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Exposure of Tryptophanyl Residues in Proteins.
Quantitative Determination by Fluorescence

Quenching Studies’
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ABSTRACT: Acrylamide is an efficient quencher of trypto-
phanyl! fluorescence which we report to be very discriminat-
ing in sensing the degree of exposure of this residue in pro-
teins. The quenching reaction involves physical contact be-
tween the quencher and an excited indole ring, and can be
kinetically described in terms of a collisional and a static
component. The rate constant for the collisional component
is a kinetic measure of the exposure of a residue in a pro-
tein, and values ranging from 4 X 10° M~! s~! for the fully
exposed tryptophan in the polypeptide, adrenocorticotropin,
to <5 X 108 M~! s~! for the buried residue in azurin have

The folding of a polypeptide chain to form a relatively
compact globular protein inevitably results in the burial of
certain amino acid residues from the external, aqueous en-
vironment. Other residues, either by choice or chance, will
lie on the surface, exposed to the polar solvent. A strategy
often employed in studying the solution structure of pro-
teins is to map out those residues which are exposed, vs.
those which are buried (Kronman and Robbins, 1970).
Since most proteins contain a relatively small number of
tryptophanyl residues, this amino acid has received consid-
erable attention in such topographical studies. To probe for
the exposure of the indole ring, solvent perturbation (Her-
skovits, 1967; Williams et al., 1965) and chemical modifica-
tion techniques (Hachimori et al., 1964; Frazier et al,
1973) are often employed. However, there are many limita-
tions and experimental difficulties with these methods. A
very promising spectroscopic technique involves the quench-
ing of the fluorescence of tryptophanyl residues by the addi-
tion of various low molecular weight agents (Lehrer, 1975).
These agents, known as quenchers, decrease the fluores-
cence intensity of the residues via physical contact with the
excited indole ring. Hence, the ease with which a fluorophor
is quenched depends upon its “‘exposure” to the quencher.
Molecular oxygen and a number of ionic quenchers, such
as I7, NO;~, and Cs*, have been used quite extensively in
studies with proteins, but their ability to estimate exposure
has been rather tenuous. lonic quenchers, being charged
and heavily hydrated, should be able to quench only surface
tryptophanyl residues (Lehrer, 1971a; Burstein et al.,
1973). Since a protein is a polyelectrolyte, however, electro-
static effects may influence their quenching action, and lead
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been found. Static quenching is readily detected in proteins
that are denatured, or contain only a single fluorophor.
Quenching patterns for most multi-tryptophan containing
proteins are difficult to analyze precisely, but qualitative in-
formation can, nevertheless, be extracted. Applications of
this probing technique for monitoring protein conforma-
tional changes, such as the acid-induced expansion of
human serum albumin, and inhibitor binding to enzymes,
are presented. The value of this method lies in its ability to
sense not only the steady-state exposure of a residue in a
protein, but also its dynamic exposure.

to an under or overestimation of the exposure of a fluoro-
phor. For example, a tryptophan that is flanked by positive
charges (i.e., lysyl or arginyl residues) might be quenched
to a much greater degree by an anionic quencher than
would normally be expected. Such an effect has been ob-
served by Lehrer (1971b) for the quenching of HSA! fluo-
rescence by I~.

Hoping to circumvent this electrostatic problem, Lakow-
icz and Weber (1973) attempted to use O, as a neutral
quenching probe. However, they found that O; was very in-
discriminate, being able to quench the fluorescence of sup-
posedly buried residues (such as in aldolase) almost as easi-
ly as exposed ones (such as in pepsin). They suggested that
because O3 is so small, it is able to find its way into interior
regions of a protein very rapidly. Also, there is a possibility
that O3, being a relatively hydrophobic molecule, will be ac-
cumulated into apolar regions of proteins, thus facilitating
the quenching of buried tryptophans (Eftink and Ghiron,
1976). Therefore, the fact that Oy can readily quench a
residue’s fluorescence does not necessarily indicate that it is
solvent exposed.

We report here that acrylamide is an excellent, un-
charged quenching probe that is very sensitive to the expo-
sure of tryptophans in proteins. Since it is a phenomenologi-
cally different type of molecule, it does not share the short-
comings of the quenchers mentioned above. Therefore, it
should be able to sense the exposure of residues in a purely
random, kinetic fashion.

Theory

The quenching reaction between the excited state of an
indole ring, M*, and acrylamide, Q, can be described by the
following scheme:

! Abbreviations used are: LBTI, lima bean trypsin inhibitor; ACTH,
adrenocorticotropin; HGH, human growth hormone. Gdn-HCI, guani-
dine hydrochloride; SDS, sodium dodecyl sulfate; HSA, human serum
albumin; BSA, bovine serum albumin.
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(M*...Q) is the complex formed by diffusional encounter
between M* and Q with rate constant k4. This encounter
complex will then react to dissipate the excited state as heat
with rate constant k;. The experimentally observed rate
constant for the quenching reaction, kq, is equal to vykq,
where 7 is the efficiency of the quenching process. We have
previously demonstrated that the efficiency of acrylamide
quenching of indole is unity (Eftink and Ghiron, 1976).
This being the case, kq is equal to kg4, the diffusion limited
rate constant for collision between the reactants.
The classical relationship often employed to describe the
collisional quenching process presented above is the Stern-
Volmer equation (Birks, 1970):

Fo/F =1+ KSV{Q} = 7'0/7' 2)

where Fo and F are the fluorescence intensities at an appro-
priate emission wavelength in the absence and presence of
quencher, 79 and 7 are the fluorescence lifetimes in the ab-
sence and presence of quencher, and Kj, is the collisional
quenching constant, which is equal to kq7o. By plotting
Fo/F or 7o/7 vs. {Q}, kq can be obtained, provided 7o is
known.

