with Cca; r-RNase A, reduced RNase Ap-)-
techniques have been applied to determine the overallRNase A, reducedif—n)-RNase A; R, reduced form of the protein

dimensions and their distributions in denatured and partially in native buffer (i.e., under folding conditions); U, disulfide-intact

; ; protein denaturedi6 M GdnHCI; GdnHCI, guanidinium hydrochloride;
folded states, with the conclusion that the reduced and " o e DMSO, dimethyl Sulfoxide; DTT, dithiothreitol: EDTA,

partially folded states of RNase A are far from being able gthylenediaminetetraacetic acid: HEPES2-hydroxyethyl)piperazine-
to be described as a statistical coil. Similar conclusions were N'-2-ethanesulfonic acid; MOPS, BHmorpholino)propanesulfonic
deduced for reduced and denatured bovine pancreatic trypsirficid; TCEP, tris(2-carboxyethylphosphine) hydrochloride; FRET, fluo-
rescence resonance energy tranfer; TR-FRET, time-resolved dynamic
nonradiative excitation energy transfer; D-experiment, measurement of
T This research was supported by Grants GM-39372 and GM-24893 the fluorescence decay of the donor in a singly labeled mutant (no
from the National Institutes of Health and by grants from the U.S.- acceptor); DD-experiment, measurement of the fluorescence decay of
Israel Binational Science Foundation and the Israel Science Foundation.the donor in a doubly labeled mutant; fwhm, full width at half-maximum
This work was also supported by the National Foundation for Cancer of a distribution; IDD, distribution of intramolecular distanc&ean

Research. mean of an IDD; CD, circular dichroism; HPLC, high-performance
*Bar llan University. liquid chromatographyp,, S-strand numben; CFIS, chain folding
§ Cornell University. initiation site; EED, end-to-end distance.

10.1021/bi0019460 CCC: $20.00 © 2001 American Chemical Society
Published on Web 12/13/2000



106 Biochemistry, Vol. 40, No. 1, 2001 Navon et al.

states of the probes are on the nanosecond time scale so that
conformers that exchange at rates slower than nanoseconds
can be resolved, and each section of the chain is probed
selectively without averaging over the whole molecule.

To reduce possible perturbation of the conformation of
the chain in the partially folded state due to the effect of the
mutations and the chemical labeling, only residues with side
chains exposed to the solvent on the surface of the protein
molecule were modified. The design was based on the extent
of exposure in the crystal structure of the enzyme molecule
(19). The residues replaced with a tryptophan residue were
Tyr-73, -76, and -92 and Lys-104. Nonnative cysteine
residues were also inserted, in most cases as replacements
for alanine or serine residues with well-exposed side chains
according to the crystal structure; these served as sites for
subsequent coupling with the acceptor probe.

FIGURE 1: View of all the labeled mutants shown on the crystal  Formation of nonnative, stable, disulfide cross links
structure of RNase AlQ). The secondary structure segments are between any one of the nonnative cysteine residues and any
shown, and the.-carbons of the four inserted tryptophan residues one of the eight native cysteine residues was a risk in this
are represented as red spheres. @hearbons representing the  design. Therefore, only sites that are well separated from

nonnative cysteine residues are represented by blue spheres. Eleve . ; ; ;
colored straight lines mark the pairs of sites for which distance 8ne of the native cysteine residues along the chain and are

measurements are carried out: green for the Trp-73 mutant, blue@lso spatially separated in the folded conformation (_according
for the Trp-76 mutant, black for the Trp-92 mutant, and red for the to the crystal structure) were selected for mutation. Only

Trp-104 mutant. Thed-strands are numberedigi = 1-7), and mutants that refolded efficiently in vitro and had high specific
the o-helices are labeled H{i = 1-3). activities were used.

The labeling plan focused on thg-elements in the
C-terminal subdomain of the molecule (between residues 72
and 124) and on contacts between the C- and N-terminal
subdomains of the molecule. Two groups of mutants were
prepared. In group I, both the tryptophan and the nonnative
cysteine residue were inserted in the 60-resigdlayer
(residues 65124) in the C-terminal portion of the chain.
Group Il included mutants in which one probe (the Trp
I?'esidue) was in the C-terminal portion and the other (the

the initial conformationakransitions of the chain as it passes
from the reduced to the early intermediate forms vyt
of its full complement of disulfide bonds.

The work presented here was undertaken to acquire this
information, primarily to determine how local and long-range
interactions influence the conformation of the chain in its
various stages of folding to the native structure. The
experimental approach was based on the hypotheses that, i

the partially folded state of RNase A, (a) some degree of nonnative cysteine residue) was in the 60-residdayer

]?rder T}"ght be found in th? err:semblle O]; confgrmefrsldt_hat (residues 60) in the N-terminal portion of the chain. The
orm the compact state of the molecule under Tolding g ohtained for all the mutants and their perturbations by
condmon;, (b) the ord_er_ to be found in the ensemble_ can bedenaturant show that, in the reduced state, the C-terminal
characterized by deviation of the means and the widths of g, 4omain of the RNase A molecule is in compact nonran-
intramolecular distance distributions (IDDs) from those ., widely distributed conformations. The N-terminal
expected for a statistical coil state of the molecule, () 10ng- o i of the chain is widely separated from the compact
range interactions can bring remote segments of the backbong o inal portion, and the molecule appears to have a large

together, and (d) the structural features to be found in the gap between the two termini. In a late intermediate stage of

compact state of r-RNase under folding conditions (the R_ folding, this gap is closed by three of the four native disulfide
state) are probably related to structural elements present Nyonds 6, 7).

the native state of the RNase A molecule; i.e., in some
sections, the overall fold of the backbone resembles that of \jATERIALS AND METHODS
the native state.

Most methods used in the past for characterization of the ~Materials. All enzyme preparations and chemicals used
chain conformation in the iRstate, and with disulfide bonds  in this work were purchased from Boehringer Mannheim or
intact under denaturing conditions (the U state), provided Sigma, unless stated otherwise.
only mean values of structural parameters, averaged over Preparation of Doubly Labeled Fluorescent Mutants of
the full length of the moleculesl{—13). These limitations RNase AThe production and purification of recombinant
are overcome by using the TR-FRET method, which is RNase A, including oligonucleotide site-directed mutagen-
applied here to determine the means and widths of intramo-esis, and the production and purification of recombinant
lecular distance distributions in 11 pairs of residues in RNase A mutants, are discussed in a previous p&or A
mutants of the RNase A chain (Figure 1) in thg &d U single tryptophan residue (at positions 73, 76, 92, and 104,
state, respectively. Each mutant contained one tryptophanrespectively) and a nonnative cysteine residue (at positions
residue, which served as a donor of excitation energy and al5, 19, 32, 50, 52, 77, 102, 115, and 124, respectively)
nonnative cysteine residue that was subsequently labeled withreplaced single solvent-exposed residues in each mutant;
an amino-coumarin alkylation reagent, which served as anthese cysteines were subsequently blocked by an alkylating
acceptor of excitation energy. The lifetimes of the excited fluorescent reagent. The residues that were mutated were
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selected by three main criteria: (a) relevance of the sites to 0.5 T T o ds00
the structural studies to be described below, (b) exposure of i i 1 '

the side chains to the solvent, and (c) minimal perturbation —oal | v 400 9
of the native structure and the folding of the molecule. A E A B i . 2
set of 11 (out of a possible 36) double-site mutants was § 0.3 ! ' g
prepared in which, in addition to the insertion of a tryptophan g | | S
residue, another residue was replaced with a cysteine. The £, ) El
RNase A mutants were expressed and purified as described s )
previously @0). The product obtained after a final HPLC = 2
purification step contained one mixed disulfide between the 04

extra (ninth, nonnative) cysteine residue and the glutathione -

that was used in the folding step of the purification procedure 0 0 10 20 30 40 50

(20)_ Time (min)

