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ABSTRACT Measurements of the anisotropy of protein fluorescence as a function of an added collisional quencher, such
as acrylamide, are used to construct Perrin plots. For single tryptophan containing proteins, such plots yield an apparent
rotational correlation time for the depolarization process, which, in most cases, is approximately the value expected for
Brownian rotation of the entire protein. Apparent limiting fluorescence anisotropy values, which range from 0.20 to 0.32
for the proteins studied, are also obtained from the Perrin plots. The lower values for the limiting anisotropy found for
some proteins are interpreted as indicating the existence of relatively rapid, limited (within a cone of angle 0°-30°)
motion of the trytophan side chains that is independent of the overall rotation of the protein. Examples of the use of this
fluorescence technique to study protein conformational changes are presented, including the monomer - dimer
equilibrium of P-lactoglobulin, the monomer- tetramer equilibrium of melittin, the N- F transition of human serum

albumin, and the induced change in the conformation of cod parvalbumin caused by the removal of Ca+2. Because
multitryptophan-containing proteins have certain tryptophans that are accessible to solute quencher and others that are

inaccessible, this method can be used to determine the steady state anisotropy of each class of tryptophan residues.

INTRODUCTION
Studies of the anisotropy of the fluorescence of trypto-
phanyl residues in proteins can provide valuable informa-
tion concerning the dynamics of these macromolecular
structures. For relatively small globular proteins the over-
all Brownian rotation of the protein can lead to a signifi-
cant degree of depolarization of the tryptophanyl fluores-
cence. In addition, rapid internal rotational modes of the
residue side chains and interresidue resonance energy
transfer can also result in a loss of emission anisotropy (1).

Experimental observation of these effects can be made
via time-resolved emission anisotropy decay studies. Sev-
eral anisotropy decay studies have been performed on
conjugates between extrinsic fluorescent probes and pro-
teins (e.g., immunoglobulins, [2-4] and muscle proteins,
[5,6]). Technical developments in recent years have
enabled anisotropy decay studies to be made on the
intrinsic tryptophanyl fluorescence of proteins as well
(7-9). In these anisotropy decay studies, a range of fluoro-
phore rotational correlation times has been observed. In
some cases, the rotational correlation times correspond to
depolarization due to global rotation of the macromolecule;
in other cases, the data indicate the existence of internal or
segmental motion of the fluorescing group.

Similar information concerning the motion of trypto-
phanyl residues (or other extrinsic probes) in proteins can
be obtained from steady state measurements of emission
anisotropy as a function of T/lq (10-15). This approach is
commonly used, but different results are often obtained
depending on whether the experiments are performed by

varying temperature or the bulk viscosity (see discussion in
Concluding Remarks).

Another steady state approach, used first by Teale and
Badley (16), involves the measurement of the emission
anisotropy of a protein as a function of added collisional
quencher. By lowering the fluorescence lifetime of the
fluorophore in this manner and by measuring the resulting
emission anisotropy increase one can determine the rota-
tional correlation time of the fluorescent residue (heteroge-
neously emitting systems can be more complicated; see
Theory section below). In recent years Lakowicz, Weber,
and co-workers (17, 18) have used this approach in connec-
tion with their oxygen quenching studies with proteins. We
offer the name "quenching-resolved emission anisotropy"
(QREA)' for such experiments.2

'Abbreviations used in this paper: ACTH, adrenocorticotropic hormone;
HSA, human serum albumin; LADH, horse liver alcohol dehydrogenase;
QREA, quenching resolved emission anisotropy; AX,, excitation wave-
length; AX, emission wavelength.
2The name lifetime-resolve fluorescence anisotropy has been previously
used for such experiments (17), but, as pointed out by a reviewer,
quenching resolved emission anisotropy is a more general description of
the technique. For example, for the case of a protein possessing two types
of Trp residues, one accessible and one inaccessible to a collisional
quencher, it is possible that the average fluorescence lifetime of the
protein may not decrease significantly upon adding quencher (i.e., if the
lifetime of the inacessible residue is about the same as or longer than that
of the accessible residue). In such a case, the meaning of "lifetime-
resolved" becomes complicated. Also selective static quenching may
potentially find use in the resolution of the fluorescence anisotropy of
multi-Trp proteins.
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When oxygen is used as the quenching probe, as in the
above-mentioned works, one can, to a first approximation,
assume that all fluorescing tryptophanyl residues in a
multitryptophan-containing protein will be quenched to
the same degree. This is based on the findings of a rather
narrow range of rate constants for the oxygen quenching of
a variety of proteins ( 19). (However, see reference 20 for a
recent study in which the range of rate constants has been
extended and selective quenching by oxygen has been
observed.) On the one hand, this property of oxygen
quenching simplifies matters by allowing a multitrypto-
phan-containing protein to be treated essentially as a
homogeneous system. On the other hand, a degree of
selectivity in quenching would be desirable for QREA
studies with certain proteins to enable one to focus on the
rotational behavior of different classes of tryptophanyl
residues.

Acrylamide and iodide are efficient and convenient
fluorescence quenchers that have been found to preferen-
tially quench the more solvent-exposed tryptophanyl resi-
dues in multitryptophan proteins (21, 22) and should,
therefore, be excellent candidates for use in QREA experi-
ments. For example, both of these quenchers have been
found to selectively quench the fluorescence of the surface
Trp residue (Trp 15) of horse liver alcohol dehydrogenase
(LADH) to a much greater extent than the internal Trp
residue (Trp 314) (9,23,24).

In this paper we will present QREA studies with a
number of proteins using these polar quenchers (primarily
acrylamide). Studies with a variety of single-Trp-contain-
ing proteins will first be presented to illustrate the way in
which information can be obtained about global and
internal rotational motions of the proteins. We will also
demonstrate the use of QREA to monitor ligand-induced
conformational changes in proteins and protein-protein
aggregation reactions. Finally, we will combine the selec-
tive quenching of polar quenchers with the QREA tech-
nique to try to resolve the dynamic characteristics of
individual Trp residues in multi-Trp proteins (e.g.,
LADH).

THEORY

Rigidly Attached Fluorophore
The decrease in the emission anisotropy, r, from its limiting value, r. (i.e.,
in absence of motion), due to isotropic rotation of a fluorophore is given by
the following version of the Perrin equation

l/r=-Iro + T/rr (1)

where 0 is the rotational correlation time describing the depolarization
process. Isotropic depolarization would correspond to a fluorophore being
rigidly attached to a spherical macromolecule.

If the fluorescence lifetime, r, can be decreased by the addition of a
collisional quencher, the rotational correlation time and limiting aniso-
tropy can be directly obtained from a plot of I /r vs. r ( 16). (This assumes

that r and 4 are of the same order of magnitude.) The drop in r with
added quencher, Q, is given by the Stern-Volmer relationship.

