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Abstract

The solvent accessibility of the four tryptophans of rabbit skeletal muscle myosin rod was investigated using
steady-state and time-resolved fluorescence quenching by iodide, acrylamide, and cesium. The quenching by
iodide and acrylamide was biphasic; the discrete, long lifetime componcnt was quenched with bimolecular
collision constants (k) of 1x10° M~' s~ and 1.6x10° M~' s~', respectively, while the Gaussian
distributed, short llfetll'ne component was quenched with a k, value of 0.3x10° M~ s™! and 0.04 X 10°
M~! 571, respectively. Comparison with k, values for N-acetyl-tryptophanamnde indicated that the fractional
solvent accessibility was about 25% for thc long and less than 10% for the short lifetime component. Cesium
quenching was monophasic and provided evidence of an excess of positive charge around these tryptophans.
Our findings cast doubt on the general application of the simple coiled-coil model to describe coiled-coil

interactions in this protein in solution.
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1. Introduction

The structure and dynamics of the a-helical
coiled-coil, the supersecondary structural motif
generated by the left-handed supercoiling of two
a-helices, has important implications for the
structure of fibrous proteins such as myosin,
tropomyosin, and the intermediate filaments [1],
for the structure of helical bundles in integral
membrane proteins [2], and for the folding inter-

* Correspondence to: Dr. Richard Ludescher, Dept. of Food
Science, Rutgers University, P.O. Box 231, Cook College,
New Brunswick, NJ 08903-0231.

actions that generate helix-helix contacts in glob-
ular proteins [2].

In this and a previous study [3] we have used
fluorescence from the intrinsic tryptophans of the
coiled-coil portion of myosin (called myosin rod
when isolated from myosin by proteolysis) to in-
vestigate the local structure of the coiled-coil
motif in this fibrous protein. The two tryptophans
per polypeptide chain (four per rod) are located
at equivalent hydrophobic d sites in the seven
residue (heptad) repeat, (abcdefg),, found in all
coiled-coil amino acid sequences [4,5]. In our
previous study [3], we determined that the fluo-
rescence from these residues arises from two
populations of tryptophans with different spectral
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properties. The major population has a discrete
long lifetime with spectral properties characteris-
tic of tryptophan in a polar environment and the
minor population has complex, heterogeneous
decay kinetics described by a broad Gaussian
distribution of short lifetimes with the spectral
properties characteristic of tryptophan in a non-
polar environment. In this study we demonstrate
that the fluorescence of the discrete long lifetime
component is efficiently quenched by addition of
the quenchers iodide or acrylamide, and is thus
exposed to aqueous solvent, while the fluores-
cence from the Gaussian distribution short life-
time components is quenched inefficiently by
these quenchers and is thus effectively shielded
from aqueous solvent. These results suggest that
the coiled-coil in solution exists in at least two
different conformations, one in which some of
the tryptophans at these hydrophobic d sites are
buried at the coiled-coil interface and another,
more probable conformation, in which the trypto-
phans are at the surface of the coiled-coil ex-
posed to solvent.

2, Materials and methods
2.1. Protein preparations

Myosin was extracted from the skeletal muscle
of New Zealand white rabbits as described in
reference [3]. The purified myosin was stored at
—20°C in myosin buffer (MB: 0.5 M KCl, 0.5
mM EDTA, 0.5 mM dithiothreitol, 20 mM
MOPS, pH 7.0) ! that contains 50% glycerol (v/v)
as an antifreeze. The myosin rod was prepared
from myosin by digestion with a-chymotrypsin
(Sigma Chemical Co., St. Louis, MO) at room
temperture [3]. The myosin rod was purified from
$-1 and undigested myosin by ethanol precipita-

1 Abbreviations: . EDTA, ethylenediaminetetraacetic acid;
FWHM, full width half maximum; MB, myosin buffer; KDP,
potassium dihydrogen phosphate; LMM, light meromyosin;
MOPS, 4-morpholinepropanesulfonic acid; NATA, N-
acetyl-tryptophanamide; NdYAG, neodymium yttrium alu-
minum garnet; SDS, sodium dodecy! sulfate; S-2, subfrag-
ment 2.
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tion [6]. The purity of rod samples was checked
by SDS-polyacrylamide gel electrophoresis {7].
The rod preparations that were used to collect
the data cited herein all showed one dominant
band in 10% polyacrylamide gels. Densitometry
of stained gels indicated that the protein was
>95% rod with the remainder smaller frag-
ments. The purified myosin rod was stored at
—20°C in MB plus 50% glycerol (as described
above).