Selectie Reduction of the Mixed Disulfide (the DTT Ficure 2: Cation exchange HPLC elution profile of (932)-
Pulse).To reduce the extra (mixed) disulfide with glutathione RNase A labeled with Cca coumarin at residue 32. The labeled
selectively, and thereby expose the cysteine residue, DTTPrOtein was eluted with an NaCl gradient (dashed line). The

. . absorbance at 280 nm is represented by the solid line. A designates
and GdnHCI were added to final concentrations of 10 MM e coumarin-labeled (9%,C39-RNase A, and B designates residual
and 0.25 M, respectively. This solution was allowed to nonlabeled (W C3?)-RNase A.
incubate for 30 min at room temperature. The salt, the DTT,
and the free glutathione were separated from the protein byTable 1: Specific Activity of W-RNase A and (W,C")-RNase A
gel filtration through al5cnx 1.5 cm G-25M Sephadex Mutants Relative to the Activity of the Wild-Type Protein

column equilibrated with 100 mM sodium acetate buffer (pH (wm c)-RNase A (W™ C")-RNase A

4.0). The material from the first peak was collected, and its mutant activity (%) mutant activity (%)
volume was reduced to 5 mL using an Amicon concentrator w72 92+ 10 We2 85+ 6
with a YM3 membrane. Under these conditions, none of the W7, Cto 80+7 W92, C32 85+ 5
native disulfide bonds of wt-RNase A, nor those of the single- W™ C* 9345 we e 82+9
tryptophan mutants, can be reduced. In a control experiment, wm’ C ggi 3 mozc gii g

a test was carried out for the selectivity of the reduction of W76, Clis 84+ 8 W104 Cl5 814+ 11
the mixed disulfide by the DTT pulse treatment; i.e., wt- W76, Ct24 87+7 W04, C50 80+8
RNase A was treated under the same conditions. The protein W2, CT7 92+ 10

fraction that eluted from the gel filtration columns (following a Each mutant protein contains one tryptophan residyelt some
the DTT pulse) was tested for free thiol reactive groups by mutants, residur was replaced with cysteine Specific activity relative
the Elman reaction which showed a complete absence of fregl® Wild-type RNase A.
thiols. This shows that the four native disulfide bonds could
not be reduced under these conditions, and the only reactiveresidue alkylated with 7-acetamidocoumarine-4-carboxylic
SH group produced by this DTT treatment of the"(\@")- acid (Cca).
RNase A mutants was that of the nonnative extra cysteine In principle, it is still possible that two mutations (one
residue engineered at the selected sites. Trp and one Cys residue per mutant) could perturb the
Alkylation of the Reduced Nonnati Sulfhydryl Group  structures to allow a native cystine residue to react as well.
with a Fluorescent Reagenthe product of the gel filtration ~ This does not seem to be the case since (a) the CD and the
step was an RNase A mutant with a single, nonnative, activity measurements showed that the structural perturba-
sulfhydryl group. The pH of the freshly prepared T\")- tions were very small, (b) it is well-known that, in the
RNase A solution was promptly changed to 8.0 by addition absence of denaturant, RNase A does not undergo reduction
of 55 uL of 2 M Tris per milliliter of protein solution. This even at high DTT concentrationg3), and (c) in a previous
was followed by addition of an aliquot of a 0.5 M EDTA paper R0) it was shown that the insertion of Trp residues
solution to a final concentration of 5 mM. 7-lodoacetami- caused only minor changes in the thermal stability of the
docoumarin-4-carboxylic acid (I-Cca)2l) dissolved in protein. Therefore, it is reasonable to conclude that the native
DMSO was immediately added to a molar ratio of 5:1 (dye: disulfide bonds could not react with the alkylation reagent,
protein). The final DMSO concentration was up to 6% (v/v) and that the labeling was specific at the sites selected by the
depending on the initial volume of the protein sample. The insertion of the nonnative cysteine residue.
reaction mixture was incubated in the dark overnight atroom The doubly labeled mutants were purified by cation
temperature. The mixture was then dialyzed against 100 mMexchange HPLC. A typical separation is shown in Figure 2.
sodium acetate (pH 5.0) (in the dark), and the labeled proteinThis HPLC profile demonstrates that the labeled protein
was purified by using cation exchange HPLC (as described eluted in a well-defined fraction that was very well separated
for the purification of the unlabeled protein in 120). The from the nonlabeled RNase A mutant. The separation is based
fluorescent reagents used in this study were negatively on the negative charge of the carboxyl group of the coumarin
charged, and therefore, the labeled fraction eluted at lowermoiety. The enzymatic activities of the labeled RNase A
ionic strength; hence, full separation from the unlabeled mutants do not differ significantly from that of the native
protein was achieved. The products of this preparation wereprotein (Table 1). The absorption spectra of the labeled
doubly labeled RNase A mutantsn{n)-RNase A, with a mutants illustrated in Figure 3 (showing similar peak heights
tryptophan that served as a donor in the FRET experimentsfor Trp and Tyr vs coumarin) confirm that the ratio of the
(replacing residuen) and residue replaced with a cysteine  coumarin dye to protein was 1:1. The control experiments
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Ficure 3: Absorption (A) and fluorescence (B) spectra of Cca-
labeled (92-102)-RNase A mutant at a concentration of 0.6 mg/
mL in 100 mM sodium acetate (pH 5.0) (excitation wavelength of
335 nm, bandwidth of 3.2 nm).

Table 2: Extinction Coefficients and Steady-State Anisotropy of the
Single Trp Residues Inserted into the™RNase A Mutants

steady-state
anisotropy of
steady-state the tryptophan

extinction fluorescence anisotropy of emission in the
coefficient ~ emission the tryptophan reduced state
(M~1cm™) maximum emissioninthe under native
mutang (278 nm) (nm) native state conditions
wt-RNase A 970Gt 200
w73 13700+ 200 334 0.22£0.03  0.09+ 0.02
W76 15050+ 200 337 0.15-0.02  0.06+ 0.01
Wo2 14700+ 200 332 0.1A# 0.02 0.13+ 0.02
W04 13500+ 130 342 0.16+ 0.01 0.17+ 0.02

aWm-RNase A mutants’ Steady-state anisotropy of the tryptophan
fluorescence in the native state (fourth column) or in thestate (last
column), with an excitation wavelength of 300 nm (slit width of 2 nm)
and an emission wavelength of 360 nm (slit width of 3 nm), measured
at room temperature and pH 7.

and characteristics determined for the labeled mutants, viz.
(a) the extinction coefficients, (b) the HPLC purity and
elution volume, (c) the specific activities, (d) the absorption

and emission spectra, (e) the sequences of the genes use

for the production of the mutants, and (f) the absence of
labeling of wild-type recombinant RNase A and of the four
WM-RNase A mutantsnf= 73, 76, 92, and 104) by coumarin
in the DTT-reduction-pulse control experiment, confirm the
suitability of the series of labeled (WC")-RNase A mutants
for the planned study of the refolding transitions by
spectroscopic methods.

Enzymatic Actiity. The enzymatic activity was determined
by the procedure described in réf The relative rates of

Navon et al.

yield g of the tryptophan in each of the mutants determined
by the reference method, using a solution of degassed
naphthalene in cyclohexang £ 0.23 £5)] and a solution

of free L-tryptophan in waterd = 0.144 @6)]; the same
values were obtained with both reference methods. The
orientation factok? was taken to bé/s, as justified by Haas

et al. 27), and the refractive index of the medium between
the probes was taken to be 1.34. The fluorescence emission
spectrum of the tryptophan residue in the™RNase A
mutants was measured for each folding form of the mutant
enzyme. This was used for calculation of the overlap integral
(in Ry) for the labeled ih—n)-RNase A mutants under the
corresponding folding condition. The radiative lifetime of
the donor was determined from measurements of the lifetime
and the quantum vyield of the tryptophan residues in the
mutants.