A more complete treatment of the kinetics of the quench-
ing reaction produced by acrylamide (and other efficient
quenchers) in condensed systems must include consider-
ation of a process referred to as “static” quenching. In a
randomly distributed solution there will be occasions in
which quencher and chromophore molecules happen to be
very close to each other at the moment that the latter be-
comes excited. In such a case, the probability for the reac-
tion is so high, that quenching occurs almost instantaneous-
ly (statically). The following modified form of the Stern-
Volmer relationship has been found to adequately describe
the total quenching process (Birks, 1970; Eftink and Ghi-
ron, 1976):

FO/F= 1+ st{Q})e ViQJ
Fy/Fe"® = 1+ KolQ} = 1 + kqrolQ) = 7o/7

(3a)
(3b)

In this equation, the kinetics of the quenching reaction is
operationally dissected into a collisional (characterized by
K) and a static (characterized by V) component. Since (1
+ kq7r0[Q]) should be a linear function, it is possible to fit
quenching data to eq 3b by plotting Fo/F exp(V{Q}) vs. {Q}
for varying ¥ until a linear plot obtains.

There are a number of physical interpretations for the
static constant. ¥ can be considered to be a volume element
surrounding the fluorophor having a radius » (V = 42 N'r3/
3, where NV’ is Avogadro’s number per millimole). Alterna-
tively, it can be interpreted as an association constant
(=k4/k_q) for the formation of the ground state encounter
complex, (M---Q). For both models, ¥ is a parameter that is
related to the probability of finding a quencher molecule
close enough to a newly formed excited state to quench it
immediately, or statically.

Application of the equation presented above is valid only
if the fluorescence is homogeneous. For proteins containing
more than one fluorescing tryptophanyl residue, the situa-
tion is quite a bit more complicated. If each of the residues
fluoresce independently, the proper equation is:

FfFo=73_ J

- 1+ KlQ)er ™ )

where f; is the fraction of the total fluorescence correspond-
ing to the ith tryptophan at a given wavelength, and K; and
V; are the respective collisional and static quenching con-
stants. In the simplest case, where only two classes of fluo-
rophors are considered, having different K; and approxi-
mately the same V;, this equation becomes:

(faKa + fuKv + KaKb{Q}){Q}. 2VIQl
1 + (faKb + fuKa){Q}

The relationship is complex indeed. In a study with binary
mixtures of various indole derivatives having different colli-
sional quenching constants and similar ¥, plots of Fo/F vs.
{Q} have been found which curve upward, downward, and
appear linear, depending on the difference in the collisional
constants for the two derivatives. When this difference is
large (i.e., Ko 2 5Kb), a dowward curvature may be detect-
ed. If K, and K, differ only by a factor of ~2, a plot that is
linear within experimental error is found. If the two deriva-
tives have similar collisional constants, the Stern-Volmer
plot curves upward (M. R. Eftink and C. A. Ghiron, unpub-
lished results). The initial slope of a Fo/F plot for a system
containing more than one class of fluorophors will be ap-
proximately equal to Zf;K;, the weighted average of the in-
dividual quenching constants (at a particular wavelength),
which will be referred to as the effective quenching con-
stant, K (eff). By plotting (Fo/F — 1)/{Q} vs. {Q} and ex-
trapolating to {Q} = 0, the initial slope can be obtained.

Fo/F=1+ (5)

Experimental Section

RNase T, (Asperigillus oryzae), nuclease (Staphylococ-
cus aureus), monellin (Dioscorephyllum cumminsii), pep-
sin A, a-chymotrypsin (three times crystallized), trypsin,
and LBTI were obtained from Worthington Biochemical
Corp. Lysozyme (egg white, three times crystallized), a-
chymotrypsinogen (six times crystallized), aldolase (rabbit
muscle), glucagon, HSA, papain, and trypsinogen were ob-
tained from Sigma Chemical Company. Azurin from Pseu-
domonas fluorescens was purified by Dr. A. Finazzi-Agro,
University of Rome, Rome, Italy, and was a generous gift
from Dr. J. W. Longworth, Oak Ridge National Laborato-
ry. HGH was obtained from Dr. J. Wyche, University of
Missouri. ACTH (porcine, an Armour product) and BSA
(three times recrystallized) were provided by Dr. B. Camp-
bell, University of Missouri. Acrylamide was recrystallized
from ethyl acetate before use, and sodium dodecyl sulfate
was from ethanol. Ultra Pure guanidine hydrochloride was
a Schwarz/Mann product. Cyclohexylcarboxamidine hy-
drochloride was synthesized by Dr. N. Ramachandran. N-
Cbz-L-tyrosine p-nitrophenyl ester was obtained from
Sigma Chemical Company.

Trypsin was purified by the chromatographic procedure
of Schroeder and Shaw (1968). The B fraction, which pos-
sessed greater than 90% active protein (Sellers and Ghiron,
1973), was used. Trypsinogen was purified in a similar fash-
ion. Pepsin was purified by being chromatographed through
a sulfoethyl Sephadex C-25 column at pH 4.4 (Ryle, 1970).
HSA was defatted by the procedure of Chen (1967). If it
appeared necessary, protein solutions were filtered before
being used. Glucagon was first dissolved at low pH (~3)
and the solution was subsequently adjusted to the desired
pH to avoid aggregation. A complex between HSA and do-
decyl sulfate was prepared by simply adding a 25-fold ex-
cess of dodecyl sulfate to a HSA solution. In these propor-
tions, HSA is believed to still be in its folded form (Stein-
hardt et al., 1971).
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FIGURE 1: Acrylamide quenching of single tryptophan containing pro-
teins. Experimental conditions given in Table I.