(2)1= Q
I + K,,[Q]

where Tr is the lifetime in the absence of quencher and K,, is the
Stern-Volmer collisional quenching constant (which is equal to kq-r where
kq is the biomolecular rate constant for the quenching reaction).

The 4 value obtained in this manner can be compared with the
rotational correlation time, oh, for a hydrated sphere that can be
calculated from the following equation:

M(Vi + h)n
kT (3)

whereM is the molecular weight, v is the partial specific volume, h is the
degree of hydration of the sphere, and v is the viscosity of the medium.
Because one can assume values of v = 0.73 cm3/g and h - 0.3 cm'/g for
most proteins (25), the rotational correlation time for overall, global
rotation of a globular protein having a given molecular weight can readily
be estimated.

In reality, however, globular proteins may not behave as rigid spheres;
the rotation of the protein may be nonisotropic due to its structural
asymmetry, or internal depolarizing motions of the Trp side chains may
take place (see Results and Discussion below). For a protein having the
shape of an ellipsoid and having fluorophores rigidly attached and
randomly distributed on its surface (i.e., a multi-Trp protein), the
apparent 4 obtained from analysis of fluorescence anisotropy data with
Eq. 1 will be the mean harmonic rotational correlation time for rotation
about the major and minor axes of the ellipsoid. This 4(app) will be larger
than the 4 calculated from Eq. 3 for a spherical protein of equivalent
molecular weight. For an asymmetric protein containing a fluorophore
rigidly attached at a fixed angle with respect to the major axis of the
ellipsoid (i.e., a single-Trp protein), the anisotropy decay will be a
multi-exponential process (in most cases ony two decay rates are expected
to be resolvable [26,27]). In such a case, a plot of l/r vs. r would be
nonlinear. For relatively small axial ratios, however, the deviation from
linearity would be expected to be small, and the apparent 4 obtained
would depend not only on the size and shape (axial ratio) of the
macromolecule, but also on the angle between the major axis of the
ellipsoid and the absorption (and emission) transition moment of the
fluorophore (6, 10, 16). Depending on this angle, the 4,(app) for depolari-
zation of the emission may be greater than or less than the mean harmonic
rotational correlation time for global rotation of the macromolecule.

Internal Motion of Fluorophores
If the fluorophores attached to a spherical macromolecule enjoy rapid,
restricted motion, such as that expected for the rotation of a side chain
about its covalent link, the Perrin equation describing the emission
anisotropy for such a system takes on the following form (2, 12, 28):

(r +r, I+ /F2\
1 + i/4,1 1 + /2

(4)

where 4, and 42 are the rotational correlation times for global and internal
rotation of the fluorophore and F, and F2 are weighting factors for the
respective depolarizing processes. (Eq. 4 assumes that the internal motion
is much faster than the overall rotation of the macromolecule [i.e., X, >>
021. As pointed out by Lipari and Szabo [29], if this condition does not
hold, the effective rotational correlation time for internal motion will
contain a contribution from both the overall and internal rotational
correlation times. Because 4)2 is not determined in our experiments and
because the condition of , »>> 42 iS probably realized in most cases where
internal motion does occur, we feel that Eq. 4 is adequate for our
purposes.)
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FIGURE 1 (A) Simulated QREA Perrin plots for a fluorophore that is
depolarized by both overall rotation of the macromolecule to which it is
attached (characterized by 4, = 20 ns) and by independent segmental
motion of the fluorophore (characterized by 02 = 0.01 ns in a; 02 = 0.1 ns
in b; and 1.0 ns in c). In each case rT =5 ns, r. = 0.32, F I = 0.7 and
F 2 = 0.3 (see Eq. 4). This value of F 2 corresponds to 0 = 26.50 in Eq. 5.
The apparent X, r., and 0 values obtained from dashed lines drawn above
are given in Table I. (B) Simulated QREA plots for a heterogeneously
emitting fluorophore having a single rotational correlation time (see
Theory Section Multicomponent Emission From Single-Trp Protein in
text). It is assumed that ro = 0.32, X = 5 ns, rT = 5 ns, T2 = 0.5 ns, and, for
curve d, F1 = 0.909, F2 = 0.091 (corresponds to a, = a2 = 0.5); for
curve e, FX = F 2 = 0.5 (corresponds to al = 0.09 and a2 = 0.91 ).

In Fig. 1 A we present simulations of QREA experiments for systems
described by the above equation. The resulting plots of 1/r vs. T will be in
general nonlinear, but will appear roughly linear over the large values of T.
In Table I we present values of 4(app) and r0(app) that one would
graphically determine from the simulated data from the slope and
intercept of the dashed lines. If the 02/0, ratio is very small (internal
motion if very rapid), the resulting plot will appear linear and the
determined O(app) will be only slightly <4'. The r0(app), on the other
hand, will appear to be much lower than the true value. As the 42/0, ratio

TABLE I
APPARENT ROTATIONAL CORRELATION TIMES

AND LIMITING ANISOTROPIES FROM
SIMULATED QREA PERRIN PLOTS FOR A

SYSTEM HAVING SEGMENTAL MOTION OF A
BOUND FLUOROPHORE*

Curves in12 (app) ro(app) O(app)

ns ns deg
a 0.01 19.1 0.226 25.5
b 0.1 17.6 0.232 24.4
c 1.0 13.4 0.268 18.0

*From data simulations in Fig. 1; 02 and ro are assumed to be 20 ns and
0.32, respectively. F, and F2 (see Eq. 4) are assumed to be 0.3 and 0.7,
respectively. The true value of 0 is 26.50.

increases (i.e., as the internal motion becomes slower), the 1 /r vs. r plots
appear more curved and the O(app) values become smaller than X,. Thus,
if internal motion exists, the O(app) values are a lower estimate of the
rotational correlation time for global rotation of the macromolecule. The
rj(app) values remain less than the true r0, but approach the latter value
as 42/0, increases.

The rj(app) values can provide additional information concerning the
nature of the internal motion in terms of the angular displacement of such
restricted motion as given by the following relationship (10, 28):

r0(app)/ro - F2 = (3cos2O - 1)/2 (5)

where 0 is the average angle over which the Trp residue (or other
fluorophore) can rotate independently. For example, in curve a of Fig.
1 A, the rapid independent motion of the fluorophore can be described as
occurring within a cone of average angle of 25.50. Thus dynamic
information can be obtained in QREA experiments from both the O(app)
and ro(app) values.