Sample PreparationTo obtain protein samples in the
denatured state without reduction of the disulfides, viz., the
U state, samples of wt-RNase A or RNase A mutants were
prepared at a concentration of 3M in the presence of 6
M GdnHCI. Two buffer solutions were used, either 40 mM
HEPES (pH 7.0) or 40 mM phosphate (pH 7.0), as described
for each experiment.

For the preparation of protein samples for time-resolved
nonradiative energy transfer experiments in the reduced state
under folding conditions, viz., the\Rstate, the protein was
brought to a concentration of 3M in the presence of 7 M
GdnHCI and 150 mM DTT. The protein solutions were
incubated at 37C for 30 min and then subjected to dialysis
overnight (for 8 h) against 1000 volumes of a solution of 40
mM HEPES (pH 7.0), 20 mM DTT, 5 mM EDTA, and the
desired concentration of GAnHCI«® M). In some experi-
'ments (indicated in the text), the HEPES buffer was replaced
with 40 mM phosphate (pH 7.0), and the effect of phosphate
igns on the structure of the protein was studied.

Time-Resaled Fluorescence Measurementgeasure-
ments of fluorescence lifetimes were carried out by using
the time-correlated single-photon counting system described
previously (L7, 18). Fluorescence emission was collected
through a polarizer oriented at the magic angte5%°)
relative to the polarization of the exciting beam. Decay of
fluorescence emissiof(t), was analyzed by a nonlinear least-
squares multiexponential fittind8).

Time-Resaled Nonradiatie Energy Transfer Measure-

catalysis, reported as a percentage of the wild-type rate, aranent.All measurements were carried out at 22 and pH

presented in Table 1.

Determination of Extinction Coefficient§he determina-
tion of the extinction coefficients of the single tryptophan
mutants in the native state is described in 268f and the
data are listed in Table 2. The extinction coefficient of the

7.0, unless stated otherwise, with excitation at 297 nm. Two
fluorescence decay curves were recorded for each set of
energy transfer experiments. These were (a) the fluorescence
decay curve of the tryptophan residue in the absence of an
acceptor in W-RNase A (the D-experiment) and (b) the

Cca probe attached to each of the mutant proteins was foundluorescence decay curve of the tryptophan residue in the

to be 18 500+ 500 M~ cm™*. This value was later used to
determine the concentrations of thre{n)-RNase A labeled
mutants.

Spectroscopic Characterization of Fluorescent Probes.

presence of the acceptor attached to the engineered cysteine
residue in the correspondingn{-n)-RNase A (the DD-
experiment). The background emission was routinely sub-
tracted from the corresponding fluorescence decay curves.

Absorption and fluorescence spectra were obtained asTo measure background emission, a solution of recombinant

described in reR0. All measurements were carried out at
20+ 0.1°C.

The Faster distancesRp) of the donor-acceptor pairs of
the fluorescent probe238, 24) were calculated by using the

wt-RNase A was used. Donor emission was monitored at
360 nm (bandwidth of 1216 nm). Data collection for each

set of measurements (two samples) was carried out on the
same day within a short time period. This reduced possible

spectroscopic properties of the probes, with the quantumvariations due to changes in the calibration of instruments.



Nonrandom Compact Structure of Reduced RNase A Biochemistry, Vol. 40, No. 1, 2001109

Data Analysislntramolecular distance distribution (IDD) out as described in ref3, using Glan-Thomson polarizers.
functions for each folding form of thent—n)-RNase A The anisotropy decay of the acceptor was measured by using
mutants were obtained from simultaneous global analysisa Ti-sapphire system, with excitation at 450 nm, in the
(28) of the above two-experimental fluorescence decay laboratory of E. Pines at Ben Gurion University (Ben Gurion,
curves which were recorded under the respective folding Israel). Each anisotropy decay(t), was analyzed by mul-
conditions. Deconvolution and global analysis of the fluo- tiexponential decay according to the following equation:
rescence decay curves were carried out using the Marquardt
nonlinear least-squares metho2B{31). Two theoretical M
decay curves were calculated for each set of FRET experi- rt) = Zﬂi expt/p,) 2
ments and fitted to the corresponding experimental curves. i=
The calculated decay curves were prepared by numerical ) _ )
solution of a modified version of a second-order differential Wherefis andgis are the amplitudes and rotational correlation
equation 28, 30), as described previousl\3%). The model times, respectively.
function used for the analysis was RESULTS

N(r) = ACr? exp[-a(r — b)z] (1) (1) Preparation and Characterization of the Series of
Singly Labeled Trp Mutants of RNaseThe HPLC profiles,
whereN(r) is the probability of finding the acceptor probe the CD spectra20), the thermal transitions, and the high
at a distance from the donorC is a normalization constant,  specific activity levels of the mutant2@ confirm that
anda andb are free parameters that determine the full width possible perturbations of the native structure and its stability
at half-maximum (fwhm) and the mearRfe) Of the due to the mutations were very limited. These experiments
distribution. show that the Trp mutants of RNase A designed and
The evaluations of the quality of fit obtained for each produced here are native-like and are suitable for studies of

analysis and the significance of the parameters were based'Nfolding and refolding of the RNase A molecule. Indeed,
on five indicators: the globaf2 values, the distributions of ~ Since the aim of this study is primarily the study of the

the residuals, the autocorrelation of the residuals, the errornonnative states of the protein, it is reasonable to assume
intervals of the calculated paramete2$,(30, 32), and the that the effects of the possible small structural perturbations

»2 values obtained for each DD-experiment when analyzed ©" the results of the energy transfer experiments are even

using a simple multiexponential decay model. The error Smaller.

intervals were obtained by a rigorous analysis procedure !aple 3 shows the results of measurements of the time-
carried out for each set of experimengs,(32). resolved anisotropy decay of the tryptophan fluorescence in

. . .. WM-RNase A (h = 73, 76, 92, and 104) mutants in the
In all the analyses, best fits of the experimental data with reduced state. Each mutant showed anisotropy decay com-

:ne tlrga[c; retical CUL\{e.S bzsecri] on the caIcuIﬁlthﬁpar ameterfs ofJonents that reflect fast rotational freedom both locally and
e s were obtained when very small diffusion coef- ; "' o10 olecule.

ficients (<10"7 cn¥/s) were assumed. This can in part be (2) Preparation and Characterization of the Doubly

dug dto the ds_hort ﬂtutoresc_eg_ce t_lifetinfwet of tthel tryptt(_)[i_han Labeled RNase A Mutants. The DTT PulBach of the four
residues and in part to an indication of structural restrictions mutants, W-RNase A n= 73, 76, 92, and 104), was further

thatrT:jaanpfn t?et contEcr;]rrr:;alt;]onfa;Ihflu%u:ﬁtlgipfs ?fnt?et Ch\i‘/m mutated by replacement of one residue with a (nonnative)
segment. Accurate estimation ot the sma usion rates ascysteine residue. Eleven pairs of residues were prepared in

not tp%sst!ble V]\c".tht the plreselznt g.?f'r O.f prtobtis. Thherefore, thte two groups. Group | included pairs of residues in which both
contribution ot intramoiecular diftusion fo the enhancemen labeling sites were in the C-termingtlayer portion of the

of the FRET was assumed to be negligible in the work : :
; . chain (residues 65124). In group |l mutants, one probe (the
presented here. The fine details of the IDD, e.g., the shape.l.rp residue) was located in the C-terminal portion of the

oft:]he t"’:c'.lj or the te;]xtent of ikewnegs, c?r;not tbe r(?SOI\:,edchain while the nonnative cysteine residue was inserted in
m contl te(r;ce n the p;esen_ expeélglendg tsys em, 1.€., 0(; the N-terminale-layer portion of the chain (residues-60).
€ present doneracceptor pairs and the distances spanne Labeling of the nonnative cysteine residue in each of these

in the U and R §tates. ) mutants by an acceptor of excitation energy enabled deter-
Control ExperimentsTo test for the absence of intermo-  mination of 11 intramolecular distance distributions (IDDs)

lecular energy transfer, samples containing a mixture of D defined by this labeling plan. These pairs are shown in Figure
and A protein species at a ratio of 1:1 were prepared at theq

same protein concentration that was used for the fluorescence To assess the rotational freedom of the coumarin probe,

energy transfer (FRET) experiments. The fluorescence decaythe anisotropy decay of this probe attached to five of the
of the donor in those_mlxtures was measured in the native axtra cysteine residues of the doubly labeled mutants was
and R, states. No intermolecular energy transfer was measured in the native state. The results are shown in Table
detected. 3.