2.2. Steady-state quenching measurements

Aliquots from freshly prepared stock solutions
of KI (ACS grade), acrylamide (electrophoresis
grade), or CsCl (optical grade) in MB were added
as a quencher to a 1.7 ml sample of myosin rod
(0.2 mg/ml) or NATA (10 z M) in myosin buffer
at 20°C. All steady-state fluorescence intensity
measurements were made on a SPEX F1TI11
spectrofluorimeter equipped with temperature
controlled sample holder. Quenching measure-
ments were performed using excitation at 290 nm
(0.75 nm band pass) and emission at 350 nm (30
nm band pass) for iodide quenching studies, exci-
tation at 300 nm (0.38 nm band pass) and emis-
sion at 360 nm (30 nm band pass) for acrylamide,
and excitation at 280 nm (0.38 nm band pass) and
emission at 340 nm (30 nm band pass) for cesium
quenching studies. All fluorescence intensity
measurements were corrected for dilution effects.
Corrections were made for acrylamide absorption
at 300 nm using an extinction coefficient for
acrylamide at 300 nm of 0.15 M~! em™! (maxi-
mum adjustment 5% at 1.2 M acrylamide).
Quenching data at low quencher concentration
were plotted as the ratio of the fluorescence
intensity in the absence (F;) to the intensity in
the presence (F) of quencher versus the quencher
concentration. The quenching curves were fit by
linear regression; the fit slope was equated to K,
in the Stern-Volmer equation,

Fy/F=1+K,[Q] M

where [Q] is the concentration of quencher and
K, is the Stern—Volmer quenching constant. K,
=k, where k is the bimolecular quenching
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constant and 7, is the lifetime of rod in the
absence of quencher at 20°C. In those cases where
the Stern—Volmer plots showed downward curva-
ture, the quenching results were plotted as the
ratio F/F, and analyzed using the following ex-
pression [8]:

n
F/Fo= Efi/(1 +st,i[Q]) (2)
i=1

where f; is the fractional fluorescence and K, ;
is the Stern—-Volmer quenching constant for each
component. Data at high concentration of iodide
were fit to this equation using the commercial
least squares fitting program NFIT (Island Prod-
ucts, Galveston, TX). Equation (2) was modified
to account for the possibility of static quenching
by including a term in exp(V[Q]) [8].

F/F,= Z fi/(l +st,i[Q]) exp(V[Q]) (3)
i=1
where V is the static quenching constant [9).

2.3. Time-resolved quenching measurements

Lifetime decay measurements were performed
on the time-correlated single photon counting
fluorimeter at the Regional Laser and Biotech-
nology Laboratory (RLBL), Department of
Chemistry, University of Pennsylvania. The de-
tails of the instrument are described in ref. [3].
The lifetime decays of myosin rod were collected
as a function of the concentration of the
quenchers KI and acrylamide at constant ionic
strength by using excitation at 290 nm and emis-
sion at 350 nm (bandpass 20 nm). The decays for
sets of each quenching data at different quencher
concentrations were analyzed simutaneously us-
ing global fitting routines on the program Globals
Unlimited (University of Illinois) that was devel-
oped by Beechem and colleagues [10,11]. This
program was used to perform lifetime distribu-
tion and discrete lifetime fits simutaneously on
multiple data sets. The goodness-of-fit was evalu-
ated by examination of the value of the global x?
and plots of the modified residuals and auto-cor-
relation functions for individual data sets. A fit
was considered appropriate when the modified
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residuals and auto-correlation functions showed
random deviations about zero and the global y*
value was less than 3.

The lifetime components () were plotted as
7o/7 V. [Q], where 7, is the lifetime in the
absence of quencher and 7 is the lifetime in the
presence of quencher. These plots were analyzed
using the Stern-Volmer quenching formalism (eq.
1). 7, was also used to calculate the collisional
rate constant (k) from the Stern-Volmer
quenching constant (K,) in both steady-state and
time-resloved quenching studies.