Multicomponent Emission from Single Trp
Proteins

It has become apparent in recent years that the fluorescence decay of
many single Trp containing proteins, and even tryptophan itself, must be
characterized by at least a double exponential (30, 31). The basis for this
lifetime heterogeneity is presently a matter of great concern and may
involve either ground state or excited state heterogeneity. The question we
would like to address is what effect this emission heterogeneity for
single-Trp proteins will have on data obtained in QREA experiments.

Consider the case in which the fluorescence decay, S(t), of a Trp
residue (or other fluorophore) of a protein is characterized by two
lifetimes (T, and r2), as follows

S(t) = a le-117 + a2e 1/12 (6)

Let us assume that, although the fluorescence decay is nonexponential for
some reason, the fluorescence anisotropy decay, r(t), is exponential, with
depolarization described by a single rotational correlation time, X,
corresponding to the global rotation of the protein, r(t) = r0e-'I. From
this the steady state anisotropy is given as

roe- 1(ale-1'il + ae 1/12) dt
r=- (7)

(a,e "tI + a2e 1/12) dt

which upon integration yields

r
rOf l rOf2

r= + I+
l +r,l/4 l+ T2/4,

(8)

where f = aotr/lair and ai are the preexponential terms in Eq. 6.
In Fig. 1 B we present simulated QREA experiments for the above

type of system for cases in which T, = 5.0 ns, T2 = 0.5 ns and 4 = 5.0 ns.
(Note that in this plot T is the weighted average fluorescence lifetime,
which is equal to 2f jrT.) The two curves are for different a,/a2, the ratio
of the long to the short lifetime component. The 4(app) determined from
the dashed lines drawn through these curves are 5.66 ns (curve d) and
7.52 ns (curve e). The rj(app) for curves d and e are 0.312 and 0.305,
respectively. Thus, lifetime heterogeneity for this single-Trp protein
model has the effect of slightly increasing the apparent 4 and slightly
decreasing the apparent ro.

It is interesting that this multi-component lifetime effect leads to a
slight increase in 4(app), whereas the existence of internal motion leads to
a decrease in 4(app). In a real protein both of these effects are expected to
be important. Depending on the relative significance of each of these
effects, the apparent 4 determined from QREA experiments can be
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expected to be either larger than or smaller than the true 4) for global
rotation of the macromolecule. If the effects roughly cancel (or if neither
is significant), 0(app) will be a good estimate of oh.

Multitryptophan-containing Proteins
The steady state emission anisotropy of multi-Trp proteins is equal to the
weighted sum of each residue as follows

r = If r;

1/r 4.0

(9)

where ri and f are the anisotropy and fractional steady state emission
intensity of each residue (note that f may be excitation and emission-
wavelength dependent).

The following three possible cases come to mind for QREA studies
with such multi-Trp proteins:

(a) kqj and are approximately the same for all fluorophores; Tj are

different. For this case all the fluorophores would be equally exposed to
the quencher, would depolarize with equal correlation time (the simplest
situation being that in which there is no internal motion of the residues
and all = oh), but would have different lifetimes. This corresponds to
the section above for multicomponent emission from a protein. The
resultant plots of I /r vs. T(where X = f iTi) would appear as those in Fig.
I B. The resultant 0(app) would be slightly larger than or equal to 0h, and
rj(app) would be slightly <r0. This case may be realized experimentally in
studies with a relatively nonselective quencher, such as oxygen (17).

(b) kqj and rT are approximately the same for all fluorophores; 4)j are
different. Here the K,,, (= kqi Te) for each residue is the same, but there is
a difference in the rotational correlation times of the residues, presumably
due to the existence of a different degree of independent motion of the
various residues. This is analogous to the case presented in Internal
Motion of Fluorphores above and the resultant plot of l/r vs. would
appear similar to those in Fig. 1 A. The existence of rapidly depolarizing
residues (i.e., small 4)) would lead to a decrease in rj(app). The slope
drawn through the data at high Twould yield a 4(app) estimate that is less
than or equal to the largest 4).

Again, this case may be observed in studies with a relatively
nonselective quencher such as oxygen. Lakowicz and Weber (17) have
presented simulations for such a case. The basic difference between this
and the preceeding case is in whether there is a greater variation in the
fluorescence lifetime of different Trp residues in a protein or in the
rotational correlation time of the residues. The range of fluorescence
lifetimes ofTrp residues in proteins appears to be 0.5-10 ns. The values of
may vary over an equally wide range as demonstrated by the work of

Munro et al. (8).
(c) Tr and are approximately the same for all fluorophores; kqj widely

different (selective quenching). In this case the addition of quencher
selectively quenches the fluorescence of the accessible class of Trp
residues and the anisotropy of the remaining fluorescence increasingly
reflects the anisotropy of the inaccessible class of Trp residues. If, for
simplicity, one considers each fluorescing residue to be described by Eq. 1

(i.e., single r and for each residue and all having the same r.), the
anisotropy of the total emission is

0.

0.

J.V

B
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b
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50 100

F

FIGURE 2 Simulated QREA Perrin plot (A) and direct plot of r vs. F
(B) for a system in which selective quenching is obtained (Theory section
Multitryptophan-containing Proteins in text). It is assumed that residue
No. is quenched and that residue No.2 is not, and that tr 5 ns, 4, - 20

ns (T°/4)° = 1/4), and ro = 0.32 for both residues. The various curves

shown correspond to the selection of the ratio of T°2/42 as 1/2 (a), 1/4 (b),
1/8 (c), and 1/16 (d).

for using F instead of T-as the abcissa will become clear below. Also shown
is a direct plot of r vs. F in Fig. 2 B.

The simulations show that when selective quenching occurs the Perrin
plot can be curved. One cannot obtain meaningful 4)(app) and rJ(app)
from forced-fit lines drawn through such plots. Instead, however, one can

determine the anisotropy of each class of residue in the following way. At
[Q] = 0 (at Fo), r is the weighted average, equal to f1r2 + f2r2. At [QJ =

o, the remaining fluorescence intensity and anisotropy are F2 and r2, that
of the inaccessible class of residues. The ratio F2/FO is f2, the fractional
intensity of the inaccessible residues at [Q] = 0, from which f, can be
obtained as I-f 2. Knowing f 1, f2, and r2, one can calculate r, from the
value of r in the absence of quencher.