To check that the probes were dynamically averaged (to (3) GdnHCI-Induced Transitions; Steady-State Fluores-
justify use of ax? value of?/3), the steady-state anisotropy cence Energy TransfeAs a typical example of folding
or the anisotropy decay of the fluorescence of the tryptophanunfolding transitions, Figure 4 shows the emission spectra
residues (in W-RNase A mutants) and those of the acceptor of r-(104—77)-RNase A at increasing concentrations of
[in (m—n)-RNase A] were measured. Measurements of GdnHCI. The increase of the intensity of the tryptophan
anisotropy decay of the tryptophan residues were carriedemission band at 360 nm with increasing GdnHCI concentra-
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Table 3: Time-Resolved Anisotropy and Fluorescence Decay?Batdhe Coumarin and the Tryptophan Residues Attached to Various Sites
in the RNase A Molecules in the Native and Reduced States at Room Temperature and pH 7

mutan® i a8 (NS) 71(0t) (NSy 72(02) (NSF 73(0t3) (NSy ¢1(B1) (ns) $2(B2) (ns)
coumarin dye 1.27 0.59 0.063 (0.40) 0.40 (0.25) 1.33(0.35) 0.119 (0.33)
W73, CLo 1.65 0.82 0.17 (0.16) 0.66 (0.46) 1.28 (0.38) 0.72 (0.14) 8.9 (0.14)
W73 2 1.16 0.38 0.057 (0.42) 0.30 (0.35) 1.09 (0.23) 0.97 (0.20) 6.4 (0.088)
W73, Cloz 2.21 1.18 0.059 (0.12) 0.87 (0.50) 1.93 (0.38) 2.34 (0.195)
wWe2, C32 1.18 0.37 0.053 (0.42) 0.30 (0.36) 1.09 (0.22) 1.06 (0.20) 6.66 (0.058)
We2, C52 1.16 0.40 0.08 (0.49) 0.44 (0.31) 1.13 (0.20) 1.03 (0.20)
W92, CL02 2.41 1.08 0.058 (0.17) 0.83 (0.49) 1.95 (0.34) 2.55 (0.18)
w14 77 1.56 0.45 0.075 (0.54) 0.55 (0.26) 1.32 (0.20) 0.52 (0.19)

Tryptophan Emission

free Trp 1.35 2.1 0.28 (0.21) 2.58 (0.79) 0.06 (0.24)
WiE 1.37 1.39 0.47 (0.43) 3.51 (0.09) 1.81 (0.48) 0.71(0.08)  >10(0.08)
we 1.32 1.42 0.46 (0.41) 3.79 (0.11) 1.70 (0.48) 1.18 (0.12) >10(0.02)
We2 1.30 1.29 0.38 (0.51) 3.14 (0.15) 1.83(0.34) 0.92 (0.09) >10(0.122)
w104 1.16 1.43 0.36 (0.46) 1.83(0.41) 3.97 (0.13) 0.74(0.11)  >10(0.15)

aThe lower four rows give the fluorescence parameters for the emission of tryptophan residues in RNase A in the reduced state. The upper rows
give the same parameters for Cca attached to cysteine residues in RNase A in the nati%¢V8tat€r)-RNase A mutant proteins labeled by the
Cca probe at the cysteine residues Tihe 2 value for the best fit of the anisotropy datar,, = = airi/Za; is the mean fluorescence lifetime.
e Fluorescence lifetime components, with the un-normalized preexponential factors given in parehiiresasisotropy correlation times according
to eq 2; the uncertainty range is 25% for the short componrgngnd its associatef value, and 40% for the componegt and j3,. ¢ The free
reagent Cca, not attached to a protéifiryptophan in solution at 23C.
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| FIGURE5: (A) Fluorescence decay curves for the tryptophan residue
0.2 - in W76-RNase A (the D-experiment) and (B) the fluorescence decay
| of the tryptophan residue in (#8.24)-RNase A in the Rstate in
4 40 mM phosphate buffer (pH 7.0) and 20 mM DTT (the DD-
0.0 ® experiment) at room temperature. The excitation wavelength was

400 450
Wavelength (nm)

350 297 nm with emission at 360 nm (bandwidth for emission of 2
nm): (--+) the system response to the excitation pulse, (- - -) the

experimental trace of the tryptophan fluorescence pulse, afd (
FIGURE 4: Emission spectrum of reduced (1047)-RNase A at the best fit theoretical curves obtained by the global analysis. The
increasing GdnHCI concentrations at 22 and pH 7.0. (104 DD-experiment was fit to a theoretical curve based on the
77)-RNase A (0.6 mg/mL) was reduced in the presence of 7 M distribution of distances3({). The residuals of the fits (Res) are
GdnHCI, 50 mM HEPES (pH 7.0), and 150 mM DTT. Aliquots shown in the lower blocks, and the autocorrelation functions of
(200uL) were dialyzed against the specified GdnHCI concentration the residuals@(t)] are presented for each curve in the upper right
in the presence of 20 mM DTT. The samples were filtered, and inset. They? obtained in this experiment was 2.02.
the fluorescence emission spectra were recorded with an excitation
wavelength of 297 nm. The spectra were normalized4i4 nm,
the emission maximum of the coumarin probe.

Resolution of the trace of the decay of the fluorescence
of the tryptophan residues in each of the four\RNase A
(m=73, 76, 92, and 104) mutants showed three components,
tion is a clear indication of a conformational transition. The which are attributed solely to the emission from the single
full information content of the experiment is available in the tryptophan residue in each mutant. Because the excitation
time-resolved experiments (Figure 5). wavelength was 297 nm and the emission wavelength was

(4) Time-Reseled Experiments for RNase A in the 360 nm, the contributions from tyrosine residues were
Reduced (R and Denatured (U) StatesTime-resolved negligible. In a control experiment, a sample of wild-type
dynamic nonradiative excitation energy transfer was assessedRNase A was tested for fluorescence emission under these
using the singly and doubly labeled fluorescent protein excitation and emission wavelengths, but no measurable
mutants, the W-RNase A (donor without acceptor), and the signal was detected.