A hemoglobin assay was used to measure pepsin activity
(Ryle, 1970). Chymotrypsin was assayed by monitoring the
increase in OD at 410 nm as N-Cbz-tyrosine p-nitrophenyl
ester was hydrolyzed at pH 7.5.

Fluorescence measurements were made on a Farrand
Mark I spectrofluorometer, using 5-nm bandwidths. An ex-
citation A of 295 nm was routinely used, to ensure that the
light was absorbed almost entirely by tryptophanyl groups.
Protein solutions having an OD of ~0.1 or less at 295 nm
were used. The fluorescence of a protein, monitored at its
emission Amax, was quenched by the progressive addition of
small aliquots of an 8 M acrylamide solution, as previously
described (Eftink and Ghiron, 1976). A correction factor
was applied for the attenuation of the excitation light inten-
sity by the added acrylamide (Parker, 1968), which has a
molar extinction coefficient of about 0.23 at 295 nm.

Fluorescence lifetime measurements were performed on
an instrument resembling the Model 9200 nanosecond fluo-
rescence spectrometer (ORTEC) constructed by S. Stevens
and J. W. Longworth. Lifetimes were assigned by compari-
son of the raw decay data to simulated patterns which were
synthesized by adding a theoretical single exponential decay
curve to a measured system response. This was done using a
computer program (also provided by S. Stevens and J. W.
Longworth) which was designed to minimize the error be-
tween the raw and simulated curves in order to seek the best
fit. For many of the proteins, including RNase T\, nuclease,
monellin, ACTH, HSA-SDS, and pepsin, single component
fits were at least as good as those obtained for pure samples
of indole and N-acetyltryptophanamide. For trypsin and
HSA (at both pH 5.5 and 2.5) the decays were obviously
not single exponentials (in agreement with de Lauder and
Wah! (1971)). Nevertheless, they were force fitted to a sin-
gle exponential in order to obtain an “average” lifetime.
The protein solutions were usually excited at 290 nm in the
lifetime experiments, and the light emitted at >310 nm was
observed through a Corning 0-54 filter. The lifetimes were
determined at 25°. For some of the proteins, the lifetimes
are literature values.

The quenching experiments were performed at room
temperature. This is legal since K, and V are found to be
only slightly temperature dependent (Eftink and Ghiron,
674
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FIGURE 2: Acrylamide quenching of single tryptophan proteins—sep-
aration of static and collisional components, according to eq 3b. Open
symbols, Fo/F; closed symbols, Fo/F exp(V{Q}). Experimental condi-
tions given in Table I.

1975, 1976). We may therefore consider the values of k4 to
be for 25°.

Results and Discussion

Acrylamide is a polar, uncharged compound that has
been shown to quench the fluorescence of indole derivatives
predominately by a collisional process (Eftink and Ghiron,
1976). The quenching reaction is not affected by substitu-
tion of methyl groups at various positions on the indole ring,
suggesting that there are no obvious stereochemical require-
ments for the quenching process. The efficiency of the reac-
tion is near unity in both aqueous and nonaqueous (diox-
ane) solutions. In studies with proteins, this probe should
have the ability to quench any excited tryptophanyl residues
that it happens to collide with, regardless of whether the
residue is located on the surface or the apolar, interior of a
protein. The ease with which a given residue can be
quenched should depend solely on the frequency that it en-
counters an acrylamide molecule. If an indole ring is steri-
cally shielded by surrounding protein segments, the fre-
quency of collision with the probe will be reduced, and its
fluorescence will not be quenched as readily.

Single Tryptophan Proteins. The quenching of a number
of single tryptophan containing proteins and polypeptides
has been investigated. Some of the results are presented in
Figures 1 and 2. We have emphasized these proteins in our
studies, since, having only a single fluorophor, their analysis
is straightforward. The most striking feature in the first fig-
ure is the wide variation in the ability of acrylamide to
quench the fluorescence of these proteins. The tryptophan
in ACTH is very accessible to bombarding acrylamide mol-
ecules; 57% of the fluorescence is quenched at 0.1 M acryl-
amide. At the other extreme, no decrease in the fluores-
cence of the tryptophan in azurin (Pseudomonas fluo-
rescens) is detected as acrylamide is added. From these
findings we would judge the residue in ACTH to be exposed
and that in azurin to be buried. From other studies it is be-
lieved that ACTH is a randomly coiled peptide and would
afford little steric shielding for its tryptophan (Edelhoch
and Lippoldt, 1969). Azurin, on the other hand, is thought
to possess a tryptophan that is extremely well insulated
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Table I: Acrylamide Quenching Parameters for Single Tryptophan
Containing Proteins.?