Note that since the observed emission anisotropy can either increase or

decrease on the addition of a selective quencher to a multi-Trp-containing
protein, that one must be judicious about using such QREA Perrin plots
as proof that a particular quencher is a collisional quencher.

fi
r = r,

i-I + T1i/4),
(10)

where fi= Fj/F is the fractional steady state fluorescence intensity of
each residue, Fj is the fluorescence intensity of residue i, and F = T2Fj is the
total fluorescence intensity. If there are only two classes of Trp residues,
one (residue No. 1, f ,, TI, 1, kqj) that is accessible to quencher and the
other (residue No. 2, f2, T22, 02, kq2) inaccessible to quencher, the above
equation simplifies to Eq. 8. Furthermore, T2 will be independent of the
concentration of quencher (T2 = Tr2 in Eq. 2, since kq2 is assumed to be
zero) and Tl will decrease with added quencher according to Tl/(1 +
kq,Tl'[QJ). Simulated QREA Perrin plots for such a system are shown in
Fig. 2 A. In this figure we have plotted 1 /r vs. F rather than T; the reason

Effect of Static Quenching on QREA
Perrin Plots

Because the fluorescence intensity of a protein sample is usually propor-
tional to its fluorescence lifetime, it will be more practical in most
laboratories to construct QREA Perrin plots of 1 /r vs. F instead ofT. For
studies with multi-Trp proteins using selective quenchers, it is desirable to
make fluorescence intensity measurements instead of lifetime measure-

ments, since the intensity values can be used to determine the fractional
contribution of various classes of Trp residues (f values), whereas
average lifetime values cannot.

The substitution of intensity for lifetime measurements in QREA
experiments is valid if the added quencher is a collisional quencher. (Note
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that in selective quenching studies with multi-Trp proteins, the quencher
can be a static quencher.) However, a certain degree of static quenching is
often observed in studies with proteins. For example, with acrylamide as
quencher in studies with a number of single Trp containing proteins, the
static quenching component is often found to be -10% of the collisional
component (21). If in QREA experiments some of the quenching does
occur statically, this can lead to a slight overestimate of 4(app) and an
underestimate of rj(app) if the static quenching is neglected. Simulations
have been presented elsewhere to illustrate this point (32). One can
correct for static quenching by plotting F exp (V[Q]) in QREA Perrin
plots, instead of F (where Vis the static quenching constant).

EXPERIMENTAL

Materials
Rabbit muscle aldolase, glucagon, ,B-lactoglobulin, horse liver alcohol
dehydrogenase (lyophilized), hen lysozyme, bee venom melittin, human
serum albumin, porcine phospholiphase A2, monellin from Dioscoreo-
phyllum comminsii and nuclease from Staphylococcus aureus were all
obtained from Sigma Chemical Co. St. Louis, MO. Rabbit myelin basic
protein and crystallized horse liver alcohol dehydrogenase were obtained
from Calbiochem-Behring Corp., American Hoechst Corp., San Diego,
CA.

The phospholiphase A2 was passed through a Sephadex G-25 column
before use. Glucagon was dissolved in 0.1 M NaCI, pH 3.0 solution.
Serum albumin was defatted according to the procedure of Chen (33),
and was then passed through a Sephadex G-100 column to separate the
monomer from higher aggregates. The lyophilized alcohol dehydrogenase
was purified by a heat treatment described elsewhere (24). The alcohol
dehydrogenase treated in this manner gave identical results as the
crystallized preparation from Calbiochem-Behring Corp. As described
elsewhere (24), these LADH preparations are generally found to be >
90% active. Lysozyme was chromatographed on CM-sephadex at pH
10.0 (0.05 sodium borate, 0.15 M NaCl buffer) before use.
A purified sample of ribonuclease T1 from Aspergillus oryzae was a

generous gift from Dr. F. Walz, Kent State University. fd bacteriophage
was a generous gift from Dr. R. Webster, Duke University. Cod
parvalbumin was prepared (single band in SDS-gel electrophoresis)
following the procedure of Horrocks and Collier (34). Ca+2 was removed
from this protein as described by Blum et al. (35).

Unless stated otherwise, all proteins were dissolved or dialyzed into a
0.033 M phosphate buffer, pH 7.0, for the fluorescence studies. Solutions
were made using distilled, deionized water and were usually passed
through a millipore filter before the fluorescence measurements were
taken. Acrylamide was recrystallized from ethyl acetate and an 8 M stock
solution was prepared for the quenching studies. A 5 M stock solution of
KI was prepared, with 10-4 M Na2S203 added to prevent oxidation.

Methods
Fluorescence anisotropy measurements were made using a Perkin-Elmer
MPF-44A spectrophotofluorometer. A thermo-regulated cell holder was
used and excitation and emission bandwidths of 5 and 10 nm, respectively,
were used on all occasions. An excitation wavelength of 300 nm was used
for all QREA experiments; the emission wavelength used was usually 345
nm. This wavelength is > 10 nm removed from the center of the Raman
scattering peak. On some occasions, particularly with the blue emitting
proteins RNAse T, and parvalbumin, an emission wavelength of 320 nm
was used.
HNB Polaroid polarizers (Polaroid Corp., Cambridge, MA) were used

for most studies. The steady state anisotropy, r, of the fluorescence signal
was measured as

FVV - FVH9g
Fvv+FvHg (11)

where Fvv and FVH are the vertical (parallel) and horizontal (perpendicu-
lar) components of the emitted light when excited with vertically polar-
ized light. The factor g, which serves to correct for emission monochrom-
eter polarization effects, is equal to the ratio FHH/FHv, where FHH and FHV
are the horizontal and vertical components of emission from horizontally
polarized exciting light. The value of g with our instrument ranges from
1.0 at 370 nm to 1.15 at 320 nm. The Fvv and FVH values in Eq. I I were
corrected for background fluorescence and the transmission of scattered
excitation light by substracting the signal observed from control buffer
solutions that contained no protein (36). Usually this correction is
negligible, but upon quenching the fluorescence signal, the background
correction can become important. Also, since all protein solutions had
negligible turbidity, depolarization due to scattering of the polarized
excitation and emission photons was judged to be insignificant (37). The
precision of r measurements was approximately ±0.005.

The HNB polarizers used allow a slight passage (or leakage) of
orthogonal light. This leakage is only 1-2% at the wavelength studied
(leakage measured by the FVH/Fvv ratio of scattered light from a
glycogen-containing solution). The existence of such leakage leads to an
artificial lowering of the observed anisotropy from its true value. With the
HNB polarizers this discrepancy is very small (only a few percent of most
measured r values) and can be neglected. Some of our studies were done
with Polacoat polarizers (Perkin-Elmer Corp., Norwalk, CT). The
orthogonal light leakage of these polarizers is quite high (-8%), and the
apparent r values measured with these polarizers are significantly lower
than the values measured with HNB polarizers. For example, the
apparent r of N-acetyl-L-tryptophanamide dissolved in glycerol at 250 are
0.165 and 0.195, respectively, using Polacoat and HNB polarizers. For
the few studies in which Polacoat polarizers were used, the apparent r
values were corrected for the effect of polarizer light leakage using the
equations given in Perkin-Elmer technical bulletin FL-74.