3. Results
3.1. Steady-state quenching

The degree of solvent exposure of the trypto-
phans in myosin rod was evaluated using colli-
sional quenching with three different quenchers,
the negatively charged quencher iodide, the neu-
tral quencher acrylamide, and the positively
charged quencher cesium. Typical Stern-Volmer
quenching plots for these three quenchers are
shown in Fig. 1. The quenching behavior of rod
was compared for each quencher with that of
N-acetyl-tryptophanamide (NATA) which repre-
sents the case of tryptophan fully exposed to
aqueous solvent; comparison of the quenching
behavior of rod to that of NATA allows an esti-
mate of the fractional solvent exposure of the rod
tryptophans [12]. At low concentration of iodide,
under experimental conditions in which the salt
concentration was maintained constant at 0.5 M
(Fig. 1A), the Stern—Volmer plot of the ratio of
the fluorescence intensity in the absence to the
intensity in the presence of quencher (F,/F) was
linear with iodide concentration (correlation co-
efficients > 0.995); Stern-Volmer plots were also
linear at low concentrations of acrylamide and
cesium (correlation coefficients > 0.995) (Figs.
1B, 1C). The Stern-Volmer quenching constants
(K,,) calculated from the slopes of these curves
are summarized in Table 1 (low [Q] case). Both
acrylamide and iodide efficiently quenched the
tryptophan fluorescence of rod with quenching
constants of 7.44 and 4.11 M™!, respectively, at
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Fig. 1. Stern—Volmer plots of the ratio of the tryptophan
fluorescence intensity in the absence (F,) and presence (F) of
quencher for NATA (O) and myosin rod () in MB at 20°C.
The data are for quenching by potassium iodide (A), acryl-
amide (B), and cesium chloride (C). Experiments were con-
ducted at low quencher concentrations and, in the case of the
charged quenchers, at constant icnic strength.

20°C. These quenching constants are similar to
those seen in other soluble proteins with surface
accessible tryptophans [8]. The Stern-Volmer
constants for cesium quenching of rod and NATA
were nearly an order of magnitude smaller than
those for iodide and acrylamide because cesium
has a quenching efficiency significantly less than
unity [13].

At higher concentrations of quencher, in ex-
periments conducted at variable ionic strength in
the case of the ionic quenchers, the Stern-Volmer
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plots were linear for cesium but not for iodide
and acrylamide (Fig. 2). The quenching constants
from Stern—Volmer analysis of the cesium data at
high concentration were essentially the same as
those found at low concentration (Table 1). The
curvature in the Stern-Volmer plot of iodide,
however, suggested that there were at least two
populations of tryptophans in the rod with differ-
ent K, values [8,14] and thus different accessibil-
ities to iodide and acrylamide. The iodide
quenching data were thus analyzed using a two
component dynamic quenching model [eq. 2 in
Section 2) in order to estimate the different
Stern-Volmer quenching constants. Iodide
quenching data and a two component fit are
plotted as the ratio F/F; in Fig. 3A; the Stern—
Volmer constants from this two component anal-
ysis were 5.29 and 0.305 M~! with fractional
amplitudes of 0.83 and 0.17, respectively,

Since the structure of the rod is known to be
influenced by ionic strength [15], the effect of

Table 1

Stern-Volmer constants for fluorescence quenching of myosin
rod and NATA?

Quencher NATAY™ Myosin rod
Intensity ® Lifetime ©
Low ¢[Q] High®[Q]
Cesium 1.79 0.119 0.112 -
Acrylamide 19.2 7.44 838 f 6.18
<0.0344 <0.5¢
Todide 9.52 4.11 5.29¢ 4.510
0.305 <0458

# Samples at 20°C in MB.

b Data from effect of quencher on steady-state intensity at
350 nm.

¢ Data from effect of quencher on magnitude of long (5.4 ns)
liftime.

¢ Data from quenching curves at constant jonic strength with
low concentration of quencher.

¢ Data from quenching curves at variable ionic strength with
high concentration of quencher.

f Quenching constants from two component analysis (eq. 2,
Section 2) of quenching curves at high concentration of
iodide and from two component analysis (egs. 2 and 3,
Section 2) of quenching curves at high concentration of
acrylamide.