kq (X10™° Amax

Protein Ko MYV M™) 7,(ns) M™*s™)  (om)
Azurin® ~0 ~0 4.0¢ <0.05 308
HSA-SDS¢ch 1.0 0.6 4.7 0.2 325
RNase Tld 1.1 ~0 3.5 0.3 324
HSA,pH 5.5¢ 3.1 0.8 6.0 0.5 342
NucleaseS 4.5 0.25 5.0 0.9 334
HSA, pH 2.5¢ 33 0.6 33 1.0 334
Monellind 5.2 0.3 2.6 2.0 342
HGH4 3. 0.2 342
Glucagong 10.5 1.0 2.8 3.7 352
ACTHd 13.0 1.0 3.1 4.2 352

aStudies at room temperature; fluorescence monitored at the
emission Amax. Emission spectra were uncorrected, The estimated
limits of error for the assigned values of J are about +25% (except
for very small V, where there is less confidence); this leads to a
variability in the resulting Ky of only about 10%. bpH 8, 0.01 M
phosphate buffer. ¢pH 5.5, 0.02 M acetate buffer. dpH 7.0, 0.01 M
Tris buffer. €0.01 M formate buffer. fpH 7.5,0.01 M Tris—0.05 M
NaCl-0.01 M CaCl,.€pH 6, 0.1 M NaCl. #~10"%M protein, ~2 X
10 M sodium dodecyl sulfate (SDS). { Value from Grinvald et al.
(1975) for azurin from Pseudomonas aeruginosa.

from the solution based on its unusual luminescence proper-
ties (Finazzi-Agro et al., 1970; Grinvald et al., 1975).

Those proteins that are quenched to a reasonable degree
do not show linear Stern-Volmer plots. Instead, they are
curved upward. We have observed similar positive devia-
tions for the quenching of indole type compounds due to
static quenching. By treating the data according to eq 3b,
the collisional and static quenching constants can be as-
signed. In Figure 2, the data for glucagon, HSA, HSA-
SDS, and nuclease are analyzed in this manner and the re-
sults are presented in Table I. The static constant, V, ranges
from 1.0 M~! for ACTH and glucagon to practically zero
for azurin. The data for RNase T; do not deviate enough
from linearity to allow a ¥V to be assigned; the ¥ must be
less than about 0.2 M~!. Except for azurin and RNase T;,
all the other single tryptophan proteins show some degree of
static quenching.

From the K, values obtained for these proteins and their
fluorescence lifetimes, the rate constant for quenching, kg,
can be determined, as listed in Table 1. Since quenching oc-
curs with every collision between acrylamide and an excited
indole ring, the frequency of this encounter (which is kg) is
a kinetic measure of the exposure of the residue. The mea-
surable rate constants range from about 4 X 10° M~! s~!
for the exposed residues in ACTH and glucagon to 2 X 108
M~! 57! for the HSA-SDS complex. For azurin, the limits
of our experiment allow us to only estimate that kq must be
less than 5 X 107 M~!s~1,

The rate constants found for ACTH and glucagon are
approximately the maximum value expected for the
quenching of a fully exposed residue in a randomly coiled
polypeptide. For small indole derivatives, a &q of 7 X 10°
has been found (Eftink and Ghiron, 1976); the value for the
polypeptide is expected to be slightly lower due to the re-
duced diffusion coefficient of the indole ring when it is an-
chored to the macromolecule. Also, collision with quencher
might be partially obstructed by the attached polypeptide.

The low kq for azurin indicates that the indole ring in
this protein must be almost completely protected from colli-
sion with the probe. The quenching rate for the other pro-

FIGURE 3: Schematic description of the relationship between the de-
gree of static quenching and the exposure of the fluorophor.

teins falls in between these extremes, reflecting the interme-
diate topographical positioning of their tryptophanyl resi-
dues. The frequency of collision for proteins such as RNase
T), HSA, and nuclease is very low, but their tryptophanyl
residues must not be shiélded nearly as much as that in azu-
rin.

Besides kg, the static quenching constant can also be ex-
ploited to gain information about the exposure of the resi-
dues. Around an indole ring, one might consider an imagi-
nary shell as depicted in Figure 3. If an acrylamide mole-
cule happens to exist within this volume element at the in-
stance the chromophore becomes excited, it will be
quenched instantaneously. For the unsubstituted indole ring
we have reported a ¥ value of 2.5 M~}. For substituted de-
rivatives, such as tryptophan, the V is lower (1.5 M~!) be-
cause the side chain sterically limits the probability of an
acrylamide neighboring the ring (Eftink and Ghiron, 1976).
The way in which steric shielding may determine the
amount of static quenching is schematically presented in
Figure 3. The more an indole ring is shielded by segments
of a protein, the less it will be subject to static quenching.
The trends in ¥ from 1.0 to O that we find for the series of
proteins can, therefore, be readily interpreted in terms of
the physical exposure of the indole ring. For ACTH and
glucagon, the V values of 1.0 indicate that the residues are
largely exposed. However, the value is lower than that for
simple indole derivatives, and some interference due to the
connected polypeptide chain is apparent. The absence of
static quenching for azurin and RNase T; must reflect the
burial of their residues. In other proteins, such as nuclease
and monellin, the “static” exposure of the tryptophans is in-
termediate.

It is of interest to note that RNase T does not appear to
be statically quenched to any significant degree, but that it
is collisionally quenched. This argues that the indole ring is
completely enveloped by protein fabric so that quencher
molecules do not have an opportunity to be in steady-state
contact with the residue. As discussed previously (Eftink
and Ghiron, 1975), collisional quenching of such a residue
that is apparently buried must require penetration of acryl-
amide through the surrounding protein matrix. The rate
constant, kq, in this case, is a measure of the depth of burial
of the fluorophor.

For HSA, in all forms studied, a relatively large static
component is observed, particularly when the collisional
rate constant is considered. For example, for HSA at pH
1976 675
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FIGURE 4: Selective quenching of the fluorescence of lysozyme and
chymotrypsin by acrylamide. Dashed lines are the initial slopes,
Kv(eff). Experimental conditions given in Table II.

