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ABSTRACT Characterizing the denatured stateensemble is crucial to understanding protein stability and themechanismof protein
folding. The aim of this research was to see if fluorescence could be used to gain new information on the denatured state ensemble.
Ribonuclease Sa (RNase Sa) contains no Trp residues. We made five variants of RNase Sa by adding Trp residues at locations
where theyare found inothermembers of themicrobial ribonuclease family. Tobetter understand theproteindenaturedstate,wealso
studied the fluorescence properties of the following peptides: N-acetyl-Trp-amide (NATA), N-acetyl-Ala-Trp-Ala-amide (AWA),
N-acetyl-Ala-Ala-Trp-Ala-Ala-amide (AAWAA), and the five pentapeptides with the same sequence as the Trp substitution sites in
RNase Sa. The major conclusions are: 1), the wavelength of maximum fluorescence intensity, lmax, does not differ significantly for
the peptides and the denatured proteins; 2), the fluorescence intensity at lmax, IF, differs significantly for the five Trp containing
variants of RNase Sa; 3), the IF differences for the denatured proteins are mirrored in the peptides, showing that the short-range
effects giving rise to the IF differences in the peptides are also present in the proteins; 4) the IF values for the denatured proteins are
more than 30%greater than for the peptides, showing the presence of long-range effects in the proteins; 5), fluorescence quenching
of Trp by acrylamide and iodide is more than 50% greater in the peptides than in the denatured proteins, showing that long-range
effects limit the accessibility of the quenchers to the Trp side chains in the proteins; and 6), these results show that nonlocal effects in
the denatured states of proteins influence Trp fluorescence and accessibility significantly.

INTRODUCTION

There is considerable interest in gaining a better under-

standing of the denatured states of proteins. This has become

more important now that we know some proteins are unfolded

under physiological conditions (1,2). Both protein stability

(3–5) and the mechanism of protein folding (6–8) depend on

the properties and concentrations of the molecules that make

up the denatured state ensemble of a protein. The primary goal

of this research was to see if the fluorescence properties of the

tryptophan residues in a protein could be used to gain a better

understanding of the denatured state ensemble. This was in-

vestigated with different approaches in several early studies

(9–11) and in many recent studies (12–24).

Our broad view of the structure of globular proteins has not

changed since the first high resolution crystal structures be-

came available in the early 1960s, but our detailed view of the

structure of the native state ensemble of proteins has increased

greatly (25). In contrast, our understanding of the denatured

state has changed over the years and is still in a state of flux

(26–28). Tanford et al. carried out the first careful studies of the

denatured states of proteins and concluded that proteins ap-

proach a randomly-coiled conformation in 6 M GdnHCl and

8M urea with their disulfide bonds broken (29). It was clear to

Tanford that pockets of structure might exist, and this was

emphasized at the time by polymer chemists (30). More recent

studies of the denatured state using small angle x-ray scattering

to determine the radius of gyration, or pulsed-field-gradient

NMR to estimate the hydrodynamic radius have reached

similar conclusions (31). Observations by Shortle et al. began

to change the way we envision the denatured states of proteins.

They confirmed the idea that pockets of structure exist and that

the denatured state is more compact than the hydrodynamic

studies led many of us to believe (32).

Proteins are unfolded to a great extent in urea and GdnHCl

solutions, but hydrophobic clusters, a-helices, b-sheets, and
other native-like structures can exist even under strongly de-

naturing conditions (28,33–37). NMR is beginning to give a

clearer picture of the denatured state ensemble that exists under

physiological conditions, the denatured state ofmost interest to

us (36,38–40). Choy et al. (41) have shown that the molecules

in the denatured state ensemble are relatively compact, ;30–

40% larger than the native state. Mayor et al. (42) studied the

denatured state of the engrailed homeodomain and concluded:

‘‘The denatured state had extensive native secondary structure

and was significantly compact and globular. But, the side-

chains and backbone were highly mobile.’’

