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ABSTRACT: Rabbit skeletal muscle F-actin has been selectively labeled at a cysteine residue with the
environmentally sensitive fluorophore 6-acryloyl-2-(dimethylamino)naphthalene. The fluorescent actin
conjugate behaves similarly to native actin with respect to the polymerization kinetics, critical monomer
concentration, and ability to form F-actin paracrystals. Upon polymerization to F-actin, the absorption
of the actin conjugate is red-shifted, whereas the fluorescence emission is blue-shifted 740 wavenumbers
and is accompanied by a decrease in the fluorescence bandwidth of 470 wavenumbers. These large shifts
in the spectral properties of 6-propionyl-2-(dimethylamino)naphthalene (Prodan) in actin provide a simple
method for obtaining a spectral discrimination between the G- and F-actin populations during the polym-
erization reaction. Steady-state fluorescence techniques were used to study the environment of the fluorophore
in the monomeric and polymeric forms of actin. Fluorescence emission spectral analysis and quenching
and polarization studies of G-actin—Prodan indicated that the fluorophore lies immobile on the protein surface
but with one of its faces in full contact with the solvent. In F-actin, the fluorophore has a limited exposure
to the solvent and is located in a dielectric environment similar to those seen for Prodan in polar, aprotic
solvents or buried within a protein matrix [Macgregor, R. B., Jr., & Weber, G. (1986) Nature (London)
318, 70-73]. Additionally, our results demonstrate that the Prodan molecule conjugated to F-actin is
completely immobile during its fluorescence lifetime, exhibits an increase in the resonance energy transfer
(RET) from tryptophan residues compared to that observed in G-actin, and shows evidence of homologous
RET within the polymer.

Numerous fluorescence spectroscopic techniques have been
used to study structure—function relationships of actin and actin

* Author to whom correspondence should be addressed. Fellow of the
Alexander von Humboldt Society.
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binding proteins (Cooper & Pollard, 1982; Frieden, 1985).
Conformational transitions in the actin monomer during po-
lymerization or ligand binding are often accompanied by a
change in some fluorescence property of an intrinsic or extrinsic
fluorophore. Virtually all fluorescence properties can be af-
fected: the fluorescence quantum yield; the polarization of
the fluorescence; the decay rate and/or rotational rate of the

0006-2960/88/0427-6214301.50/0 © 1988 American Chemical Society
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fluorophore (Wahl et al., 1975); the efficiency of resonance
energy transfer between pairs of chromophores (Taylor et al.,
1981); and the spectral energy of the emission. In studies of
actin polymerization and ligation, the most popular of these
techniques is based on a change in the quantum yield during
the condensation reaction and is usually detected by monitoring
the relative fluorescence intensity at the maximum wavelength
of the fluorophore emission (Detmers et al., 1981; Wang &
Taylor, 1980; Tait & Frieden, 1982). Although the fluores-
cence signal changes seen upon actin polymerization or ligand
binding with the most commonly used fluorophores are easily
and rapidly measured, they are rarely greater than a factor
of 2 or 3 in relative magnitude, unless there are accompanying
changes in the ground state of the fluorophore, ¢.g., the ac-
tin—pyrenylmaleimide conjugate (Kouyama & Mihashi, 1981).
In protein systems where transitions may occur between two,
three, or even more states, an analysis of the individual
equilibria may be better served by using a fluorescent probe
that exhibits changes not only in its emission intensity during
a transition but also in spectral energy and bandwidth. We
have initiated a study of fluorophores that display large spectral
shifts to investigate protein complexation reactions so as to
discriminate between different forms of the protein in an
equilibrium. In particular, we have employed the fluorophore
6-propionyl-2-(dimethylamino)naphthalene (Prodan),' de-
signed and synthesized by G. Weber (Weber & Farris, 1979).
Prodan exhibits very large spectral shifts in both the absorption
and emission that are dependent primarily on the dielectric
environment of the fluorophore (Weber & Farris, 1979;
Macgregor & Weber, 1981, 1986; Marriott, 1987). The
present report demonstrates the use of this spectral shift probe
in a study of actin polymerization using steady-state
fluorescence techniques. Conclusions regarding the molecular
environment of the probe are based on a detailed description
of the steady-state fluorescence properties of the fluorophore
in the two polymerization states of actin.