5.5 (N form) the kg value indicates that the tryptophan is
buried almost as much as that in RNase T;, but the V
suggests that there is a good chance that an acrylamide
molecule might exist within the active volume of the fluoro-
phor. We will present a detailed explanation for the unusual
data for HSA, emphasizing the interpretation of V, in a
subsequent paper.

Multi-Tryptophan Proteins. Since we have found a wide
range of acrylamide quenching parameters, it seemed rea-
sonable to expand our studies to include proteins containing
more than one tryptophan. With these proteins, fluores-
cence studies are usually beset with many complications.
There is a possibility that energy may be transferred be-
tween the various tryptophanyl residues. However, only in a
few cases has this been unequivocally demonstrated (Long-
worth and Ghiron, 1974). Also, each fluorescing group may
have its own characteristic fluorescence yield, lifetime,
spectral position, and quenching constants (Burstein et al.,
1973). As can be gathered from eq 5, the description of
quenching data is rather complex for proteins with more
than one fluorophor. Nevertheless, we have found that
quenching studies may still reveal some useful, qualitative
information concerning the fluorophors in this class of pro-
teins.

When the fluorescence of lysozyme and chymotrypsin is
quenched by acrylamide, the Stern-Volmer plots shown in
Figure 4 are obtained. In contrast to the previous cases,
these plots curve downward. Similar quenching patterns
have been observed by Lehrer (1971), Burstein (1968), and
Teale and Badley (1970). Negative deviations result be-
cause the fluorescence of certain tryptophans is selectively
quenched before others in a protein. At a low concentration
of quencher, the slope of the Stern-Volmer plot reflects
largely the quenching of the more accessible residue(s). At
higher concentrations, the easily quenched fluorescence has
been greatly depleted, and those tryptophans having lower
quenching constants become dominant (corresponding to
the lower final slope). Selective quenching in this manner
can only be detected if the quenching constants for each
fraction of the fluorescence are quite different, as discussed
676 1976
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Table II: Acrylamide Quenching Parameters for the Multi—
Tryptophan Containing Proteins.2

kq(eff)

Kgy(eff) Devia- (X107 Amax

Protein ™M™ tion 71,(ns) M77s7?)  (nm)
Aldolaseb 0.2 0 2.3k 0.1 325
Chymotrypsin® 1.0 - 2.1k 0.5 333
Chymotrypsinogend 1.0 - 331
BSAb 37 + 6.2h 0.6 343
Trypsinogen? 2.3 0 2.0k 1.1 333
B-Trypsin¢ 2.4 0 2.2 1.1 334
Ovalbumind 3.8 - 336
Pepsin® 9.5 0 6.0 1.6 344
Papaine 8.0 0 349
Lysozymec¢ 35 - 1.9¢ 1.8 339
Aldolase, pH 2.2 6.8 + 349
Pepsin, pH 8.0¢ 8.6 + 349
B-Trypsin—Gdn-HCig 4.8 + 3.2 .77 352

2 Studies at room temperature; fluorescence monitored at the
emission Apay. Emission spectra were uncorrected. pH 5.5, 0.02
M acetate buffer, €pH 3, HCL.dpH 7.0, 0.01 M Tris buffer. ¢pH 8,
0.01 M phosphate buffer. £0.01 M formate buffer. £6.7 M Gdn-HCL
AValues taken from Lakowicz and Weber (1973). i Value taken
from Formoso and Forster (1975)./'kq normalized for the increase
in the solution viscosity due to guanidine by multiplying K /7, by
a factor of 1.8 (Eftink and Ghiron, 1976).

earlier. If they are not, the data tend to collapse to give ap-
parently linear plots. The treatment of selective quenching
by Lehrer (1971) and others (Badley, 1975) does not in-
clude static quenching, which we observe for single trypto-
phan proteins. Static quenching causes the plots to curve
upwards, and, therefore, would oppose any negative devia-
tion due to selective quenching. The fact that for lysozyme
and chymotrypsin, the Stern-Volmer plots do indeed curve
downward indicates that the curvature due to selective
quenching overwhelms any positive deviations caused by the
static components, In these proteins, the fluorescence of
certain tryptophans must be quenched much more readily
than others, This suggests that some of the residues in these
proteins might be almost completely buried to acrylamide.
Alternatively, a large difference in lifetime for the various
fluorophors, rather than the rate constant, might also ex-
plain the selectivity in quenching. Such may be the case for
lysozyme, for which the fluorescence decay has at least two
components (Formoso and Forster, 1975). Perusal of Ta-
bles I and II suggests, however, that as a general rule, one
would expect a much greater variation in k4 than in ¢ for a
fluorophor in a protein. Any fluorophor emitting with a
short lifetime will also have a low yield and might contrib-
ute negligibly to the total fluorescence of the protein.
Therefore, we find it more likely that a downward curvature
in a Stern-Volmer plot reflects a heterogeneity in kg, but
there may be exceptions.

When a number of other multi-tryptophan containing
proteins, such as pepsin, §-trypsin, and aldolase, were stud-
ied, linear plots were observed, as shown in Figure 5. In
these cases, the data appear to collapse for reasons given
above. The ease of quenching of these proteins varies great-
ly. While pepsin is easily quenched, aldolase is only slightly
perturbed.