Computational studies have improved our understand-

ing of the denatured state ensemble of proteins (43–47). Just

taking excluded volume into account suggests a compact

denatured state in which the radius of gyration is closer to that

expected for a native protein, but the solvent accessibility

is closer to that expected for an extended chain (43). More
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recent studies are taking into account additional important

effects that should lead to better insight into the denatured

state ensemble of proteins (45,46).

Ribonuclease Sa (RNase Sa) is a small (96 amino acids)

globular protein in the microbial ribonuclease family. Over

the past 20 years, our laboratory has used RNase Sa as a

model to gain a better understanding of protein structure and

stability (see (48–50) and earlier studies). The crystal struc-

ture of the protein has been determined at 1.0 Å resolution by

Sevcik et al. (51) and a solution structure has been deter-

mined using NMR by Laurents et al. (52). In addition, the pK

values of the ionizable groups in the native state were mea-

sured recently (53,54), and studies of the pKs in the dena-

tured state are almost completed.

RNase Sa contains no tryptophan residues. In a previous

study, we inserted tryptophans at four locations where trypto-

phans are found in other microbial ribonucleases, and studied

the fluorescence properties and stabilities of these variants (55).

The emphasis of that study was on the fluorescence properties

of the native state of the proteins, but some studieswere doneon

the denatured states in 9Murea. The results showed clearly that

the fluorescence properties of the denatured proteins differed.

This study is a continuation of that work. We report studies of

five single Trp variants of RNase Sa: D1W, Y52W, Y55W,

T76W, andY81W.These proteinswere studied in concentrated

urea and GdnHCl solutions with their disulfide bonds broken.

The results show that long-range effects in a denatured protein

can significantly effect the fluorescence properties.

MATERIALS AND METHODS

Materials

3-[N-morpholino] propane sulfonic acid (MOPS) were obtained from Sigma-

Aldrich (St. Louis, MO). Ultra-pure urea was obtained from Nacalai Tesque

(Kyoto, Japan), and ultra-pure GdnHCl was obtained from ICN Biomedicals

(Aurora, OH). Urea and GdnHCl stock solutions were prepared by weight,

and the concentrations were determined as described previously (56). All

other reagents were of analytical grade. Wild-type and variant forms of

RNase Sa were prepared and purified as described previously (55,57,58).

Preparation of protein solutions

The single disulfide bond in the RNase Sa variants was reduced with 10 mM

Tris (2-carboxyethyl) phosphine HCl (TCEP) for all of the experiments

described in this study. Protein concentrations of RNase Sa solutions were

determined spectrophotometrically using a Gilford Model 250 spectropho-

tometer. The molar absorption coefficient of e280 ¼ 12,045 M�1 cm�1 was

used for wild-type RNase Sa (57). For the tyrosine to tryptophan variants, a

molar absorption coefficient¼ e280¼ 16,055M�1 cm�1 was used. For D1W

and T76W e280 ¼ 17,545 M�1 cm�1 was used. These are based on the

average molar absorption coefficients observed for Tyr and Trp residues in

proteins (59). The error in determining the protein concentration using these

predicted extinction coefficients is ,3%.

Fluorescence emission spectra

Protein samples with 10mM concentrations in 30 mMMOPS buffer, pH 7.0,

25�Cwere studied in two denaturing solutions: 8.5M urea and 6MGdnHCl.

For all of the protein measurements, the disulfide bond in the proteins was

reduced with 10 mM TCEP. All fluorescence emission spectra were deter-

mined and analyzed as described in the companion study (60).