MATERIALS AND METHODS

G-Actin was prepared from rabbit muscle as described in
Spudich and Watt (1971). Actin was specifically labeled at
a cysteine residue using Acrylodan (Molecular Probes, Eugene,
OR), a thiol reactive adduct of Prodan (Prendergast et al.,
1983). Prior to labeling of actin with Acrylodan, mercapto-
ethanol was removed from the protein storage buffer by dialysis
against dialysis buffer (DB): 2 mM Tris-HCI, 0.2 mM ATP,
and 0.1 mM CaCl,, pH 7.9. Polymerization was initiated by
the addition of MgCl, to a final concentration of 2 mM at 4
°C. After 2 h at 4 °C a 2 molar excess of Acrylodan in DMF
was added in 10 aliquots over 10 min (the final volume of
DMF was less than 0.2%). The reaction was left for 3 h at
4 °C, followed by dialysis for 60 h at 4 °C against DB con-
taining 2 mM 2-mercaptoethanol (G buffer). The labeling
ratio [dye]/[protein] was determined by using the extinction
coefficient for actin at 290 nm of 2.6 X 10* M~.cm™ (Gordon
et al., 1976) and for Prodan at 375 nm of 1.85 X 10* M~l.cm™
(Weber & Farris, 1979). The protein concentration for the
fluorescent conjugate was calculated after correction for the
absorbance of Prodan at 290 nm; at this wavelength, the ex-
tinction coefficient is also 1.85 X 10* M~l.cm™. For the
quenching studies of Prodan in actin, aliquots of a 2 M po-

! Abbreviations:  Acrylodan, 6-acryloyl-2-(dimethylamino)-
naphthalene; ATP, adenosine 5'-triphosphate; DMF, dimethylformamide;
DNase I, deoxyribonuclease I; FWHM, full width at half-maximum,;
Prodan, 6-propionyl-2-(dimethylamino)naphthalene; RET, resonance
energy transfer; Tris, tris(hydroxymethyl)aminomethane.
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FIGURE 1: (A) Absorption spectrum of G-actin—Prodan (15 uM) in
G buffer at 25 °C. (B) Time dependence of the absorption difference
spectra of 20 uM G-actin—Prodan after the initiation of polymerization
with 2 mM magnesium chloride. Each spectrum (1-7) was acquired
over a 60-s period from the following times after initiation of po-
lymerization: (1) 0's; (2) 30s; (3) 150 s; (4) 270 s; (5) 390 s; (6)
1050 s; and (7) 1830 s.

tassium iodide solution containing 1 mM sodium thiosulfite
were added to the fluorescent actin preparations. The emission
spectra were recorded immediately after the addition of iodide
in order to minimize the effect of salt-induced polymerization.
The integrated fluorescence intensities were corrected for
dilution effects.

Viscosity measurements were made with an Ostwald-type
viscometer described by Zechel (1981). Absorption spectra
were recorded on a Kontron Uvicon 820 spectrophotometer.
Fluorescence emission spectra were recorded on an SLM
(Urbana, IL) Model 8000 spectrofluorometer with excitation
at 380 nm (4-nm bandwidth) and emission collected between
400 and 650 nm (4-nm bandwidth). The emission data were
corrected for the spectral response of the detection system. The
spectra were analyzed in terms of the center of spectral mass
in energy, defined by eq 1 (Torgerson et al., 1979) where »,

Vg = ZV,I,/ZII (1)

is the average energy of the emission spectrum in reciprocal
centimeters (cm™) and I; is the fluorescence intensity at
wavenumber p;. Steady-state fluorescence excitation polari-
zation spectra were recorded on the same instrument in a 90°
configuration with correction for the polarization response of
the detection system. The spectra were measured with a 2-nm
band-pass for excitation and an 8-nm band-pass for emission
which was fixed at 495 nm. The Wood’s anomalies inherent
in the SLM excitation monochromator were removed by the
introduction of a quartz depolarizer (Halle, Berlin) after the
exit slit of the excitation monochromator.

RESULTS AND DISCUSSION

Ground-State Properties of Prodan in G- and F-Actin. The
absorption spectrum of G-actin—Prodan in G buffer at 25 °C
is shown in Figure 1A. The labeling ratio [dye]/[protein]
was 0.67. The absorption spectrum displays a broad maximum
centered at approximately 375 nm (», = 26 700 cm™) which
is similar to that found for Prodan in aprotic, polar solvents
such as propylene glycol at this temperature, for which y, is
approximately 27000 cm™ (Marriott, 1987). The spectral
bandwidth of Prodan in G-actin (3600 cm™) is somewhat
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FIGURE 2. Corrected fluorescence emission spectra of 7.5 uM G-
actin—Prodan in G buffer (---) and F-actin-Prodan (—) at 25 °C.
The polymerization was induced by the addition to G-actin—Prodan
of magnesium chloride to 2 mM.

larger than that seen in the pure, polar fluid solvents at 25 °C,
such as ethanol, for which the FWHM is 2525 cm™ (Weber
& Farris, 1979). The larger absorption bandwidth of Prodan
in the protein indicates a more heterogeneous ground-state
molecular environment than in the pure, polar fluid solvents.