When these proteins are denatured by the addition of 6.7
M Gdn.HCI, the variation in the quenchability is lost, as
shown in Figure 5. The Stern-Volmer plots for the dena-
tured proteins are all about the same. Denaturation appears
to normalize the environment and exposure of the trypto-
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phans in these proteins. In native aldolase, the tryptophanyl
residues must be extremely buried, and the residues in na-
tive pepsin must be fairly exposed. When denatured, these
specific structural features are lost, and the residues all be-
come approximately equally exposed in each of the proteins.
Furthermore, the plots again show the positive deviation di-
agnostic of static quenching. When analyzed according to
eq 3b the data for denatured S-tryptin yield ¥V = 0.9 M~!
and K, = 4.8 M~!. A similar change occurs when pepsin is
unfolded by adjusting the pH to 8.0 (Ryle, 1970). Instead
of the linear plot observed for the low pH, native form, an
upward curving plot is found, with ¥ = 1.0 M~! and K, =
8.6 M~!, The only native multi-tryptophan protein for
which we find an upward curving of the Stern-Volmer plot
is bovine serum albumin. For this to occur, the fluorescence
of both residues in bovine serum albumin must be equally
quenched, or only one of the tryptophans must be fluo-
rescent.

According to the acrylamide studies, it is possible to
loosely categorize multi-tryptophan proteins in the fol-
lowing way. (a) Upward curving plot (+)—all residues
nearly equally accessible, or fluorescence dominated by a
single residue. (b) Downward curving plot (—)—heteroge-
neous fluorescence, residues having a widely different ac-
cessibility to quencher. (¢) Linear plot (0)—heterogeneous
fluorescence, residues differing slightly in accessibility. A
precise distinction between these classifications is difficult
to make because much depends not only on the magnitude
of K, for each fluorophor, but on the ¥ values and fraction-
al yield of each, as well. Those proteins studied are catego-
rized in this manner in Table II. Also listed in this table is
an effective quenching constant, K, (eff).

For these proteins it is not a priori obvious to what extent
quenching occurs by the two kinetic processes, collisional
and static. With the single tryptophan proteins, the assign-
ment of the collisional and static components is straightfor-
ward. It has been our experience that acrylamide is pre-
dominantly a collisional quencher. Fluorescence lifetime
measurements are employed to investigate this matter,
based on the grounds that a corresponding drop in the life-
time is a characteristic of collisional quenching (Pesce et
al., 1971). Sellers and Ghiron (1973) have reported a simul-
taneous drop in the lifetime and yield on the quenching of
B-tryptin by acrylamide. Eftink and Ghiron (1975) have re-
ported similar results for the quenching of RNase T,. Ex-
periments with pepsin can also be added to this list. At an
acrylamide concentration sufficient to drop the yield by
69%, a 63% decrease in the lifetime (from 6.0 to 2.2 ns) is
observed. The fluorescence of the easily quenched trypto-
phans in pepsin and the largely buried residue in RNase T;
both appear to be quenched predominately by the collision-
al mechanism. Although our studies with single tryptophan
proteins indicate that static quenching commonly occurs,
the dynamic process is the most important one. For the
multi-tryptophan proteins, the static component is often
masked and the K (eff) that is found may be considered to
be a collisional quenching constant, equal to kq(eff)ro,
where ro is the average lifetime (or single component fit).
The parameter kq(eff) can be taken as a crude estimation
of the average exposure of the fluorescing residues in the
protein. Although the interpretation of the data for these
proteins is not as definite as that for proteins possessing
only a single tryptophan, the fluorescence can still be de-
scribed by the classification system given above, depending
on the shape of the Stern-Volmer plot, and the average
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location of the fluorescing centers in the protein can also be
judged.

Investigation of Protein Conformation Changes. The
sensitivity of acrylamide quenching to exposure suggests
that it should be very useful for monitoring protein confor-
mation changes. Besides being able to merely detect a con-
formational rearrangement, the technique should also re-
port the direction of the change in terms of an increase or
decrease in the exposure of tryptophanyl residues. If there is
only a single fluorophor, the probe will sense a perturbation
of the structure of the protein in the proximity of that
group. If there are a large number of fluorescing centers,
conformational changes occurring over a larger domain will
be reported. An example of such an application (see Table
IT) is the quenching aldolase at neutral and low pH values.
Aldolase is a tetrameric protein that is known to dissociate
into subunits as the pH is lowered (Stellwagen and Schach-
man, 1962). With this dissociation, a marked increase in
quenching is observed, indicating that tryptophanyl residues
throughout the protein are becoming greatly exposed to
acrylamide. Also, the Stern-Volmer plot at pH 2.2 curves
upward, suggesting that the dissociated subunits are unfold-
ed proteins.

This structural change in aldolase is very drastic. A more
limited one is given by the N = F transition for HSA (Fos-
ter, 1960). As the pH of a solution is lowered below 4, the
protein is believed to expand, as contacts between the indi-
vidual globular “subunits” of the macromolecule are bro-
ken. By comparison of the k4 values in Table I, we find that
the single tryptophan becomes more exposed by this trans-
conformational change. Apparently, the dissociation of the
“subunits” uncovers the otherwise buried residue.

Besides these rather extensive structural changes, the
quenching technique can also detect very subtle conforma-
tional rearrangements which accompany the binding of a
competitive inhibitor to an enzyme, such as B-trypsin.
When 0.02 M cyclohexylcarboxamidine hydrochloride
(99.9% saturation) is added to a -trypsin solution (pH 7.5,
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FIGURE 6: Relationship between kq and Amax for single tryptophan
proteins. 1, azurin; 2, HSA-SDS; 3, RNase T; 4, nuclease; 5, HSA,
pH 2.5; 6, HSA, pH 5.5; 7, monellin; 8, glucagon; 9, ACTH.