As with the peptides (60), we determined e300 and e298–302 values for three
of the proteins, D1W, T76W, and Y55W, again, in units of M�1 cm�1. We

found: e300¼ 1069 (D1W), 1011(T76W), and 1119 (Y55W); and the e298–302¼
1107 (D1W), 1046 (T76W), and 1155 (Y55W). The average values are

e300 ¼ 1066 6 54 and e298–302 ¼ 1103 6 55. These values do not differ

significantly and we conclude that the absorption spectra are not shifted

significantly. The average values for the proteins are higher than the average

values for the peptides. As with the peptides, we think this results because the

proteins contain either 7 or 8 Tyr residues and they do make a small con-

tribution to the light absorption at 300 nm. For the four small molecules with

a single Trp and no Tyr residues (60), the average e300¼ 9566 30. Based on

our results, we estimate that the Trp contribute;950 and the Tyr 506 30 to

the e300 and e298–302 values. However, there should be minimal energy

transfer from the Tyr to the Trp residues in unfolded protein so the light

absorbed by the Tyr should make only a small contribution to the fluores-

cence of the Trp residues. In conclusion, the small differences in light ab-

sorption among the peptides and proteins should make only a small

contribution to our results and cannot account for the 30% larger IF values

observed for the proteins compared with the peptides.

Acrylamide and iodide quenching

The quenching experiments were done on the protein solutions at a con-

centration of 10 mM at pH 7.0, 25�C in 30 mMMOPS buffer in the presence

of 7.6 M urea or 3.8 M GdnHCl and 10 mM TCEP. It was necessary to use

lower concentrations of urea and GdnHCl than those used for the fluores-

cence emission experiments because iodide was not soluble at higher urea

and GdnHCl concentration. However, the denaturant concentrations used

were well above those needed to completely unfold the proteins (61). The

measurements were made and the data analyzed as described in the com-

panion study (60). Each experiment was carried out at least twice and the

results were averaged. The results always differed by,1.7%, and generally

by ,1%.

Time-resolved fluorescence measurements

Time-resolved fluorescence experiments were carried out as described in the

companion study (60).

RESULTS

The proteins studied in this research were the following sin-

gle-site Trp variants of RNase Sa: D1W, Y52W, Y55W,

T76W, and Y81W. The location of these Trp residues in

RNase Sa is shown in Fig. 1. To gain a better understanding of

the results obtained with these proteins, six pentapeptides

were also studied: AAWAA, WVSGT (D1W), GYWHE

(Y52W), HEWTV (Y55W), EAWQE (T75W), and DYWTG

(Y81W). The latter five peptides have the same sequence as

those surrounding the tryptophans in the proteins. For

WVSGT, the peptide model for D1W, the amino terminal

amino group was not acetylated. For all of the other peptides,

the a-amino group was acetylated and the a-carboxyl group
was amidated. The results with the peptides were described in

the companion study (60), but some of the results are also

given in this study. The parameters measured were the

spectral moment, SM, the wavelength where the fluorescence
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intensity is maximal, lmax, the fluorescence intensity at lmax,

IF, the Stern-Volmer quenching constant, KSV, the average

excited state lifetime, tave, and the width of the lifetime dis-

tribution. The SM is included in the table, but will not be

discussed in this study.

Fluorescence emission spectra

Typical fluorescence emission spectra for the reduced, dena-

tured proteins are shown in Fig. 2. The parameters character-

izing these spectra in 8.5M urea and in 6MGdnHCl are given

in Table 1. The lmax values for the pentapeptides and proteins

do not differ significantly. As with the peptides, the IF values
are always greater in urea than they are in GdnHCl (3–24%

greater). Themost interesting finding is that the IF values of the
proteins differ significantly and that they are all substantially

higher than the values for the corresponding peptides.

Fluorescence quenching by acrylamide
and iodide

Typical Stern-Volmer plots for the quenching of the Trp

fluorescence of the reduced, denatured RNase Sa variants by

iodide in 3.8 M GdnHCl are shown in Fig. 3. The Stern-

Volmer quenching constants characterizing the results in urea

and GdnHCl are given in Table 2. In urea solutions, the KSV

values for acrylamide quenching are always significantly

greater than the values for iodide quenching, but this is not

true in the GdnHCl solutions. The KSV value for the amino

terminal Trp residues is always substantially greater that the

KSV values for the Trp at internal residues. The most inter-

esting finding is that the KSV values of the proteins differ and

that they differ from the values obtained for the peptides.