(W™ C")-RNase A doubly labeled mutants labeled at residue  The intramolecular distance distributions between the
n by the coumarin reagentrf—n)-RNase A]. The measure- tryptophan donor and the Cca acceptor in each mutant were
ments were carried out under two equilibrium conditions: determined by global analysi&8) of the fluorescence decay
first, under denaturing conditions) 8 M GdnHCI with the of the tryptophan residues, measured under identical instru-
disulfide cross-links intact (the U state), and second, under mental conditions for pairs of mutants: first in the™iNase
reducing but folding conditions, where the disulfide cross- A mutant (the D-experiment) and then in the corresponding
links were reduced (the \Rstate). (m—n)-RNase A mutant (the DD-experiment) whemevas
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Ficure 6: Intramolecular distance distributions at room temperature and pH 7 obtained for doubly label®eRNase A mutants in the

Ry and U states. The fluorescence decay of the tryptophan residue in each mutant protein was measured in 40 mM HEPES buffer (pH 7)
containing 20 MM DDT and 5 mM EDTA for the reduced mutants (thestte) ) and for the same mutants denatured without reduction

of the disulfide bonds (the U state)l). (These distances include an approximatIA contribution from the probes and the linker.) The

arrows denote the distance between tlfea@ms of the labeled residues in each mutant calculated from the crystal structure. The dashed
areas above 40 A designate the distance range in which the pair of probes, tryptophan-Cca, cannot be used for accurate distance
measurements: (A) (16477)-RNase A and (73102)-RNase A, (B) (76124)-RNase A and (76115)-RNase A in 40 mM phosphate

buffer (pH 7.0) instead of the HEPES buffer, (C) {9102)-RNase A, (D) (9252)-RNase A and (7332)-RNase A, and (E) (9232)-

RNase A, (73-19)-RNase A, and (10450)-RNase A (the IDD of the last mutant could not be calculated in the U state due to the low
transfer efficiency. Data for (104-15)-RNase A are not presented because the transfer efficiency was very low, making it impossible to

estimate a lower limit of the distance, even approximately.

identical for both experiments. The results are presented insamples of W-RNase A and (76124)-RNase A in the R
state. Figure 5A shows the fluorescence decay of the donor
An example of a data set obtained in a typical time- in the absence of an acceptor; for#RNase A in the R
resolved FRET experiment and the fit to the theoretical model state, the average lifetime was 1.67 ns. Figure 5B shows the
by the global analysis procedure is shown in Figure 5 for enhanced rate of fluorescence decay of this donor probe in

Figures 5-10 and Tables 4 and 5.
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70 . . T ———— link labeled segments and restrict the distances between the
W FRET experiment labeled sites. An “effective segment lengti&n, is thus
80T Statistical ool (From) ] defined as the number of residues between two labeled

sites from two different chain segments cross-linked by a
disulfide bond. The IDDs obtained in the U state are used
as references for the disordered state of chain segments in a

(2]
o
T
1

I 73-102 76-124 good solvent.
30 i “/// i (6) Dependence of |Ran0f the IDDs on Segment Length,
20 - . 76-115 i Determined in the Reduced Stafégure 7 shows the mean
192102 10477 ] of the IDDs of the group | mutants in theyRstate as a

-

[
—
L

function of the number of residues in the labeled segments.
L The values oReanpredicted for polypeptide chains in the
10 20 30 40 50 statistical coil state34) are also shown. This figure clearly
shows thathere isvery little dependence of thealues of

FIGURE 7: Values 0fRyeanof the IDD obtained for group | mutants Rmean ON the chain lengthFigure 7 thus shows that (a) the

with disulfides reduced under otherwise folding conditions (the R C-terminal section of the chain is compact and not in a
state) as a function of the number of residues in the labeled Statistical coil conformation and (b) there should be some

segments. The upper trace (dashed) shows the lower limit estimationsort of order in the compact state of the chain which is not
of the expected rms end-to-end distance for a polypeptide in & randomly collapsed.

statistical coil state according to Florg4). Figure 8 shows the same data for a larger group of mutants,
and in addition, the corresponding-€C* distances deter-

Mean Distance in the R, State(A)
F-Y
o
T
1

o

(=]

Segment length(An)

50 g ' K 8 eany 3 2 mined from the crystal structurd9) are shown for com-

S s gg e & R parison. This figure demonstrates a strong correlation
40 e Grystal Stracture _,-"--_ i between the distances measured in the crystal structure and
e Reduced ¢ K those measured using the time-resolved FRET in thst&e.

.. The two graphs show very similar patterns of variation. (The

differences vary between 8 and 19 A)) This correlation
] clearly demonstrates a nonrandom compaction in thst&e
and a trend of native-like chain fold.
In the group Il mutants, the acceptor probe was attached
. . . . to residues located in the N-termiradlayer half of the chain
20 30 40 50 60 while the donor was in the C-termingHayer subdomain.
No. Of Residues Between Probes The mutants (7332)-RNase A and (9252)-RNase A
FIGURE 8: Values 0fRpeanof the IDDs obtained for group 1 and  [9roup lla (Table 5)] showed a similar pattern but with values
group lla [and (W8 C9-RNase A] mutants with disulfides reduced  Of Rneanin the Ry state larger than the®GC* distances in
under folding conditions (the \Rstate) as a function of the number  the crystal structures. These are chain segments of 42 and

of backbone residues that separate the two labeled sites in eactyq residues with mean distances larger than those measured
mutant (upper trace, dashed) compared with the separation of the

corresponding €atoms determined from the crystal structure (lower for the 40- and 49-residue segments of the C-terminal
trace). subdomain [mutants (76115)-RNase A and (76124)-

RNase A, respectively]. The mutants of group Ilb (pairs-92
the presence of an acceptor attached to residue 124. In this32, 104-15, and 104-50), for whichAn is =55 residues,
case, the average lifetime was reduced to 0.79 ns, due toshowed much larger differences between the inter-residue
excitation energy transfer. distances determined in the crystal structure and the mean

(5) Intramolecular Distance Distributionhe means and  distances determined in theyRtate. In the R state, the
widths of the IDDs, obtained in thejRand U states, are  means of these IDDs were larger than the range for which
shown in Tables 4 and 5, and the distributions are shown in significant distance determination with the present pair of
Figure 6A-E. In Table 5 and Figure 6, the means of the probes could be made; therefore, only a lower limiRatan
IDDs of each pair of sites in the \Rand U states are was estimated.
compared with the corresponding-€C* distances of the This series ofalues of mean distances within the molecule
crystal structureX9) and, in Figure 7, with the mean distance of RNase A in the fRstate is the first eidence that, in this
predicted for a polypeptide of the same length in a statistical state, theS- and a-layer portions of the backbone of the
coil conformation 84) (no entry is given in Figure 6 for  molecule are separated by large distances in solution, while

N
o

=y
o

Mean Distance in the R State (A)
(&}
(-}
T
1

-
(-3

residues 10415 because of the large value Rfea). This the S-layer portion is compact but with a nonrandom folding
comparison was made in a search for native-like features of of the backbone (corresponding experiments for probing the
the backbone fold of the protein in theyRtate. distances within the N-terminal-layer portion are planned).

The TR-FRET experiment reports the distances between (7) Specific Characterization of IDDs of Groups of
the two transition dipole moments of the probes. Therefore, Mutants. The following is a detailed analysis of the IDDs
the calculated IDDs are only apparent distributions; the for each chain segment, and comparison with the distances
values of Rnean determined in these experiments were determined from the crystal structure and possible distances
expected to be & 2 A larger than the corresponding-€ for a randomly collapsed polypeptide chain.

C* distances, due to the contribution of the size of the probes (7A) Group | Mutants, the C-Terminal Subdomain. (i)
and the linkers. In the U state, the disulfide bonds cross- Mutants (104-77)-RNase A and (73102)-RNase A: The
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Ficure 9: IDD of reduced (76-124)-RNase A (A) and (76115)-RNase A (B) in the Rstate in 40 mM HEPES buffer (pH 7.0), 20 mM

DTT, and 5 mM EDTA with increasing concentrations of GdnHCI. A model of two subpopulations was used for the global analysis. The
mean and width of the second subpopulation was fixed at 40 A, representing a fraction of the molecules with an expanded conformation.
The shape of the IDD of this subpopulation could not be determined with the present pair of probes, and the only meaningful value is the
size of the population. The parameters of the first subpopulation were determined by the global analysis. As the concentration of GdnHCI
was increased, from 0 to 6 M, the proportion of the two subpopulations increased from 30 to 95%.

(in the Ry state). Figure 6B shows correspondRgeanvalues

of 30 and 26 A, respectively, with large fwhm values. In
the U state, where the effective chain lengths are reduced to
28 and 19 residues, respectively, the transfer efficiencies
dropped to less than 10%. These low transfer efficiencies
indicate a large expansion of the molecular volume.