1 /r

1 /r

F exp(V[Q])
FIGURE 3 QREA Perrin plots for the acrylamide quenching of gluca-
gon (U), nuclease (A), monellin (v), and ribonuclease T, (-). Excitation
at 300 nm; emission at 345 nm for glucagon, nuclease, and monellin and
320 nm for ribonuclease T,. Conditions given in Table II. To determine
4(app), as defined by Eq. 1, the slope of the plot was determined by
setting Fo equal to the fluorescence lifetime of the protein.
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For QREA experiments, FVH and Fvv measurements on a protein
containing solution were made with the addition of aliquots of stock
quencher solutions. All corrections for dilution of the solution and internal
screening effects were made as necessary ([21] e3 = 0.1 1 M' cm -' for
acrylamide). All protein solutions had an initial optical density of 0.03 or
higher at 300 nm. The slope and intercept of QREA Perrin plots were
obtained by linear regression (i.e., the plots were assumed to be straight
lines; no attempt was made to analyze for curvature as predicted by the
simulations in Fig. I and Theory sections, Internal Motion of Fluoro-
phores and Multicomponent Emission from Single Trp Proteins).

Fluorescence lifetimes were measured with a SLM 4800 phase
fluorometer (SLM Instruments, Inc., Urbana, IL) or were obtained from
the literature.

RESULTS AND DISCUSSION

Studies with Single Tryptophan Containing
Proteins

QREA Perrin plots obtained for a number of single-
Trp-containing proteins, using acrylamide as quencher,
are shown in Fig. 3. The apparent r. and X obtained for
these and other proteins by analysis of data with Eq. 2 are
given in Table II. In these Perrin plots, 1 /r is plotted vs. the
steady state fluorescence intensity, F, and, in those cases

TABLE II
QUENCHING RESOLVED EMISSION ANISOTROPY AND ACRYLAMIDE QUENCHING DATA FOR SINGLE AND

MULTI-TRP CONTAINING PROTEINS AND POLYPEPTIDES*

Acrylamide quenching data QREA data
Single-trp proteins (molecular weight) V9h ap rp)

To kq x 10 V r h 0(app) ro(app)

ns M-' ns ns degrees
Ribonuclease Tit 11,000 3.6§ 0.20 0.185 4.1 5.2 0.320 00
Parvalbumin 12,000 3.411 0.24 0.150 4.4 3.7 0.290 120
Parvalbumin, -Ca"2 12,000 3.511 2.5 0.118 4.4 4.9 0.205 280
HSA, pH 7 (N form) 69,000 6.0¶ 0.76 0.8 0.224 25.6 31.0 0.265 18°
HSA, pH 3.5 (F form) 69,000 3.3¶ 1.0 0.4 0.230 25.6 10.9 0.298 go

Nuclease 1711 20,000 5.011 0.80 0.2 0.175 7.4 9.1 0.265 180
Monellin 10,700 2.61 2.0 0.2 0.160 4.1 3.7 0.270 170
Phospholipase A211 13,900 3.2§ 2.2 0.1 0.165 5.2 5.1 0.270 170
Myelin basic protein 18,000 2.8** 2.2 -|||| 0.137 6.7 2.8 0.280 150
Melittin, monomer 2,800 3.011 2.9 1.0 0.092 1.0 1.5 0.270 170
Melittin, tetramer 11,200 2.311 1.5 0.5 0.140 4.2 2.5 0.265 180
Glucagon 3,500 2.81 3.0 0.7 0.065 1.3 1.1 0.220 260
ACTH 4,500 3.111 3.2 1.0 0.081 1.7 1.7 0.217 270

Multi-Trp Proteins

,3-lactoglobulin, monomer 18,000 2.011 0.55 - 0.244 6.7 8.4 0.305
f,-lactoglobulin, dimer 36,000 1.911 0.50 0.275 13.4 15.4 0.310
Lysozyme 14,000

accessible Trp 2.0#4 2.0 0.170 5.3 (see text)
inaccessible Trp 0.5tt 0 0.265 5.3 (see text)

LADH 80,000
accessible Trp (Trp 15) 7.0§§ 1.3 0.210 29.6 (see text)
inaccessible Trp (Trp 314) 4.0§§ <0.05 0.263 29.6 (see text)

*Temperature, 250C. Fluorescence quenching data (FO/F vs [Q] were analyzed with Eq. 3 of Eftink and Ghiron (21). QREA data (1/r vs F) were
analyzed with Eq. 1. Oh and 0 values were calculated using Eqs. 2 and 5, respectively (with ro taken as 0.31). The error limits in the o(app) and ro(app)
values are approximately ± 10% and ±3%, respectively (neglecting error in the r0 values) in most cases. For those proteins in which kq is low, (i.e.,
ribonuclease T, and parvalbumin), the error limits on o(app) and ro(app) are approximately twice as large.
tThe following proteins were used with the buffers indicated. Ribonuclease T,, parvalbumin, HSA (N form), monellin, phospholipase A2, ACTH,
lysozyme, and LADH, phosphate buffer, 0.033 M, pH 7; HSA (F form), formate buffer, 0.1 M, pH 3.0; nuclease, Tris buffer, 0.01 M, 0.01 M CaC12, pH
7; myelin basic protein, Tris buffer, 0.01 M, pH 7; melittin (monomer), phosphate buffer, 0.02 M, pH 7; melittin (tetramer), phosphate buffer, 0.5 M, pH
7; glucagon, 0.1 M NaCl, pH 3; /3-lactoglobulin (monomer), formate buffer, 0.03 M, pH 2.4; f3-lactoglobulin (dimer), acetate buffer, 0.1 M, pH 4.5.
§Determined with a cross-correlation phase fluorometer of Spencer and Weber (57) operating at 18 MHz from the phase lag.
II Determined with a SLM phase correlation fluorometer operating at 30 MHz; T0 value is the average of that from the phase lag and degree of
modulation.
11From reference (21). The lifetimes are single exponential fits to fluorescence decay kinetics.
**From reference (8).
tjFrom reference (50).
§§From references (9) and (20), adjusted to 250C.
|| |lStern-Volmer plot is slightly downward curving due, most likely to an impurity in the sample.
¶11QREA data obtained using Polacoat polarizers (Perkin-Elmer Corp.); anisotropy values corrected as described in Materials and Methods section.
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e the acrylamide static quenching constant, V, is parvalbumin, which have relatively buried Trp residues,
ricant (see Table II and reference 21) 1 /r is plotted vs. show almost no variation in r with wavelength (this is also
) (V[Q]). the case for aldolase and fd phage). The decrease in r with
'he anisotropy measurements were made with an increasing wavelength seen for some proteins may reflect
ation wavelength of 300 nm, in all cases. The fluores- (a) heterogeneity of the protein sample due, for example,
anisotropy of indole derivatives and proteins is quite to the existence of multiple conformations of the protein or