Fluorescence excited-state lifetimes

Time-resolved fluorescence measurements were carried out

as described above. The results for the reduced, denatured

proteins are given in Table 3. For all of the variants except

D1W, the fluorescence excited-state lifetimes showed a

Gaussian distribution and the tave value and the width of the

distribution are given in Table 3. The tave value is the center
of the Gaussian distribution. For D1W, the results were fit to

a Gaussian distribution plus a discrete component.

DISCUSSION

Five Trp variants of RNase Sa

Fig. 1 shows the positions of the Trp residues in the RNase Sa

variants studied here. The figure also shows the location of the

disulfide bond, but for all of the studies reported here, the di-

sulfide bond is reduced and the proteins are unfolded. For

D1W, there is a positive charge on the a-amino group of the

N-terminal Trp. ForY55W, theGlu adjacent to theTrpwill have

a negative charge, and for Y52W the His adjacent to the Trp

will have a positive charge of;0.5 (54). If we use the size of

the adjacent side chains as a measure of solvent accessibility,

the Trp accessibility will decrease in this order: D1W .
T76W.Y55W.Y81W.Y52W. Tables 4 and 5 compare

the results for the RNase Sa variants with the results for the

pentapeptides from the companion study (60).

Fluorescence emission spectra

lmax values for the peptides and proteins do not
differ significantly

The observed lmax values for Trp residues in proteins range

from 308 to 355 nm (62,63). In general, the more buried the

FIGURE 1 Amino acid sequence of RNase Sa showing the positions,

colored red, where Trp residues were added for the studies described in this

study. The yellow line shows the position of the disulfide bond present in

native RNase Sa. This disulfide bond was reduced and the proteins unfolded

for all of the studies reported here.

FIGURE 2 Fluorescence emission spectra after 300 nm excitation for five

denatured, reduced RNase Sa Trp variants at 10 mM concentration in 8.5 M

urea, 10 mM TCEP, pH 7.0, and 25�C. D1W (d), Y52W (s), Y55W (:),

T76W (D), and Y61W (n).
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Trp residue in the protein, the greater the blue shift of lmax

(64). Tew and Bottomley (17) studied two Trp residues in a1-

antitrypsin and showed that in 8 M urea lmax ¼ 353 nm for

Trp 194, but lmax ¼ 345 nm for Trp238. They concluded:

‘‘In the urea-induced unfolded state, Trp238 does not be-

come fully solvated, suggesting the persistence of structure

around the residue.’’ This encouraged us to see whether lmax

might detect structure surrounding the Trp side chains in the

denatured state ensembles of our RNase Sa variants.

In an earlier study (55), we showed that the lmax values are

blue-shifted to shorter wavelengths in the folded proteins:

309 nm (Y52W), 310 nm (Y55W), 335 nm (T76W), and 319

nm (Y81W). In folded RNase Sa, these blue shifts correlate

with the % burial of the side chains they replace: Y52 98%,

Y55 91%, T764%, and Y81 87%. For the five Trp variants in

unfolded RNase Sa, the lmax values in urea range from 345 to

350 with an average of 347.2 6 1.9 nm and the values in

GdnHCl range from 346 to 351 nmwith an average of 347.26
2.2 nm (Tables 4 and 5). For the five pentapeptides, the lmax

values in urea range from 347 to 349 nm with an average of

347.46 0.9 nm, and those in GdnHCl range from 347 to 350

nm with an average of 348.26 1.3 nm (Tables 4 and 5). The

maximum difference between the lmax value for a protein and

its corresponding pentapeptide is 3 nm. Thus, the lmax values

for the pentapeptides do not differ significantly from those for

the unfolded proteins, and provide no evidence for structure

in the denatured ensemble that would bury the indole group

enough to shift the lmax value to lower wavelengths. The

results with a1-antitrypsin show that this will not always be

the case (17). The denatured state ensemble in equilibrium

with the folded protein under physiological conditions is

generally thought to be more compact than in the presence of

strong denaturants like urea and GdnHCl (18,37). Conse-

quently, there will be a better chance of observing shifts in

lmax when the denatured state that exists under physiological

conditions is studied. For example, shifts in lmax have been

observed for Trp residues in the molten globulin state of

a-lactalbumin (65), and in folding intermediates of Barstar

(20). As we will discuss next, the lmax values are less sensitive
to structure in the denatured state ensembles than the IF values.