¢ Estimated (see text for details).
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Fig. 2. Stern-Volmer plots of the ratio of the tryptophan
fluorescence intensity in the absence (F,) and presence (F) of
quencher for NATA (O0) and myosin rod (8) in MB at 20°C.
The data are for quenching by potassium iodide (A), acryl-
amide (B), and cesium chloride (C). Experiments were con-
ducted at high quencher concentrations and, in the case of the
charged quenchers, at variable ionic strength.

ionic strength per se on the tryptophan fluores-
cence in rod was investigated by adding KCl to
rod samples; the fluorescence intensity remained
constant, after correction for the dilution effect,
over a concentration range from 0 to 1.35 M K(Cl
(data not shown).

The acrylamide quenching data were analyzed
using a two component dynamic quenching model
(eq. 2) to estimate the different Stern-Volmer
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quenching constants for this neutral quencher;
these data (plotted as the ratio F/F, in Fig. 3B)
are well fit with Stern-Volmer constants of 8.38
and <0.0344 M1 with fractional amplitudes of
0.93 and 0.07, respectively. The same data were
also fit using a more complex two-component
dynamic-static model (eq. 3); the Stern-Volmer
constants from this analysis were similar to those
from the simple dynamic model and the static
quenching constant (V) was 0 M~!. There was
thus no direct evidence for static quenching by
acrylamide in the rod.

F/Fo

0.0 L 1
0.0 0.5 1.0 1.5

0.6

F/Fo

0.4 1

02+

oo | L 1
0 200 400 600
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Fig. 3. Quenching of tryptophan fluorescence in myosin rod at
20°C in MB by potassium iodide at variable ionic strength.
The data are plotted as the ratio of the fluorescence intensity
in the presence (F) to the intensity in the absence (F;) of
quencher. The smooth curve is a two component fit to the
data using eq. (2) (Section 2). Details in text and in Table 1.
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3.2. Lifetime resolved quenching

The effect of iodide and acrylamide quenching
on the individual lifetime components of the rod
can provide a more detailed description of sol-
vent quenching in proteins [16-18]. We therefore
collected intensity decays of rod fluorescence as a
function of quencher concentration for the two
efficient quenchers iodide and acrylamide and
analyzed the data sets using global fitting proce-
dures [11]. The fluorescence intensity decay of
myosin rod at 20°C in MB in the absence of
quencher was shown in the previous study [3] to
require a discrete long lifetime component and a
broad gaussian distribution of short lifetimes for
an adequate description. Data sets of intensity
decays collected as a function of quencher con-
centration over the range from 0 to about 200
mAM were thus analyzed using a bimodal analysis
with a discrete long lifetime and a Gaussian dis-
tribution of short lifetimes. The quenching data
sets were well fit using a model in which the
Gaussian distribution of short lifetimes was linked
{constrained to the same values) across all data
sets, and the long, discrete lifetime and the am-
plitudes of all components were allowed to vary
across all data sets. The modified residuals from
this analysis for individual data sets quenched by
iodide are plotted in Fig. 4; the low x? values for
these analyses, in the range from 1.13-1.18, and
the flat and random residuals plots demonstrate
that this model is an excellent description of the
data. A similar model was used to fit the acryl-
amide quenching data; the y? values for these
analyses were in the range from 1.05-1.35 and
the modified residuals plots (not shown) resem-
bled those shown in Fig. 4.

The global analyses of both iodide and acryl-
amide quenching thus indicated that only the
long lifetime component was efficiently quenched
by either iodide or acrylamide. This global analy-
sis agrees with a preliminary study, based on
analyses of individual data sets using discrete
multiexponential decays, which found that only
the long lifetime component was quenched by
addition of iodide over the concentration range
from 0-210 mM [19].

The lifetime distributions used to analyze the
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Modified Residuals
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Channel
Fig. 4. Modified residuals for global analysis of iodide quench-
ing of rod fluorescence at 20°C in MB using a bimodal model
of the quenching behavior. The Gaussian distribution of short
lifetimes was linked across all data sets (mean lifetime of 0.91
ns, FWHM of 1.49 ns) and the discrete, long lifetime compo-
nent and the amplitudes of both components were varied
across all the data sets. The residuals plots are for fits to
decays in the presence of 0 mM KI (A), 45 mM KI (B), 100
mM KI (C), 154 mM KI(D), and 250 mM KI(E).

unquenched decay data are plotted in Fig. 5. The
data were fit with a discrete long lifetime compo-
nent of 5.40 ns (fractional amplitude of 0.79) and
a broad (1.49 ns FWHM) Gaussian distribution of
lifetimes centered at 0.91 ns (fractional amplitude
of 0.21). These values are similar to the bimodal
distribution values needed to fit the wavelength
dependent data described previously [3].