ndent on excitation wavelength, as demonstrated by to sample impurity, or (b) a wavelength dependence of the
er (38). A minimum in the excitation anisotropy fluorescence lifetime of the Trp residues caused by dipolar
rum of such compounds is generally seen at -290 nm, relaxation processes occurring on the same time scale as
sponding to excitation into the 'Lb band of indole. the fluorescence decay (41).
excitation at -300 nm and above, a maximum in the On the other hand, the apparent emission wavelength
ation anisotropy spectrum is seen, due to selective independence of r for ribonuclease T, suggests that for the
ation into the 'La band (38, 39). Fig. 4 illustrates the buried Trp residue in this protein, and possibly for buried
ation anisotropy spectrum of three selected proteins, residues in other proteins, that a minimum degree of
uclease TI, monellin, and gluagon (representing cases dipolar relaxation occurs about the excited indole ring
'p residues of various degree of solvent exposure). In (consistent with the fine structured emission [42] and our
case, the anisotropy is low, between 270-290 nm, and observed emission wavelength independence of r [20] for
ases to a plateau between 300 and 305 nm. For our ribonuclease T1).
es, an excitation wavelength of 300 nm was selected as The apparent X values experimentally obtained for the
de-off between fluorescence intensity and the desire to series of single Trp proteins are in most cases approxi-
e into the plateau region. Also, by exciting into the red mately equal to Oh, the calculated rotational correlation
of the absorption spectrum, homo-transfer between time for a hydrated sphere of corresponding molecular
residues (in multi-Trp proteins) is eliminated as a weight (compare the fifth and sixth columns in Table II).
ble depolarizing process (40). Thus for most proteins, the observed time constant for the
he emision wavelength monitored for most of our depolariztion process appears to reflect the overall
es was 345 nm (to avoid the Raman band), except for Brownian rotation of the protein. Both positive and nega-
rery blue emitting proteins, for which 320 nm was tive deviations between the experimental 0 and h are seen,
This raises the question as to whether the emission however, which may be a result of (a) experimental error,
itropy of Trp residues in proteins varies with emission (b) the inadequacy of Eq. 3 to describe the global rotation
length. Also shown in Fig. 4 is the emission wave- of the protein (i.e., due to the fact that the protein is
h dependence of r for selected proteins. As can be asymmetric or the hydration value of 0.3 cm3/g is not
for some proteins such as monellin, r decreases with appropriate), (c) the existence of a heterogeneous fluores-
asing wavelength. For glucagon, r also decreases with cence lifetime of the protein (see Theory section), or (d)
length, but not as rapidly. Ribonuclease T, and the contribution of internal segmental motion to the

observed k (see Theory section). For these reasons any
agreement (or lack of agreement) between experimental
and calculated rotational correlation times should be inter-
preted with caution. Note also that the fluorescence life-
time values needed to calculate 4(app) were obtained from
various sources (see footnotes in Table II), and this intro-

.-'v duces some uncertainty.
For myelin basic protein, we find the greatest disparity

betwen the observed and calculated 4 values, with the
observed 4 being <50% of the value of 4h. This sizable
discrepancy strongly suggests a contribution to the
observed 0 from internal rotation of the Trp residue in this

, , protein and is consistent with the anisotropy decay studies
280 300 320 340 360 380 of Munro et al. (8) in which a very small rotational

Xex (nm) Xem (nm) correlation time was found.
The magnitude of the apparent ro values can provide

E 4 (Left) Excitation anisotropy spectra ofglucagon (l), monel- additional insight concerning the existence of rapid seg-
) and ribonuclease T, (a). Emission monitored at 345 nm for mental motion of the Trp residues in the set of proteins.
,on and monellin and 320 nm for ribonuclease T,. Conditions given

FleI.(igh)EiSsonwveenghdeenencofteaisoropof The r. values are found to range from 0.20 to 0.32. Thele II. (Right) Emission wavelength dependence of the anisotropy of
,on (-), monellin (A), parvalbumin (v), and ribonuclease T, (.). value for the limiting anisotropy of indole or tryptophan in
tion at 300 nm. frozen solvents is found by most workers to be in the range
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of 0.30-0.31 (with 300 nm as the excitation wavelength
[38, 39, 43]). For N-acetyl-L-tryptophanamide in glycerol,
we find an ro of 0.290 on extrapolation of r measurements
from room temperature to T/n -k 0 (lowest temperature,
20C). We have also measured the anisotropy of two very
large protein aggregates, aldolase (160,000 MW) and fd
bacteriophage 16 x 106 MW) and find apparent ro values
of 0.303 and 0.31 1, respectively, on extrapolation to T/n
-0. The largest ro(app) value obtained in our QREA

studies was 0.32. Thus, we find an rO value of 0.31 ± 0.02 at
an excitation wavelength of 300 nm to be an appropriate
limiting value for comparison in our studies.

For ribonuclease T, the ro(app) of -0.32 indicates an
absence of internal motion of the Trp residue in this
protein. For other proteins, the ro(app) are smaller, indicat-
ing that rapid segmental motion of the Trp residues takes
place. We are unable to describe precisely the time scale of
this rapid motion; we can only suggest that the time
constant for such motion is subnanosecond. A qualitative
description of this motional freedom can be given in terms
of an angle, 0, corresponding to a cone over which this
motion takes place (see Eq. 5). The values of 0 for the
various proteins are given in Table II. The 0 values are seen
to range from 00 to 300.

The information we have obtained in these QREA
experiments is consistent with other information concern-
ing the location of Trp residues in the various proteins. For
example, our data for ribonuclease T, are consistent with
the Trp in this protein being rigidly buried (43, 44).
Likewise the 0(app) and ro(app) for cod parvalbumin
indicate that its Trp residue is relatively restricted, which is
consistent with other fluorescence data showing this resi-
due to be buried (45) (also note the low kq for acrylamide
quenching in Table II). For ACTH, glucagon, melittin
monomer, and myelin basic protein, on the other hand, the
Trp residues appear to be quite flexible, as expected for
these solvent-exposed residues.

Some of our 4(app) values can be compared with
literature values obtained from anisotropy decay experi-
ments as follows: for nuclease, 8.6 ns (7) and 9.7 ns (at
200C [8]), as compared with our value of 9.1 ns; for HSA
at 80C, 31 ns (8), as compared with our value of 39 ns; for
monomeric and tetrameric melittin, 1.1 and 3.7 ns (46),
respectively, as compared with our values of 1.5 and 2.5 ns.
These comparisons show that the QREA method can
provide rotational correlation time data that are compara-
ble with those obtained using the more technically
demanding anisotropy decay method.