0.01 M phosphate buffer), the K, (eff) drops from 2.8 to
2.0 M~! (Ramachandran, 1973). (A similar reduction in
quenching constant is found when N-acetylglucosamine is
bound to lysozyme.) There are two general explanations for
this decrease in tryptophanyl exposure upon inhibitor bind-
ing. (It is assumed that the K (eff) drop is not a result of a
decrease in the lifetime, since the relative fluorescence yield
is not significantly altered when the inhibitor binds.) First,
the inhibitor itself might act to sterically shield a fluores-
cing tryptophanyl residue from collision with acrylamide.
Trp-215 lies close enough to the active site of trypsin that it
might possibly be shielded by a bound inhibitor (Krieger et
al., 1974). The other explanation is that inhibitor binding
induces a propagated conformational change in the enzyme,
resulting in a slight decrease in the exposure of most of the
fluorescing residues. To explore these possibilities, studies
were performed with two other trypsin inhibitors of greatly
different molecular sizes: Gdn-HCI (mol wt 95.5, at a con-
centration of ~1 M, see Russin et al., 1974) and LBTI (mol
wt 9900, twofold molar excess). Both of these inhibitors
elicited a similar drop in the quenching constant for trypsin
(Ko (eff) equal to 2.0 and 1.9 M~!, respectively). If this
drop is a result of the shielding of an active site residue, a
much smaller change would have been expected with guani-
dine and a larger drop with LBTI. The more reasonable in-
terpretation is that a structural change throughout the pro-
tein occurs upon inhibitor binding.

Relationship of Emission Spectra to Exposure. The flu-
orescence maxima (Amax) of tryptophanyl residues in native
proteins commonly ranges from about 325 to 350 nm, with
azurin having an unusually blue emission at 308 nm. It has
often been speculated that there may be some relationship
between the Amax and the exposure of tryptophan in a pro-
tein (Teale, 1960; Burstein et al., 1973). This is based on
the fact that denatured and unfolded proteins have a red
(~350 nm) emission, and that in solvents of low dielectric
constant, such as dioxane, the Anay of indole is blue shifted
(~320 nm). The theory is that surface residues that are ex-
posed to water would fluoresce red, and those buried in a
relatively apolar interior region of a protein would appear
blue. Alternatively, a tryptophan might fluoresce blue if it
were sandwiched in a rigid portion of a protein matrix, even
if its microenvironment were not particularly apolar. The
true, kinetic exposure of a tryptophan, as measured by kq
for acrylamide quenching, is plotted vs. the Amax for the sin-
gle tryptophan proteins in Figure 6. A crude relationship
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exists, as can be seen by the smooth curve drawn through
most of the data points. The relationship is not linear. For
example, a relatively large change in the Apax occurs be-
tween RNase T, and nuclease as compared to the kg
change. In this range, a pronounced red shift in the emis-
sion accompanies a rather small, incremental deshielding of
the indole ring (Longworth and Battista, 1970). HSA at pH
5.5 falls conspicuously off the curve. It is also of interest to
note that the exposure (kq) of the tryptophan in HSA in the
F form (pH 2.5) is greater than the exposure in the N form
(pH 5.5) despite the fact that the protein fluoresces bluer in
the F form. This is evidence that the Apax cannot be relied
upon to predict the exposure of a residue. Other factors,
such as specific interactions between the indole ring and
polar groups on the protein, or the presence of water mole-
cules in the protein’s interior may play a part in determin-
ing the position of the fluorescence spectrum.

For most of the proteins, a small blue shift in the fluores-
cence spectrum was observed with quenching. Some ex-
treme examples are lysozyme and pepsin. For these proteins
a blue shift of approximately S nm was found at about 50%
quenching. The most probable explanation for this shift lies
in the heterogeneity of the fluorescence of these multi-tryp-
tophan proteins (Lehrer, 1971; Ostashevskii et al., 1973).
Those residues that fluoresce at longer wavelengths would
be preferentially quenched since they are the most exposed.
A small, but discernible blue shift (1-2 nm) has also been
observed for certain of the single tryptophan proteins, HSA,
and nuclease. Heterogeneity of the fluorescence due to sam-
ple impurity or multiple forms of the protein might also ex-
plain the blue shift for these proteins. However, a more at-
tractive explanation is that newly formed excited indole
rings in proteins undergo relaxation with solvent molecules
and other polar groups in their immediate environment at a
rate competitive with the collisional quenching reaction.
The relaxation processes lead to a red shift in the fluores-
cence of a tryptophan residue (Grinvald and Steinberg,
1974; Brand and Gohlke, 1971; Bakshiev et al., 1966).
Therefore, as the fluorescence is quenched, emission from
the bluer, less relaxed fluorophors becomes dominant.