Factors contributing to IF

As described in the companion study (60), experimental (66–

69) and theoretical (68,70,71) results suggest that electron

transfer from Trp to the carbonyl group of peptide bonds is

TABLE 1 Comparison of the fluorescence properties of the reduced, denatured tryptophan variants of RNase Sa in 8.5 M urea

and 6 M guanidine hydrochloride, pH 7.0, and 25�C

SM* (nm) SM (nm) lmax
y (nm) lmax (nm) IF at lmax

z IF at lmax

Variant Urea GdnHCl Urea GdnHCl Urea GdnHCl % D§

D1W 361 363 345 351 25,900 25,000 3

Y52W 360 360 348 347 34,600 30,700 11

Y55W 360 361 350 346 41,200 33,800 18

T76W 360 361 346 346 40,700 31,100 24

Y81W 359 360 347 346 28,700 26,000 9

*Spectral moment (SM) is the wavelength at which the total area under the emission spectrum is divided into two equal areas.
ylmax is the wavelength of maximum fluorescence intensity. We estimate the error to be 62 nm.
zIF at lmax is the fluorescence intensity at lmax. We estimate the error to be 63%.
§%D ¼ ððIF;Urea � IF;GdnHCl=IF;UreaÞÞ3100:

FIGURE 3 Iodide fluorescence quenching (300 nm excitation, 350 nm

emission) of five denatured, reduced RNase Sa Trp variants at 10 mM

concentration in 7.6 M urea, 10 mM TCEP, pH 7.0, and 25�C. D1W (d),

Y52W (s), Y55W (:), T76W (D), and Y58W (n).

TABLE 2 Stern-Volmer constants for acrylamide and iodide

quenching of the fluorescence of the reduced, denatured

tryptophan variants of RNase Sa in 7.6 M urea and 3.8 M

guanidine hydrochloride, pH 7.0, and 25�C*

Acrylamide

KSV (M�1)

Iodide

KSV (M�1)

Variant Urea GdnHCl Urea GdnHCl

D1W 10.04 8.38 5.23 4.59

Y52W 7.20 6.87 2.77 3.06

Y55W 8.52 7.97 3.33 3.22

T76W 7.92 7.57 3.04 2.92

Y81W 6.15 5.96 1.87 2.47

*Calculated as described in Materials and Methods. We estimate the error

for KSV to be #3%.
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the most important mechanism for intramolecular quenching

of Trp fluorescence. The pentapeptides have six backbone

carbonyls per molecule, but the RNase variants have 95. This

suggested to us that the proteins would have lower fluores-

cence intensities than the pentapeptides, but this is not ob-

served. Engelborgh et al. (68) analyzed the electron transfer

process from the indole Ce3 atom to the carbonyl carbon of

the nearest peptide bond for the Trp residues in several dif-

ferent folded proteins. They showed that the rate constant for

electron transfer at the van der Waals contact distance (3 Å)

was 5.0 (ns)�1 and decreased to zero beyond ;5 Å. Thus,

electron transfer will be important only at short distances

(3–5 Å) and this makes the conformation of the Trp and

neighboring carbonyl groups very important.

As with the peptides, there is an excellent correlation be-

tween the IF values and the tave values, except for the protein
and peptide with the Trp residue at the amino terminus.When

these two values are excluded, the correlation coefficient is

0.94 for the four protein values and the 7 peptide values for

the data in urea. This is discussed in the companion study.