The addition of iodide over the concentration
range from 0 to 250 mM quenched the long
lifetime by over a factor of two (from 5.40 to 2.47
ns). Within the error of our analysis, iodide did
not quench the Gaussian distribution of short
lifetimes; assuming that the global analysis cannot
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Fig. 5. Distribution of lifetimes used to describe the intensity
decay of tryptophan fluorescence in myosin rod at 20°C in MB
in the absence of quencher. The normalized amplitudes are
0.79 for the long lifetime and 0.21 for the short lifetime
distribution. Further details in text.

detect a decrease of less than 10% in the mean of
the short lifetime distribution, we estimate that
the Stern—Volmer constant for this species is less
than 0.4 M~'. A Stern—Volmer analysis of the
ratio of the long lifetimes in the absence to those
in the presence of quencher (r,/7) is plotted in
Fig. 6A; the plot is linear (correlation coefficient
of 0.96) with a slope (K,,) of 451 M~! (Table 1).
The global analyses indicated that the normalized
amplitudes for the discrete long lifetime compo-
nent remained constant at about 0.79 over the
range of quencher concentration from 0 to 100
mM but decreased at higher quencher concen-
trations (data not shown).

The neutral quencher acrylamide had similar
effects on the lifetime components of tryptophan
fluorescence in rod. As the concentration of
acrylamide increased from 0 to 200 mM the
discrete long lifetime was quenched from 5.40 ns
to 2.54 ns while the Gaussian distribution of short
lifetimes remained unchanged; again, assuming
that the global analysis cannot detect a 10%
decrease in the mean of the short lifetime distri-
bution, we estimate that the K, of this compo-
nent is less than 0.5 M~L. A Stern-Volmer analy-
sis of the quenching of the long lifetime compo-
nent is plotted in Fig. 6B, this plot is also linear
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(correlation coefficient of 0.97) with a slope of
6.18 M~! (Table 1). The normalized amplitudes
for the discrete long lifetime component also
remained constant at about 0.79 over the range of
acrylamide concentration from 0 to 80 mAM but
decreased at higher acrylamide concentrations.

3.3. Bimolecular quenching constants

The Stern-Volmer quenching constant is the
product of a bimolecular collision constant (kq)
and the lifetime of the unquenched species [20].
The collision constants for quenching of rod fluo-
rescence by cesium, acrylamide, and iodide, cal-
culated from the quenching constants of Table 1
and the unguenched lifetimes, are summarized in

2.4
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Fig. 6. Stern—Volmer plots of the ratio of the tryptophan long
lifetime in the absence () and presence (1) of quencher for
potassium iodide (A) and acrylamide (B) quenching of rod at
20°C in MB. The lines are linear least-squares fits to the data.
Details in text and in Table 1.
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Table 2

Bimolecular collision constants from fluorescence quenching
of myosin rod and NATA®

Quencher NATA® Myosin rod
Intensity ° Lifetime ¢
Low[Q] High{Q]
Cesium 0.597 0.0229 0.0215 -
Acrylamide 6,40 143 1.55 1.14
<00378 <0549
Todide 317 0.791 0.980 4 0.835
0335°¢ <0440

2 Calculated from the K, values of Table 1 for samples at
20° in MB.

b Calculated using 7 = 3.0 ns [21].

¢ Calculated using {t) =5.20 ns.

¢ Calculate using the value of the long lifetime, 7= 5.4 ns,
and the mean of the short lifetime distribution, 7 = 0.91 ns.

¢ Calculated using the mean lifetime of the Gaussian distribu-
tion, 7 = 0.91 ns.

Table 2; a value of 3.0 ns [21] was used to
calculate k for quenching of NATA.

The rate constant for collision of acrylamide
with the discrete long lifetime tryptophan species
in rod was 1.14 x 10° M~! s~1; this value is in
the range found for acrylamide quenching of
tryptophan fluorescence in globular proteins but
smaller than the maximum value of about 4 x 10°
M~ s7! found for quenching of fully solvent
exposed tryptophans in proteins [8]. The small
difference between the intensity and lifetime val-
ues for acrylamide (Table 2) probably reflects the
difficulties associated with interpreting the
steady-state acrylamide quenching data using a
two component dynamic-static quenching model
(Section 4). We estimate that the k for collision
of acylamide with the short lifetime component
was less than 0.549 X 10° M~! s~! (Table 2).