In the second series of TR-FRET experiments;{I84)-
RNase A and (76115)-RNase were dissolved in HEPES
buffer instead of the phosphate buffer. Under these condi-
tions, the donor fluorescence decay curves could not be fit
with a model of a single wide IDD function. A model of at
least two distinct subpopulations (Figure 9), one with a

60 ;

Mean Distance &
F-S
[=1]

209 ‘ ] native-likeRneanand small width and the second with a very
0 1 2 3 4 5 6 largeRmean gave satisfactory fits. For both IDDs, the fraction
Guanidine-HCI [M] of the subpopulation characterized by the shorter mean

distance (native-like) was ca. 70% at 2€. A gradual
FIGURE 10: RyeanOf the IDDs of four doubly labeled RNase A reduction of the fraction of the first subpopulation (with short
mutants in the reducet_:l state as a function of GdnHCI concentrations.Rmeanva|ues) and a corresponding increase in the size of the
(76-115)-RNase A (pink trace) and (7824)-RNase A (blue trace)  gaconq subpopulation was induced by increasing concentra-

were reduced and transferred into the$®ate in phosphate buffer, - . . .
while (104-77)-RNase A (green trace) and (7802)-RNase A tons of GdnHCI (Figure 9). This appears to be a transition

(black trace) were in HEPES buffer. The transition to large between two states of these segments of the polypeptide
distances, beyond the range of significant determination with the chain. The midpoint of the transition for both mutants was
present pair of probes (shaded region), occurred at different GdnHCl petween 2 ath 3 M GdnHCI. These results show that, in the
concentrations for each mutant. C-terminal section of the chain, a weakly stabilized chain

28- and 30-Residue Portion of Stran@dd and 5. The fold with native-like features is formed in theyRtate. It is
mutants (10477)-RNase A and (73102)-RNase A enclose N equilibrium with the unfolded state, and the equilibrium -
a segment of 28 and 30 residues, respectively, in the depends on the solvent composition and the temperature. This
C-terminal portion of the chain. This is a chain segment that, fold can be in the form of a long loop stabilized by a
in the crystal structure, formé-strands 4 and 5 in a closed hydrophobic core which involves nonpolar patches of a few
loop. Figure 6A shows that the correspondRgeanvalues residues from the two ends and other sections of this
obtained for the R and U states were comparable and 13 Polypeptide stretch.
and 12 A larger than the %6-C* distances in the crystal (iii) Mutant (92—102)-RNase A: The Segment That Forms
structure (which includes a possiblet32 A contribution pB-Strand 5.In the crystal structure, the 11-residue segment
from the size of the probes and the linker). from residue 92 to residue 102 forms one strand of the
(ii) Mutants (76-124)-RNase A and (76115)-RNase A: antiparallel5-structure (strand 5) and /@&turn (Figure 1).
The Extended C-Terminal Segmenta first series of TR- This is the shortest segment labeled in the present series.
FRET measurements, the two mutants{1@84)-RNase A Figure 6C shows that, in the\Rstate, the mean of the
and (76-115)-RNase A were dissolved in phosphate buffer distribution of distances between the two ends of this segment
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Table 4: Results of the Time-Resolved Excitation Transfer Experiments and Parameters of the Respective IDDs Obtained for the
r-(m—n)-RNase A Mutants in the RState (reduced under folding conditions at room temperature and pH 7)

d

Ta{donory Tpa
group mutarft Ro° (A) (ns) (ns) donorge al bf Rmean(A)? fwhm (A)h P
| W73, Ct02 23.2 1.1 0.81 0.1 23.0 0.0044 31 22.5 1.36
30.2-31.6 19.6-27.6
W76, C115 24.2 1.67 0.8 0.11 0.0052 0.0019 26.2 26.6 1.67
25.5-26.3 25.5-26.6
W76, Cl24 24.1 1.67 0.79 0.11 0.009 0.0014 30.2 314 2.02
30.2-35.7 29.5-37.0
W92, C102 24.3 1.58 0.89 0.13 4.27 0.003 23.0 23.0 1.36
22.6-25.2 18.2-26.6
w14 cr7 235 1.32 0.69 0.13 0.059 0.003 20.6 21.3 1.44
20.6-25.5 19.4-26.1
lla W78, C82 23.2 1.1 0.83 0.08 0.0002 0.0006 =40 >40 1.41
W92, C52 24.3 1.58 1.14 0.13 2.0 0.009 385 39.5 1.3
38.5-43.1 31.4-44.5
Ib W73, Cto 23.2 1.1 0.83 0.08 0.880 0.0008 40 40 1.18
38.1-45.6 31.747.5
W92, C82 24.3 1.58 1.19 0.13 12.0 0.0005 =40 >40 1.41
w104 C1s 24.3 1.35 1.35 0.13 >40 >40
W14 C50 24.3 1.35 1.25 0.13 19.78 0.0008 =40 >40 1.96

2 (m—n)-RNase A mutant labeled with a Cca probe at residugThe Faster critical distance calculated for each derivative under solution
conditions of the R state.c Average fluorescence lifetime of the donor in the absence of an acceptor (the D-experimentniti/=a;. ¢ Average
fluorescence lifetime of the donor in the presence of the acceptor attached to me¢idaeDD-experiment)® The fluorescence quantum yield of
the donor in the absence of an acceptdihe parameters of the model distribution function used for the analysis of the fluorescence decay curves
(eq 1).9 The mean of the IDD, and the rande=ull width at half-maximum of the IDD and the randgéhe globaly?.

Table 5: Mean and fwhm of the Distributions of Intramolecular Distances in the Labeled RNase A Mutant Molecules yratiek R States
at 22°C and pH 7

estimation of

effective  C*—C*distance the mean EED
segment  segment fromthe crystal  Rpeaninthe  fwhm mean distance  fwhm in the statistical
group  mutart  lengthAn®  lengttf structuré (A) Ry staté (A) A in the U stat&(A) A coil staté (A)
| W73, Clo2 30 19 20 31 22 34 28 42
W76, Ct15 40 19 18 26 27 >40 39 49
W76, Ct24 49 28 11 30 31 >40 54
Wez2, Co2 11 27 23 23 23 23 18
w104 Cr7 28 21 8 21 21 23 23 41
lla W73, C*2 42 19 28 >40 >44 38 39 50
W92, C52 41 17 35 38 39 33 19 50
Ib W73, C1o 55 20 23 40 40 >40 42 57
W92, C32 61 13 15 >40 >40 20 20 60
W1o4 15 90 33 17 >40 >40 73
W04 50 55 16 15 >40 >24 29 57

2 The two residues that were labeled; the first (m) is the tryptophan residue, the second (n) is the cysteine labeled by the Ccaloogptor.
of residues in the backbone chain segment whose ends are the labeled résitieesumber of residues in the chain segment of minimal length
which is created by cross-linking by two cysteine residues. The disulfide bond is counted as another ¢@sidutistance between*@toms of
residuesm andn according to PDB entry 7RSA&.Mean of the IDD determined under folding conditions in the reduced dtitean of the IDD
determinednn 6 M GdnHCI for the disulfide-intact RNase A (the U stateTheoretical estimation of the mean distance between the ends of a
polypeptide chain of an equivalent chain lengtin) in a statistical coil state.

(23 A) is smaller than the distance found in the crystal
structure (27 A, Table 5).

(7B) Group Il Mutants: Intramolecular Distances between
Residues in the C-Terminal ChaihLayer and Helices 43
in the N-Terminala-Layer of the Chain. (i) Group lla:
Probing Distances across the Aati Site Cleft. (a) Mutant
(73—32)-RNase Aln the crystal structure, residues 73 and

limited statistical significance. There is no evidence for any
deviation from a random distribution of distances.