Comparison to Other Techniques. In many ways, fluo-
rescence quenching is an ideal probing technique from both
an interpretive and experimental point of view. Because ex-
posure can be reported by mere collision with the excited
state of a tryptophan before it fluoresces, the quencher does
not have to be in constant contact with the fluorophor, as is
the case with solvent perturbation and related techniques
(Steiner et al., 1964; Hinman et al., 1974). (Quenching by
the static mechanism is more analogous to the solvent per-
turbation type methods in that a steady-state concentration
of quencher in the vicinity of the fluorophor is required.)
Consequently, a much lower total concentration of the
probing agent is needed. Since the technique is basically a
fluorescence experiment, only a very small amount of pro-
tein is required (less than a milligram), and use of 295 nm
as the excitation wavelength avoids any interference from
tyrosine residues in the protein. In contrast to chemical
modification studies (Kronman et al., 1967), quenching
with acrylamide leads to ground-state molecules, so that the
protein is not permanently damaged, and the reaction itself
does not induce a structural change in the protein. The only
matter of concern is whether or not the protein is denatured
by the presence of acrylamide in the solution. In our experi-
ments, we have observed no indications of denaturation
(i.e., red shift of emission spectrum, anomalous inflections



EXPOSURE OF TRYPTOPHANYL RESIDUES

in the Stern-Volmer plot, or loss of enzymatic activity)
even on occasions when 1 M acrylamide was employed. Pre-
viously, full activity of trypsin and RNase T, in the pres-
ence of acrylamide has been reported (Sellers and Ghiron,
1973; Eftink and Ghiron, 1975). For pepsin and chymotryp-
sin we also have observed only a 15% or less alteration in
the activity when assayed in the presence of about 0.5 M
acrylamide.

The solvent perturbation technique developed by Hersko-
vitz and Laskowski (Herskovits, 1967) has heretofore been
perhaps the most valuable method for determining the ex-
posure of aromatic amino acids. With this technique the
total fractional exposure of tryptophany! residues can be
evaluated. One might expect this method and fluorescence
quenching to yield similar estimates of exposure for single
tryptophan proteins. Of the two methods, acrylamide
quenching appears to be the more sensitive probe, especially
for buried residues. Solvent perturbation type studies per-
ceive the residue in nuclease to be completely buried (Cua-
trecasas et al., 1968). Similar studies with RNase T; and
azurin would not be expected to be able to distinguish be-
tween the burial of the tryptophans in these proteins and
that in nuclease. On the other hand, our quenching studies
can readily sense the structural differences in these three
cases.

A major problem faced in solvent perturbation studies
with multi-tryptophan proteins is the inability to clearly dis-
tinguish between a few completely exposed groups and the
partial exposure of a large number of groups (Kronman and
Robbins, 1970). Acrylamide quenching studies can partly
overcome this problem, through the categorization dis-
cussed above. For lysozyme and chymotrypsin, some resi-
dues are probably much more exposed than others; for pro-
teins like trypsin, on the other hand, there does not appear
to be a great difference in the exposure of the various resi-
dues. The average degree of exposure of the fluorescing
residues in a multi-tryptophan proteins is revealed directly
by the magnitude of kq(eff). From our quenching studies it
is clear that the groups in pepsin are more exposed than
those in trypsin, which, in turn, are more exposed than
those in aldolase. However, it must be realized that the
quenching technique does not necessarily weigh all the
residues in a multi-tryptophan protein equally. Those with
the largest fluorescence yield dominate the study. Nonfluo-
rescent residues do not contribute at all. In some cases this
might be misleading. If the fluorescence of a given protein
comes predominately from a single fluorophor, the effective
exposure (kq(eff)) that would be reported would be biased
toward that particular residue. Quenching studies cannot be
used to assign the number of “exposed” residues in a pro-
tein.

In light of the above discussion, it is interesting to consid-
er the data for pepsin. From the magnitude of kq(eff) we
see that the fluorophors in pepsin are fairly exposed, as
compared to those in other proteins. Since the Stern-Vol-
mer plot is linear, all the fluorophors must have a similar
accessibility to the quencher. But this does not mean that
all five of the tryptophans are exposed. Solvent perturbation
studies, on the other hand, reveal only about half of the five
tryptophans to be exposed (Herskovits and Sorensen, 1968).
By considering both of these studies one might conclude
that some of the residues in pepsin are buried and nonfluo-
rescent. Those residues that do fluoresce must be physically
exposed to the solvent to a degree that is about 40% that of
a fully exposed residue, such as in ACTH.

Concluding Remarks

Previously, biochemists have been able to experimentally
describe the positioning of tryptophanyl residues in proteins
only with very qualitative terms, such as “exposed”, “bur-
ied”, or “partially exposed”. Fluorescence quenching stud-
ies with acrylamide provide a kinetic yardstick for survey-
ing the topography of these residues in proteins in a much
more quantitative fashion. The degree of exposure is direct-
ly measured by the magnitude of k4, which is the frequency
at which a probing molecule the size of acrylamide encoun-
ters the fluorophor. The static parameter, V, is an estimate
of the steady-state population of quencher molecules adja-
cent to the residue, and thus provides a second description
of its exposure. The location of an indole ring in a globular
protein can be visualized by comparison of the k4 and V
values to those for the extreme cases for azurin and ACTH.

The familiar portrayal of the structure of a protein that is
provided by x-ray crystallography is a static one. Most bio-
chemists are inclined to visualize the exposure of a group in
a static sense as well (Lee and Richards, 1971). However, it
must be realized that proteins in solution are not perfectly
rigid structures. Certain regions of a protein may have quite
a bit of flexibility. A residue that is buried on the time aver-
age basis may occasionally become exposed as a result of
local or large scale conformational fluctuations of the pro-
tein. As discussed in the case of RNase T; (Eftink and Ghi-
ron, 1975), a probing molecule, such as acrylamide, might
be able to diffuse stepwise through a protein matrix, facili-
tated by thermal fluctuations in the macromolecule, to meet
a buried tryptophanyl residue. We need, therefore, to'con-
sider not only the time averaged exposure of a residue, but
its dynamic exposure as well. Fluorescence quenching stud-
ies with acrylamide do just this. Not only does the probe
sense the existence of an indole ring on the surface of a pro-
tein, but it can report how deeply a residue is buried within
a protein as well.
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