The k_ value for collision of iodide with the
major (83%) quenching component of rod was
0980 X 10° M~! s~! based on steady-state
quenching data; this value is similar to the rate
constant for collision of iodide with the long
lifetime component determined from lifetime-re-
solved quenching (Table 2). The rate constant for
collision of iodide with the minor (17%) compo-
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nent was 0.335 X 10° based on the intensity data;
this value was in agreement with the estimate of
k, for the short lifetime component based on
time-resolved measurements.

The ratio of the collisional rate constant (k,)
of rod to that of NATA for any fluorescent
species is a measure of the accessibility of that
species to the quencher {12]. These ratios for the
discrete, long lifetime component were 0.18 and
0.26 for acrylamide and iodide, respectively. For
a protein the size of rod the k, ratio is about 0.5
for a fully accessible (surface) fluorophore; com-
parison with modeling data [12] indicated that the
fractional accessibility of the long lifetime species
to both iodide and acrylamide was about 20-25%.
The similarity of these values suggests that the
solvent accessibility (that is, fractional solvent ex-
posure) of the long lifetime species was also about
20-25%. The k , ratio of 0.105 for iodide quench-
ing of the Gaussian distributed short lifetime
species indicated that the fractional accessibility
of the short lifetime species to iodide calculated
from the model [12] was less than 10%.

In the case of cesium, the k, values for both
rod and NATA were small and reflected the
inefficient nature of the collisional quenching
process for this quencher [13]. The k, ratio,
which adjusts for this inefficiency [8], was only
0.05 indicating efficient shielding (on average) of
all tryptophans from this positively charged
quencher; this low value suggests [22] that posi-
tively charged side chain residues are grouped
around some or all of the tryptophans.

4. Discussion

The two pairs of tryptophans in myosin rod are
located at hydrophobic d sites in the heptad
repeat that forms the basis for the coiled-coil
structure [23-25]. Extensive model building stud-
ies {1,4,26] as well as a recent crystallographic
structure of the coiled-coil DNA binding protein
GCN4 [27] indicate that coiled-coil residues at d
(and a) sites are located at the hydrophobic face
that forms the dimerization interface between the
helices. Solution quenchers of tryptophan fluores-
cence have been used extensively to characterize
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the location of tryptophans in proteins [8,13,14,
28]. Our quenching study of the tryptophans in
the coiled-coil region of myosin (myosin rod) indi-
cates that the bulky tryptophan residues do not
fit into this simple coiled-coil structural model.

Our quenching data suggest that there are two
physically distinguishabie classes of tryptophan in
the myosin rod. One is a long lifetime component
that is relatively accessible to solvent quenchers
(fractional accessibility of about 25%) while the
other is a Gaussian distribution of short lifetime
components that is relatively inaccessible to sol-
vent quenchers (fractional accessibility of less than
10%). We will discuss the quenching data for
iodide, acrylamide, and cesium in light of this
model.

The effect of iodide on the fluorescence of rod
presents a consistent illustration of the bimodal
quenching of tryptophan. The steady-state inten-
sity measurements at high iodide concentration
required two quenching constants of 5.3 and 0.31
M~ (with fractional intensities of 0.83 and 0.17,
respectively) for an adequate description. The
larger quenching constant was similar to the
quenching constant of the long lifetime compo-
nent (4.53 M~!) found from time-resolved mea-
surements while the smaller was within the range
estimated for the K, value of the Gaussian
distributed short lifetime component (< 0.4 M~ 1);
the distribution of quenching constants (0.83 and
0.17) was also comparable to the distribution of
fractional fluorescence intensities for the differ-
ent lifetime components (0.96 and 0.04 for the
long and short lifetime components, respectively,
calculated from the lifetimes and fractional distri-
butions).