(b) Mutant (92-52)-RNase AThe results obtained for
(92—52)-RNase A are quite different from those for {73
32)-RNase A, although the segment length is about the same.
In the Ry state,RneanWas increased by onky10% relative
to the CG—C> distance in the crystal, and the fwhm was very

32 appear on two opposite sides of the folded RNase A large.

molecule with a large separation of 27 A between the

(ii) Group lIb: The Distance between Residues in the

o-carbons of these two residues. Therefore, this distanceN-Terminal o-Layer of the Chain and Residues in the
depends on the compactness of the molecule, i.e., on theC-Terminals-Subdomain. (a) Mutants (16460)-RNase A,
distance between helix Il and the C-terminal hydrophobic (104—15)-RNase A, (9232)-RNase A, and (#319)-RNase
core and on the folding of the 42-residue segment enclosedA. These four mutants were designed to probe the compact-
between these two residues (Figure 1). Table 5 and Figureness of the molecule in theyRstate by measurements of
6D show that, in the reduced state, the transfer efficiency the IDDs of long chain segments connecting the two
was low, and the calculated mean of the IDD had only structured layers of the chain. For each of them, the observed
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transfer efficiencies were very low, and a reliable determi- distances closer to the corresponding—C* distance
nation of the parameters of the IDD with the present pair of determined in the crystal structure [€.BmeanOf 38 A for
probes was not possible. It is possible that the mean distanceshe IDD of the mutant (9252)-RNase A]. Very weak chain
were close to a separation expected for a statistical coil statelength dependence of the mean distances and its pattern
These results show that, in the Rtate, the interactions indicate that the chain is not randomly collapsed.
between the N- and C-terminal portions of the chain are  (b) Unlike the other labeled segments, the short chain
very limited and the separation is large, perhaps to the extent segment between residues 92 and 102 is in a stretched
of separation as in a statistical coil state. conformation Rnean= 23 A, shorter than the 27 A of the
(8) Further Characterization of the Structure of the crystal structure, but larger than that of a statistical coll9
Reduced State of RNase A. Denaturant-Induced UnfoldingA) not only in the R, state but also in the U state where
of the C-Terminal Subdomain of RNase A in theSgate. Rmeanwas also 23 A. The C-terminal chain sections (residues
The variation of the means of several IDDs with increasing 76—124 and 76-115) in HEPES buffer exhibited clear
concentrations of GdnHCl is shown in Figure 10. Two minor evidence for an equilibrium of two subpopulations, one with
transitions could be observed for the chain section of residuesa native-like Ryean and one with a much larger segmental
104-77, one between 0 and 1.5 M GdnHCI and a second end-to-end distance.
one at>5 M GdnHCI. TheRneanvalues of the 40- and 49- (c) At least three nonoverlapping segmental transitions
residue segments of reduced mutants(¥65)-RNase Aand  were observed in the GdnHCl-induced denaturation of
(76—124)-RNase A, respectively, in phosphate buffer, show reduced RNase A.
a gradual increase up 2 M GdnHCI at 22°C (Figure 10). (d) Group Il mutants showed lard®neanvalues.
At >2 M GdnHCI, a sharp drop of the transfer efficiencies
occurred at two different denaturant concentrations. This PISCUSSION
means that different parts of the C-terminal section have (1) Considerations Pertaining to the Data Analysis and
different GdnHCI transitions, i.e., different stabilities. the Quality of FitsThe goal of the present experiments was
The transfer efficiencies were measured for a few labeled to search for the low-resolution overall conformational trends
mutants in the reduced state6 M GdnHCI. Seven mutants  of the protein backbone in the reduced state under folding
showed transfer efficiencies close to zero, which correspondsconditions. To that end, a large number of doubly labeled
to a large shift of the IDD to the range of distances larger mutant protein variants had to be prepared. This was made
than 40 A. Two mutants, (16477)-RNase A and (73102)- possible by using the natural probe (tryptophan) as a donor.
RNase A, in which the labeled segment length was less thanThe use of tryptophan as a donor in time-resolved FRET
31 residues, showed very low, but non-zero, transfer ef- experiments involves difficulties which limit the resolution
ficiencies even under the extreme denaturing conditions. of the experiments. These include short fluorescence lifetime,
When the length of these two labeled segments (28 and 30multiexponential decay of the fluorescence, local interactions
residues) is considered, it is not surprising (because of thewith the protein environment, and possible limited dynamic
widths of the distributions) that, even in a statistical coil state, averaging. In the reduced state, the last two sources of
a fraction of the molecules could be in the distance range uncertainty are considerably reduced. The effect of local
that allows efficient transfer of excitation energy. The short interactions on the donor fluorescence lifetimes was taken
chain segment labeled in mutant (9202)-RNase A (11  into account by using the fluorescence lifetime of Trp in
residues) shows a high transfer efficiency (30%) under theseeach mutant determined in the absence of an acceptor under
conditions, and the corresponding calculated IDD had an the conditions used for the FRET experiment. The extent of
RineanOf 35 A. dynamic averaging of the orientations of the probes was
These observations show that the denaturant-inducedestimated using fluorescence anisotropy decay measurements
expansion of the dimensions of the chain is not a nonspecific (see the discussion in the Supporting Information).
effect of solvation of a randomly collapsed chain but rather  James et al.35) used tryptophan 140 in staphylococcal
a stepwise breaking of specific subdomain structures. nuclease as a donor and presented a detailed discussion of
(9) Summary of Result§he above results provide the the uncertainties associated with that probe. The four Trp
following information about the state of the RNase A residues used in the present study are surface residues, and
molecule in the absence of the network of disulfide cross- the anisotropy measurements show that their rotational
links in the R, state. freedom is larger than that for Trp-140 of staphylococal
In the reduced RNase A molecule, the widths of almost nuclease. Following the same arguments made by James et
all the IDDs that were determined in the present series of al., the data presented in Table 3 (and Table Il in2@f
experiments were very large, as expected for ensembles ofead to the conclusion that the calculated uncertaintiRof
unordered chain molecules. This means that the localand the width of the calculated IDDs is less than 10%.
interactions that stabilize the secondary structures are not A detailed discussion of the mode of analysis of experi-
effective enough under these conditions to stabilize local ments similar to those used here was presented by Ittah and
structural elements. These observations show that the chairHaas (8), and is relevant to the present experiments as well.
appears to be at least locally unfolded, while the mean Since the fluorescence decay of the donor in the absence of
distances indicate that some very weak long-range interac-an acceptor is not monoexponential, the mode of analysis

tions lead to partial order on a larger scale. described by Sinev et al38) was used. In this analysis, the
Several features of the current results summarized belowvariation of Ry with the rate of fluorescence decay of the
support the hypotheses underlying the present work: donor was taken into account.

(a) In the Ry state, the C-terminal subdomain is in a (2) Chain Dimensions in the \RState. Each physical
compact conformation. Some chain sections have meanmethod averages a distribution of conformations with
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somewhat different weights. The present method was de-show that the ensemble of populated conformationgig
veloped for more direct determination of the parameters of dispersed, i.e., that the interactions that are responsible for
the IDDs, and it gives less weight to the extreme distances.the bias of the ensemble from a compact disordered
Sosnik and Trewhellall) used small-angle X-ray scattering conformation arevery weak.One possible interpretation is
and deduced that reduced RNase A has a radius of gyrationthat, in the R state, the backbone segment that forms
Ry, of 19 A. Nippert et al. £2) used dynamic light scattering  B-strands 4 and 5 (Figure 1) tends to form a loop shape, and
and CD measurements to determine the compactness anthe ends of the segment are held together loosely in a
residual secondary structure of RNase A, reduced andhydrophobic core formed in the C-terminal subdomain of
denatured 6 M GdnHCI. They found that reduction of all  the molecule.

disulfides led to total unfolding and that further increases in  Taken together, thede IDDs (of Figure 6A-C) deter-
temperature had no additional effect on the dimensions. Formined within the 52-residue C-terminal segment of RNase
reduced RNase A at 2TC, they reported a Stokes radius of A in the R, state show that the C-terminal subdomain of the
29.14 0.6 A at pH 4.0, which was increased to 3#4.6 molecule forms an ensemble of compact loosely folded
A by addition ¢ 6 M GdnHCI. The calculate®; was 50.0 conformations with natie-like features. Similar results were