Use of QREA to Study Changes in Protein
Conformation

Steady state fluorescence anisotropy measurements have
been widely used to investigate protein-protein aggregation
phenomena and protein unfolding reactions, the basis for
this application being that the emission anisotropy of a

fluorescent reporter group will generally tend to be higher
for the more aggregated or structured conformations of the
macromolecule. As we will demonstrate by examples
below, the QREA method can also be readily applied to
study protein aggregation/unfolding reactions and can
provide additional information concerning such reactions
in terms of the 4(app) and r0(app) values.

In Fig. 5, studies of four different protein systems
undergoing a conformational change are shown. Two of
these are the monomer dimer equilibrium of f-lactoglo-
bulin (47) and the monomer tetramer equilibrium of
melittin (48). For both of these cases we find a significant
increase in 4(app) for the more aggregated form (see
Table II). In the case of f,-lactoglobulin the increase in
'(app) correlates very well with the increase in the size of
the protein in going from the monomer to the dimer. For
melittin the correlation between 0(app) and protein size is
not as good, which suggests that internal mobility of the
Trp side chain may contribute to the 4(app) values.

The pH-induced N F transition of HSA (49) is
another type of protein conformational change that can be
studied by QREA experiments. As the pH of an HSA
solution is lowered below pH 4, the various lobes of the
protein are believed to separate from one another. We find,
as illustrated in Fig. 5 C, that the 4(app) of the low pH
form of HSA is significantly smaller than that of the
neutral pH form. Whereas the 4(app) at neutral pH is
consistent with the global rotation of a spherical protein of
69,000 MW, the 4(app) value at low pH corresponds to the
segmental motion of a 30,000 MW lobe of HSA. Our
results are thus quite in line with the molecular view of the
N F transition of HSA.

5

A B

9

7

5
3-

3

1/r
C D

4.5
9

4.0 7

5

3-

50 100 50 100

Fexp (VIQI)
FIGURE 5 QREA studies of protein conformational changes. (A) ,B-
lactoglobin monomer (-) and dimer (o). (B) melittin monomer (.) and
tetramer (o). (C) HSA N form (-) and F form (o). (D) Parvalbumin
holoprotein (-) and Ca"2 deficient apoprotein (o). Conditions are given in
Table II.
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A fourth example of a protein conformation change that
we have investigated involves the effect of bound Ca'2 on
the structure of cod parvalbumin. With two moles of Ca+2
bound per mole of this protein, the fluorescence of its single
Trp residue is very blue (Xmax = 320 nm [34, 45]). On the
removal of Ca+2, a dramatic red shift of 25 nm occurs,
suggesting that the Trp residue becomes more exposed to
solvent (45). The steady state anisotropy of parvalbumin
decreases from 0.15 to 0.12 upon removal of Ca+2. From a
QREA study with acrylamide as quencher we find the
drop in anisotropy to be due almost entirely to a decrease in
r0(app) upon Ca+2 removal; the 4(app) appears to be
approximately the same for the two states of the protein
(actually slightly larger for the apoprotein). This suggests
that loss of the metal ions leads to a significant increase in
the internal mobility of the Trp residue (for which 0 = 280
for the apoprotein, as compared to 120 for the holoprotein).
For both states of the protein the apparent rotational
correlation time reflects the global rotation of the protein,
indicating that the shape of the protein is not greatly
changed by the removal of Ca'2.

Studies with Multitryptophan-containing
Proteins

The QREA studies presented thus far have focused pri-
marily on single-Trp-containing proteins and the informa-
tion [O(app) and ro(app)] that can be obtained to describe
the depolarization processes for such Trp residues. In this
section, we consider the use of this method to study
multi-Trp proteins, with emphasis on the strategy of
employing a selective quencher for such studies.
LADH is a dimeric protein that is particularly amena-

ble to this type of study. Due to its symmetry, LADH has
only two types of Trp residues, Trp 15 and Trp 314. The
microenvironment of these two residues is markedly dif-
ferent, which results in the fluorescence of LADH being
quite heterogeneous (9, 20, 23, 24). The fluorescence life-
time of Trp 15 and Trp 314 have been determined to be -7
ns and 3.5 ns, respectfully, by both fluorescence decay (9)
and phase/modulation studies (20). Trp 314, whose fluo-
rescence is relatively blue and fine structured, is found to
be almost completely inacessible to the polar quenchers
acrylamide (24) and iodide (23). Trp 15, on the other
hand, is exposed to solvent and can be readily quenched by
either acrylamide or iodide.

The ability of Trp 15 to be selectively quenched makes it
possible to determine the anisotropy of each residue by
measurement of r as a function of [Q]. In Fig. 6 a plot of
1/r vs. fluorescence intensity and a direct plot of r vs.
fluorescence intensity for studies with acrylamide as
quencher are shown. (Compare with Fig. 2 and see para-
graph c in Theory section Multitryptophan-containing
Proteins.) One cannot determine ro(app) and 4(app) values
from the plot in Fig. 6 A, due to the fact that selective
quenching is occurring in this system. From the anisotropy
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FIGURE 6 QREA studies with LADH using acrylamide as quencher.
(A) Perrin plot. (B) Plot of r vs. F. Emission monitored at 340 nm. From
a plot of FO/AF vs. 1/ [Q] (not shown), F I (= F 15) was determined to be
0.30 at Xx, = 300 nm and km = 340 nm. This value was used to calculate r,
(=r15) and r2 (=r314) values given in Table II.

values at [Q] = 0 and [Q] = oo (i.e., the r value at Fmin) in
Fig. 6 B, one can dissect the values of r15 and r314. To do
this, values of f15 and f314 must be obtained from an
analysis of the quenching data (22, 24, see legend of Fig.
6). The resultant values for r15 and r314 are given in Table
II. The value for r314 is rather large. This is reasonable since
Trp 314 is deeply buried at the subunit interface of this
protein. If one assumes that the rO value for Trp 314 is 0.31
(i.e., there is essentially no internal motion for this resi-
due), a 03,4 value of 25 ns is calculated. This value is
approximately equal to the value of 30 ns that one would
expect for the rotation of an 80,000MW protein. Thus, our
data are consistent with Trp 314 being buried in a very
inflexible domain of the protein.