The quenching behavior of acrylamide was also
consistent with this two-component model. The
heterogeneity in the steady-state quenching data
at high concentrations of acrylamide (Fig. 2B)
was well fit using a two component dynamic
quenching model with Stern-Volmer constants of
8.38 M~! and <0.0344 M~ The addition of a
static quenching constant term into the analysis
(eq. 3) did not improve the quality of the fit; the
fit value of the static quenching constant (V') was
0 M~! with large standard deviation (= 2-3
M~1). Although static quenching is a phe-
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nomenon common in acrylamide quenching of
protein fluorescence [29] and apparent in our
quenching curves of NATA at high acrylamide
concentration (Fig. 2B), there was no direct evi-
dence in our data for static quenching of rod. It is
possible, however, that the curvature in the inten-
sity data may reflect the sum of two opposing
phenomena, a downward curvature due to het-
erogeneity and a slight upward curvature due to
static quenching. The difference between the
Stern-Volmer quenching constant from intensity
data (K, =838 M~') and lifetime data (K,
= 6.18 M~!) supports this analysis; the presence
of a static quenching component would increase
the fit value of K, in the steady-state analysis
(compare egs. 2 and 3). The distribution of
quenching constants from the steady-state two
component analysis (0.93 and 0.07) was also in
remarkable agreement with the distribution of
fractional fluorescence intensities (0.96 and 0.04).

The positively charged quencher cesium pro-
vided no indication of quenching heterogeneity;
this failure is not unexpected given the inefficient
nature of the quenching process for this positively
charged quencher. The ratio of k, for rod to that
for NATA for cesium, however, indicated that
the tryptophans in rod were effectively shielded
from this positively charged probe. Such behavior
has been seen in other proteins [22] and suggests
that the local environment around the rod trypto-
phans is positively charged. Examination of the
sequence around these tryptophans [25] in light
of the coiled-coil model confirms that there are
multiple lysine and arginine residues in the vicin-
ity of both pairs of tryptophans.

These quenching data demonstrate that the
discrete long lifetime component of rod trypto-
phan fluorescence corresponds to a fraction of
solvent accessible tryptophans; this component
has a red-shifted emission spectra [3]. The Gauss-
ian distributed short lifetime component, on the
other hand, corresponds to a fraction of solvent
inaccessible tryptophans; this component has a
blue-shifted emission spectra [3]. The tryptophans
in the rod thus appear to be in two distinct
physical environments. One species has a discrete
long lifetime, is in a polar environment, and is
accessible to solution quenchers; this species is
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partially exposed to aqueous solvent and is thus
located near the protein surface. The other
species has a Gaussian distribution of short life-
times, is in a non-polar environment, and is rela-
tively inaccessible to solution quenchers; this
species is thus predominantely buried in the pro-
tein matrix and is probably located at the coiled-
coil interface. The approximate distribution of
these components is about 80% exposed and 20%
buried.

A detailed physical interpretation of these re-
sults is problematic and hinges on the physical
origins of the exposed and buried species. Two
different extremes of interpretation are possible
[3]. One of the tryptophans (i.e. = 25%) may be
buried all of the time while the remaining three
tryptophans are exposed all of the time. Or, all of
the tryptophans may be in equilibrium between
buried and exposed conformations. Although the
symmetry of the protein (rod is a dimer of identi-
cal subunits) argues that equivalent tryptophans
should be in symmetrical environments, such
symmetry arguments may not be relevant to flexi-
ble a-helices coiled into a superhelix. A recent
NMR study of an N-terminal fragment of rod, for
example, indicates that equivalent residues in
each chain may be in asymmetric environments
[30]. At the other extreme, if all of the trypto-
phans spend 20% of their time in buried and
80% in exposed conformations, then the rod must
undergo conformational fluctuations that change
the nature of the interactions of the residues at
the coiled-coil interface. It is not possible to
decide between these two interpretations given
the present data.

The fluorescence results clearly indicate that
the indole side chains of tryptophan, despite their
sequential location at hydrophobic interfacial 4
sites, are not actually located at the coiled-coil
interface but are, instead, preferentially exposed
to solvent. A recent report of the crystal structure
of a synthetic a-helical peptide [31] illuminates
our results; this study found that the synthetic
protein forms an unusual trimeric coiled-coil bun-
dle with two parallel and one anti-parallel strand.
The side chains of the three tryptophans in this
protein are displaced from the coiled-coil inter-
face and in contact with solvent. Qur combined
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findings thus cast doubt on the general applica-
tion of a simple coiled-coil model to describe all
coiled-coil interactions in solution and suggest a
role for specific, especially bulky residues, in
modulating the local coiled-coil interactions.
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