+ 1.0 A for reduced denatured RNase A, which is larger obtained for sperm whale apomyoglobin by M. Jamin, J.
than that expected for an ideal random coil at thpoint, Dyson, and P. E. Wright (ppate communication), who
according to Miller and GoebeBg). These results led the  showed the presence of natlike structure in the unfolded
authors to conclude that reduced and denatured RNase A istate.

not in a compact state. Zhou et al3{ used synchrotron (4) Intramolecular Distances between Residues in the
radiation for small-angle X-ray scattering and reported an C-Terminal f-Layer and the N-Terminab-Layer of the

Ry value of 20 A for reduced RNase A in 50 mM Tris buffer Chain. The results presented here emphasize the importance
(pH 8.1) containing 20 mM DTT. Using the approximation of spatial variability of the conformational states in subdo-
derived for infinite chain length, the root-mean-square end- mains of the molecule. The large distances between the C-
to-end distance34) would thus be 49 A. These authors and N-terminal sections of the chain show an extended
deduced that, in the\Rstate, RNase A is in neither arandom nonspherical shape of the ensemble. This information is
coil nor a compact denatured state. Miller and GoeB6) (  missed when the chain dimensions are averaged. Given the
calculated dimensions of unperturbed random coil polypep- mean distances, it is possible to calculate an approximate
tides which, when applied to RNase A, led to a root-mean- characteristic ratiod4) for the chain segments in the,Rtate.
square end-to-end distance of 1305 A. Damaschun et al3{) calculated a characteristic ratiBn(ead

All of these results were based on averaging data collectednl?, wheren is 104 andl is 0.38 nm) of 8.43 for acid-
simultaneously from all sections of the chain. The calculation denatured apocytochroneewhich they considered to be in
of a radius implicitly assumes a spherical shape of the a random coil state. In a statistical coil state, one can expect
molecule. The results presented here show that this is not aan approximately uniform characteristic ratio for all sections
correct approximation. The pair of probes used in this study of the polypeptide chain. The fact that the characteristic ratio
provides distances that are limited to a range smaller thancalculated from thdRyean 0f most of the IDDs obtained in
the full dimensions of the molecule; therefore, direct this study was considerably smaller and varied between 1.09
comparison with the results of the scattering and hydrody- and 3.3 is additional evidence for the nonrandomness of the
namic methods is limited. The mean distances that could bechain conformations.
determined did not exceed the lower limit suggested for the (5) Effect of Phosphate lons on the Conformation of RNase
overall diameter of the molecule. In this respect, it is of A in the Reduced Stat€learly, the phosphate buffer used
interest to note that, in they=state, group lla mutant (92 in the experiment in Figure 6B induced a conformational
52)-RNase A An = 41), which was designed for measure- change which reduced the difference between these two
ment of the diameter of the molecule in one direction (see subpopulations, and therefore, a single-component IDD could
Figure 1), had arRyean value of 38 A (not including the  be used to represent the end-to-end distances of these two
contribution of the linkers, the corresponding-€C* dis- C-terminal chain segments. Figure 11shows how phosphate
tances in the crystal structures was 34 A). This can be takenion can interact with residues His-12, His-119, and Lys-41.
as a rough approximation of one mean dimension of the Phosphate ions also affect the kinetics of oxidative folding
molecule. The second dimension to be measured by groupof reduced RNase A, but by a nonspecific effect, rather than
IIb mutants was much larger. the specific binding shown in Figure 138).

(3) C-Terminal Subdomairin the crystal structure, the The crystal structure shows that, besides the nonspecific
49-residue C-terminal section of the chain (residues 76 binding effect 88), residues 12, 41, and 119 can interact
124) is 73%3-structure, and forms two antiparall@isheet with phosphate ionsl@) and thus cross-link three sections
structures (Figure 1). Its two ends are close to each other,of the chain (see Figure 11) and increase the compactness
and it forms part of a hydrophobic cluster (with only 11 A of the whole molecule. This can reduce the difference
between thex-carbons of residues 76 and 124 in the crystal between the two subpopulations so that the experimental data
structure). The mutant (#6115)-RNase A contains a shorter, can fit one widely dispersed ensemble of molecules. This
40-residue section of the same chain segment, which lacks‘substrate-dependent stablization of the native-like chain fold
the g-structure between residues 115 and 124 (strand S-7).by cross-linking” enhances the folding in a manner remi-

The mean distances between the ends of five segments ohiscent of the role of the disulfide cross-links in folding.
the chain in the C-terminal part of the RNase A molecule in  (6) Disulfide Bonds in RNase A Fasten the N-Terminal
the Ry state lack a clear correlation withn, the segment  Portion of the Chain to the C-Terminal Hydrophobic Core.
lengths (see Table 5The large widths of the distributions  Three out of four disulfide bonds in the RNase A molecule
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Lys-41

s g

His-12

Ficure 11: Three residues that interact with the phosphoryl group

in the active site of RNase A and thus effectively cross-link three

chain segments. The coordinates for this drawing were taken from
the crystal structure of a complex of RNase A with a phosphate
ion (PDB entry 5RSA).

cross-link widely separated residues. These are the326 Ficure 12: Diagram of native RNase A showing the location of
58-110, and 46-95 pairs. These three long-range disulfide the four disulfide bonds10).

bonds bridge gaps of 59, 53, and 56 residues, respectively,
a very uniform separation. In each of them, one residue is packeda- and g-layers. The attachment of the N-terminal
in the N-terminal half of the molecule and the second is in chain elements to a “temp'ate” formed by the C-terminal
the C-terminal half of the chain. It seems that a major chain section can supply additional long-range interactions
contribution of the disulfides to the folding of the molecule that contribute the missing stability of the secondary
is closure of the cleft between the N-terminalayer and  structures in both subdomains. (d) The overall contour of
the C-termmal@—layer of the molecule. The stabilization of the ensemble of conformers is probab'y very e|onga‘[ed_ (e)
the interaction between the subdomains seems to be essentigthese experiments show the strength of the present experi-
for stabilization of the native secondary and tertiary structure mental approach, and emphasize the advantage of using a
in the whole molecule, including the C-terminal subdomain - series of predesigned pairwise-labeled mutants for TR-FRET
In the U state, the disulfides stabilize the compact structure experiments.
of the molecule both by reduction of the segment lengths  The current data show the power of the present approach
and by closure of the cleft between the two parts of the in dissecting the folding transition of complex protein
molecule. o ~molecules. Additional planned experiments (pertaining to

RNase A thus appears to be divided into two very distinct distances within the N-terminal portion) of the kind presented
folding subdomains, the N-terminal-subdomain and the  here will enable further detailed examination of the present
C-terminal5-subdomain 89). Interestingly, the fourth dis-  hypothesis that chain segments form loops that are poised
ulfide (Cys-65-Cys-72), which appears to form preferen- for formation of the native secondary structure elements of
tially upon oxidation of the reduced form8)( stabilizes the  the native chain fold.
bend of the chain in a section that connects the two
subdomains of the molecule. The NMR structures of ACKNOWLEDGMENT
analogues of the three-disulfide folding intermediates des-
(65—72)-RNase A 6) and des-(46-95)-RNase A 7) show
that, at this three-disulfide stage, the native structure is
formed and that the fourth disulfide is necessary to remove g ppORTING INFORMATION AVAILABLE
the slight degree of flexibility that is present at the three-
disulfide stage. Comparison of Figures 1 and 12 shows the Some details relating to the Results and Discussion. This
relation between the locations of the disulfide bonds and the Material is available free of charge via the Internet at http:/
Trp residues. pubs.acs.org.
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