The rl5 value, in contrast, is much lower and indicates
that this surface residue enjoys a much greater degree of
motional freedom. It is unclear, however, if the lower r
value for Trp 15 can be ascribed to very rapid internal
motion [i.e., a reduced ro(app)], or if the ro(app) is
approximately the same but the 4(app) value for Trp 15 is
low (i.e., as would be the case if the time constant for
internal motion was of the same order of magnitude as that
for global rotation of the protein). For the former interpre-
tation, an r1s of 0.21 would correspond to an ro(app) of
0.25. This in turn, would correspond to very rapid motion
of Trp 15 within a cone of angle 200, with the remaining
anisotropy decaying with a rotational correlation time
corresponding to that for global rotation of the protein (i.e.,
X = 30 ns). Alternatively, one can consider the depolariza-
tion of Trp 15 to be described by a rotational correlation
time of 11 ns [with rJ(app) assumed to remain at 0.311.
This correlation time is less than one-half of that for the
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rotation of the protein. With either description, Trp 15 is
characterized as having a significant degree of segmental
freedom of motion. The first interpretation given above
(very rapid motion within an angle of 200) is probably the
most realistic one, in view of our above studies with
single-Trp proteins which show that q6(app) is usually
(except for myelin basic protein) within 30% of the calcu-
lated kh value. If this is the case, our determined r15 and r314
values are consistent with the anisotropy decay studies with
LADH by Ross et al. (9). These workers found the
anisotropy decay of this protein to be a single exponential
with a rotational correlation time of 36 ns (at 27.50C).

Lysozyme is another multi-Trp protein whose fluores-
cence is known to be very heterogeneous (50, 51). Trypto-
phan residues 62 and 108 of lysozyme are believed to be the
primary emitters of this protein (50), with Trp 62 being the
most exposed to solvent (and presumably the most accessi-
ble to collisional quenchers [22]). As in the above studies
with LADH, we have been able to resolve the anisotropy of
the buried and surface Trp residues by using selective
quenchers. With iodide as quencher, we obtain r values of
0.16 and 0.22 for the accessible and inaccessible residues,
respectively. Similar experiments with acrylamide yield r
values of 0.17 and 0.26 for the accessible and inaccessible
residues. The slight difference in the corresponding r
values with the two quenchers undoubtedly arises from the
fact that more (or different) Trp residues are accessible to
acrylamide, as compared with iodide. In both cases, how-
ever, the buried residues are found to have the higher
anisotropy. This may reflect the restricted mobility of such
residues, but may also be due to the fact that the buried
residues have a lower fluorescence lifetime than the surface
residues (51).

CONCLUDING REMARKS

We have presented a survey study demonstrating the
application of the QREA method to characterize the
dynamics of the fluorescence depolarization of Trp resi-
dues in proteins. The experimental method is technically
simple, but rich in the amount of information that it can
provide. The apparent rotational correlation times
obtained by this method are generally consistent with those
expected for global Brownian rotation of the proteins and
are in good agreement with similar data obtained by more
elaborate anisotropy decay studies. The apparent limiting
anisotropy values obtained for some proteins suggest that
rapid internal rotation of Trp residues occurs over an angle
of up to 300. In addition to the apparent X and r. values
obtained in QREA studies, it should be recalled that
information of the solvent exposure of Trp residues is also
provided in these experiments in terms of the magnitude of
the quenching rate constant (21).

The results provided by these studies on the mobility of
Trp residues (or lack of independent mobility in some
cases) in proteins support other recent magnetic resonance
studies (52, 53) and theoretical calculations (54, 55) con-

cerning the dynamics of amino acid side chains in proteins.
In particular, it is interesting to note that the molecular-
dynamics calculations of McGammon and co-workers (55)
predict that rapid torsional motion of aromatic side chains
over an angle of 300 may easily occur in proteins.

For proteins containing more than one fluorescing Trp
residue, the QREA technique can be used to determine the
anisotropy of individual residues if selective quenching of
the different residues can be achieved. The latter possibil-
ity offers an advantage, in some instances, over anisotropy
decay studies. As our work with LADH illustrates, anisos-
tropy decay studies might yield the same rotational corre-
lation time for two classes of fluorophores on a protein. A
selective quenching QREA study, on the other hand, might
be able to reveal the existence of rapid segmental motion of
one or both of the fluorophores.

The QREA method also offers some advantages over
steady state anisotropy studies in which either temperature
or bulk viscosity is varied. A problem with obtaining a
Perrin plot by varying temperature is the possibility of
having a temperature-induced conformational change or
having thermally activated internal depolarizing motions
(12, 13, 15). QREA studies can be performed at a series of
fixed temperatures, thus allowing such temperature effects
to be investigated. Perrin plots obtained by varying viscos-
ity can be experimentally tedious. The matter of the
viscosity dependence of the fluorescence lifetime must be
dealt with, and the amount of co-solute (i.e., glycerol or
sucrose) that is usually added can amount to up to 50% by
weight. By comparison, the amount of acrylamide added in
QREA experiments is usually <4% by weight. Because the
relative position of the La band of indole is environment
dependent (56), complications are expected to be fewer in
the quenching QREA experiments.

The quencher used for such studies does not have to be a
unity-efficient quencher, but should quench primarily by a
collisional process. (For selective quenching studies with a
multi-Trp protein, the quenching process does not have to
be collisional, so long as one type of residue can be
selectively quenched.)

The quenchers that have been used most successfully
thus far with proteins and that are the most likely choices
for QREA studies are oxygen, iodide, and acrylamide
(19, 21, 22). The charged quencher iodide is probably the
most selective of these quenchers and thus should be useful
in dissecting the anisotropy of classes of residues in multi-
Trp proteins. However, iodide is unable to quench the
fluorescence of certain proteins (e.g., ribonuclease T1,
parvalbumin, ,B-lactoglobulin), which makes QREA exper-
iments impossible in these cases. Oxygen, a much
smaller quenching probe, is able to readily penetrate the
structure of proteins and thus is less useful for selective
quenching/anisotropy studies. Because the rate constants
for oxygen quenching fall within a rather narrow range of
1-5 x 109 M-l (19, 20) one can assume to the first
approximation, a single rate constant for the oxygen
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quenching of a multi-Trp protein. This assumption allows
an estimation of a rotational correlation time for multi-Trp
proteins to be made from oxygen-quenching QREA studies
(17). Complications due to heterogeneity in the fluores-
cence lifetime and degree of segmental motion of the
different Trp residues may still need to be considered in
these cases.

Acrylamide combines the favorable advantage of each
of the above quenchers for QREA studies. Acrylamide is
able to quench the fluorescence of most of the Trp residues
in proteins, but, due to the large range in quenching rate
constants (<0.05 - 4 x 109 M-l s-l) for individual
residues, selective quenching of multi-Trp proteins is possi-
ble (21). As demonstrated with lysozyme and LADH, this
enables one to evaluate the anisotropy of the quenched and
unquenched classes of Trp residues.

Finally, we wish to point out that although the present
QREA studies have focused on the intrinsic fluorescence of
tryptophanyl residues in proteins, that similar studies could
be performed using attached extrinsic probes. In particu-
lar, the strategic use of extrinsic probes with long ro would
enable the determination of rotational correlation times for
macromolecular structures larger than those studied here.
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