Short-range quenching in proteins mimics that observed
in peptides

The IF values for the proteins correlate well with the values

for the corresponding pentapeptides. If we just consider the

Trp residues at internal positions, the correlation coefficient

is 0.97 for the IF values in both urea and GdnHCl. This shows
that the short-range effects that cause the differences between

the IF values for the individual peptides also contribute to the
differences observed for the proteins. Studies by Barkley and

Pan have shown that the f-, c-angles, and the x1 rotamer

populations of Trp residues in cyclic hexapeptides vary with

position in the sequence and influence the quantum yield

(69). Similarly, the differences in amino acid sequence in the

pentapeptides studied here will influence their conforma-

tional ensembles and this is probably the most important

factor that determines the differences in the IF values (60).

The short-range effects observed in the peptides seem to exert

a similar influence in the proteins.

Protein IF values are over 30% higher than those for peptides

Surprisingly, the proteins always have substantially larger IF
values than the corresponding peptides. For the four variants

with Trp at internal positions, the protein IF values in urea are
10,000 (W52), 10,400 (W55), 8,400 (W76), and 7,200

(W81) higher than for the peptides (Table 4). Similar large

differences are observed in GdnHCl. The protein IF values

average 34% higher than the peptides in urea and 33% higher

in GdnHCl. Thus, there is a long-range effect observed only

in the proteins that is superimposed on the short-range effects

seen in both the peptides and the proteins. If we interpret this

in terms of carbonyl group quenching, it suggests that the

TABLE 3 Average fluorescence lifetimes determined by analyzing a Gaussian distribution of the lifetimes for the reduced,

denatured tryptophan variants of RNase Sa in 8.5 M urea and 6 M guanidine hydrochloride, pH 7.0, and 25�C

tave* (ns) tave* (ns) Width (ns) Width (ns) x2 x2

Variant Urea GdnHCl Urea GdnHCl Urea GdnHCl

D1W 4.79 6 0.06 3.89 6 0.07 3.09 6 0.03 2.57 6 0.08 0.79 1.95

Y52W 3.46 6 0.10 2.85 6 0.05 1.70 6 0.11 1.30 6 0.06 1.99 1.28

Y55W 4.02 6 0.09 3.17 6 0.04 1.72 6 0.08 1.30 6 0.04 1.46 1.55

Y76W 3.94 6 0.08 2.93 6 0.04 1.62 6 0.08 1.12 6 0.03 1.52 1.02

Y81W 3.24 6 0.09 2.70 6 0.07 1.63 6 0.08 1.24 6 0.08 1.43 1.98

*t-value at the center of the Gaussian distribution.

TABLE 4 Fluorescence properties of the peptides and the reduced, denatured tryptophan variants of RNase Sa in urea, pH 7.0,

and 25�C

kq
§ (M�1 ns�1)

Peptide/variant lmax* (nm) IF at lmax
y (nm) tave

z (ns) Acrylamide Iodide

NATA 352 49,000 4.04 4.92 2.19

AWA 349 24,400 2.44 4.00 1.61

AAWAA 350 28,500 2.80 3.52 1.44

WVSGT/D1W 347/345 23,900/25,900 4.59/4.79 2.79/2.10 1.68/1.09

GYWHE/Y52W 347/348 24,600/34,600 2.25/3.46 3.51/2.08 1.17/0.80

HEWTV/Y55W 349/350 30,800/41,200 2.95/4.02 3.41/2.12 1.26/0.83

EAWQE/T76W 347/346 32,300/40,700 3.10/3.94 3.09/2.01 0.94/0.77

DYWTG/Y81W 347/347 21,500/28,700 2.48/3.24 3.38/1.90 1.00/0.58

*From Table 1 of the companion study (60) and Table 1 of this work.
yFrom Table 1 of the companion study (60) and Table 1 of this work.
zFrom Table 3 of the companion study (60) and Table 3 of this work.
§kq ¼ KSV/tave where the KSV values are taken from Table 2 of the companion study (60) and Table 2 of this work.
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carbonyl groups in the peptides are closer to the Trp side

chains than those in the proteins. This longer range effect

may depend, in part, on the flexibility of the polypeptide

chain near the Trp. Eftink et al. (67) noted: ‘‘The fluorescence

quantum yields of the constrained analogs are higher than

those for the unconstrained counterparts.’’ Perhaps, the Trp

quenching by the carbonyl groups of the peptide bonds be-

comes less efficient as the polypeptide chain becomes longer

because they become less flexible. Recall, that the four car-

bonyls in AWA were better able to quench the fluorescence

than the six carbonyls in AAWAA. The flexibility possible in

the shorter peptides may allow more conformations in which

the Trp fluorescence can be quenched by the neighboring

carbonyls than in the proteins. This idea is supported by the IF
values observed for the peptide and protein with the amino

terminal Trp. Here, the IF values differ much less than when

the Trp is at an internal position (Tables 4 and 5). Even

though protein denatured states are known to be quite com-

pact (72) and contain appreciable secondary structure (28),

only the neighboring carbonyl groups seem to contribute

significantly to Trp quenching. This might not be the case if a

hydrophobic pocket were present containing a Trp residue, as

has been observed in some cases (21,36,73).

Studies of model compounds have shown that Trp

quenching by carbonyls is extremely sensitive to structure

and conformation, and that it only occurs in polar solvents

(66,67,69). This suggests another possibility for the long-

range effect observed with the proteins. Perhaps the compact

denatured states of proteins provide a more nonpolar envi-

ronment that diminishes the quenching due to electron

transfer from Trp to the neighboring carbonyls. This idea is

supported by the results discussed next that show that ac-

rylamide and iodide quenching are both much less efficient in

proteins than in peptides.

On average, the differences between the IF values in urea

and GdnHCl solutions are greater for the proteins than for the

peptides. We have shown previously that electrostatic inter-

actions in the denatured state ensemble of RNase Sa can

effect both the energetics (3), and kinetics (6) of folding.

Others have made similar observations in other proteins

(4,5,7,8). Thus, it is not surprising that a change in solvent

that is accompanied by a large change in dielectric constant

could influence the denatured state ensemble of a protein

more than the conformational ensemble of a pentapeptide.

Fluorescence quenching by acrylamide
and iodide

Quenching is reduced significantly in proteins compared
with peptides

The kq values should depend mainly on the accessibility of

the Trp side chains to the quencher. Qualitatively, the results

support this idea. For the peptides, kq values decrease in the

order NATA . AWA . pentapeptides with internal Trp for

both acrylamide and iodide quenching (Tables 4 and 5). This

becomes even more evident when we consider the results for

the proteins, where kq values are always substantially less

than values for the peptides. For the Trp residues at internal

positions, the differences are quite striking. For acrylamide

quenching, the peptide kq values average 66% larger than the

protein values in urea and 53% larger in GdnHCl. For iodide

quenching, the values average 48% larger in urea and 35%

larger in GdnHCl. This shows that Trp residues in unfolded

proteins are much less accessible to a quencher than in pen-

tapeptides with the same sequence.

For the proteins, kq values for acrylamide quenching ob-

served when the Trp residues are at internal positions range

from 1.90 to 2.12 M�1 ns�1 in urea and from 2.21 to 2.58

M�1 ns�1 in GdnHCl, and the values for the N-terminal Trps

are 2.10 M�1 ns�1 in urea and 2.15 M�1 ns�1 in GdnHCl

(Tables 4 and 5). (If the discrete component is taken into

account, the kq values for the N–terminal Trps are increased

to 2.35 M�1 ns�1.) The range in values is small, and the

N-terminal Trp residue seems, unexpectedly, to be comparable

in accessibility to those at internal positions. This was also

TABLE 5 Fluorescence properties of the peptides and the reduced, denatured tryptophan variants of RNase Sa in guanidine

hydrochloride, pH 7.0, and 25�C

kq
§ (M�1 ns�1)

Peptide/variant lmax* (nm) IF at Dmax
y (nm) tave

z (ns) Acrylamide Iodide

NATA 351 35,500 2.80 6.03 2.43

AWA 346 22,100 1.90 5.17 1.80

AAWAA 350 23,100 2.05 4.22 1.56

WVSGT/D1W 350/351 22,100/25,000 3.80/3.89 2.77/2.15 1.41/1.18

GYWHE/Y52W 347/347 23,100/30,700 2.01/2.85 3.78/2.41 1.42/1.07

HEWTV/Y55W 349/346 25,700/33,800 2.42/3.17 3.66/2.51 1.40/1.02

EAWQE/T76W 348/346 24,900/31,100 2.30/2.93 3.51/2.58 1.33/1.00

DYWTG/Y81W 347/346 18,400/26,000 3.80/3.89 3.77/2.21 1.24/0.91

*From Table 1 of the companion study (60) and Table 1 of this work.
yFrom Table 1 of the companion study (60) and Table 1 of this work.
zFrom Table 3 of the companion study (60) and Table 3 of this work.
§kq ¼ KSV/tave where the KSV values are taken from Table 2 of the companion study (60) and Table 2 of this work.
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observed with the peptides and again suggests that quenching

of the N-terminal Trp by acrylamide is less than expected

based on its exposure. The reasons for this are not clear.

For the proteins, kq values for iodide quenching observed

when the Trp residues are at internal positions range from

0.58 to 0.80 M�1 ns�1 in urea and from 0.91 to 1.07 M�1

ns�1 in GdnHCl, and the values for the N-terminal Trps are

1.09M�1 ns�1 in urea and 1.18M�1 ns�1 in GdnHCl (Tables

4 and 5). (If the discrete component is taken into account, the

kq values for the N-terminal Trps are increased to 1.22 M�1

ns�1 in urea and 1.30 M�1 ns�1 in GdnHCl.) As with ac-

rylamide, the range is still small, but now the kq values are
greater for the N-terminal Trps, as expected. This probably

reflects the greater accessibility of the side chain of the

N-terminal Trp residue, and the favorable charge–charge

interactions between the iodide ion and the positive charge on

the a-amino group.

For NATA and all of the peptides and proteins, kq values are
always smaller in urea solutions than in GdnHCl solutions, but

the correlation coefficient between the kq values is 0.97 for

acrylamide and 0.94 for iodide. This suggests that the effect is

general and does not depend on the specific sequence. As

discussed in the companion study (60), this probably results

simply because the relative viscosity of the 3.8 M GdnHCl

solutions is 1.25 and the relative viscosity of the 7.6 M urea

solutions is 1.60. The viscosity dependence of the quenching of

peptides and proteins was previously studied by Eftink and

Hagaman (74).

Relationship between IF and kq

If we compare the IF values with the kq values for acrylamide

quenching, the values are always lowest for Y81Wand highest

for Y55W. The lower kq values suggest that the Trp 81 is less
exposed to quencher so the denatured state is more compact.

This would also be expected to lead to a lower IF value for the
reasons discussed above. The opposite would be expected for

Y55W. This seems to be a long-range effect. If it were a short-

range effect based on accessibility, we would expect Y52W to

have the lowest kq value and T76W to have the greatest. The

results from iodide quenching are more complicated, probably

because of the contribution of charge–charge interactions.

CONCLUDING REMARKS

As discussed in the companion study, adjacent side chains

that are known to quench Trp fluorescence do not seem to

make a large contribution to the differences among the IF
values for the peptides. We suggested that differences in the

IF values of the individual peptides depended more on the

effect of sequence on local conformations than on side chain

quenching. The good correlation between the IF values of the
proteins and the corresponding peptides suggests that this is

also true in the proteins. However, the IF values for the

proteins are always substantially higher than those of the

peptides. There is a long-range effect observed only in the

proteins that is superimposed on the short-range effect ob-

served in both the peptides and the proteins. The quenching

of Trp fluorescence by acrylamide and iodide is always much

greater in the peptides than the proteins, suggesting that

the Trp residues are much more accessible to quencher in the

peptides than the proteins. Thus, our results suggest that the

fluorescence properties of proteins depend to a significant

extent on long-range effects that are present in proteins but

not in pentapeptides.
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