The kinetics of the polymerization process may be studied
by using the time-dependent change in the absorbance dif-
ference spectrum illustrated in Figure 1B. The polymerization
of G-actin—Prodan in G buffer was initiated by the addition
of MgCl, to a final concentration of 2 mM (F buffer). The
absorption spectrum of Prodan in F-actin is red-shifted com-
pared to the monomer (Figure 1B), reflecting an energetically
more favorable ground-state interaction with the protein. This
red-shift results in a 1.4-fold increase in the molar extinction
coefficient at 410 nm for Prodan in the polymer compared to
G-actin. It is interesting to note that the relative signal change
in the absorption of Prodan at 410 nm during the polymeri-
zation reaction is comparable or better than observed in the
emission of some other fluorescent actin conjugates (Tait &
Frieden, 1982; Wang & Taylor, 1980).

Fluorescence Emission Changes during the Polymerization
of G-Actin—Prodan. The corrected fluorescence emission
spectrum of G-actin—Prodan (Figure 2) in G buffer exhibits
a maximum emission wavelength at 492 nm (v, = 20310
cm™), and after the completion of the polymerization process
in F buffer (Figure 2), the maximum is shifted to 465 nm (v,
= 21050 cm™). This demonstrates the large spectral shifts
possible between protein conformations using this environ-
mentally sensitive probe and provides an opportunity for ac-
curately following the polymerization reaction. The spectral
shift is also accompanied by a narrowing of the FWHM from
3600 to 3130 cm™ and a 40% increase in the integrated relative
fluorescence intensity for the polymer. The fluorescence
bandwidths for Prodan in both actin species are very large
compared to those observed in polar solvents such as DMF
and ethanol, for which the FWHM values are 2723 and 2525
cm™, respectively (Weber & Farris, 1979). This comparison
of the spectral bandwidths of Prodan in pure solvents and in
the protein for the ground and excited states reveals that the
molecular environments of the fluorophore in G- and F-actin
are very heterogeneous and probably reflect the complex nature
of the probe—protein—solvent interactions. In all our prepa-
rations of actin—Prodan, the average fluorescence energy for
both G-actin and F-actin was reproducible to within 25
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FIGURE 3: Time dependence of G-actin—Prodan polymerization. (A)
Observation of fluorescence: average energy of the fluorescence
emission (M); integrated relative fluorescence intensity (0). Each
spectrum required a 150-s acquisition time. (B) Polymerization
kinetics from the specific viscosity of native (O) and Prodan-labeled
(m) G-actin. The protein concentration of both G-actin species was
5 uM. Each determination required 150 s of acquisition time.

wavenumbers of the values reported above. The constancy of
this parameter for the different preparations suggests that there
is a unique labeling site for the coupling conditions employed.
It is known that the thiol group of cysteine-374 in actin reacts
very fast with a variety of thiol reactive molecules (Martonosi,
1968) and it is this residue that Acrylodan presumably labels.

The time dependence of G-actin-Prodan polymerization
seen through the fluorescence energy shift and the integrated
fluorescence emission of Prodan are illustrated in Figure 3A.
The small difference in the integrated relative fluorescence
intensity between the two states allows us to ignore the in-
tensity-dependent factor when calculating the concentration
of the two actin species from the center of spectral mass. In
those cases where a transition between two protein states
results in a large change in the quantum yield in addition to
a spectral shift, the deconvolution of the two fluorescence
emission spectra must be performed as described in Torgerson
et al. (1979). The large change in the center of spectral mass
between the actin states allows an accurate determination of
the concentrations of the two actin species in the solution at
any time during the polymerization process. At present,
however, our first full emission spectrum can be collected from
time zero to 150 s after the initiation of polymerization. At
times greater than 150 s, we have been able to fit the shape
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FIGURE 4: Concentration dependence of G-actin-Prodan polymeri-
zation kinetics at 25 °C. Actin—Prodan polymerization was observed
by measuring a fluorescence signal biased for F-actin-Prodan. The
excitation wavelength was 410 nm (4-nm bandwidth), and the emission
was collected through a monochromator at 450 nm (8-nm bandwidth).
The first data point was collected approximately 15 s after initiation
of polymerization. The intensity-normalized curves correspond to
G-actin-Prodan concentrations (micromolar) of (a) 6, (b) 4, (c) 3,
(d) 2.5, and (e) 2.

of the corrected emission spectra using a computer program
that adds varying amounts of reference G-actin-Prodan and
F-actin-Prodan spectra. The residuals from such a two-com-
ponent shape fit are very small and suggest that at times
greater than 150 s after the induction of polymerization, there
are no actin species other than G- and F-actin present at
concentrations greater than a few percent of the initial G-actin
concentration. We note that the use of a multichannel de-
tection system would allow a similar analysis of the protein
composition of the actin pool at earlier times in the polym-
erization process. However, even with conventional fluores-
cence instrumentation, the spectral shifts between the ground
and excited states of Prodan in actin can be exploited to obtain
a high degree of spectral discrimination between the two actin
species during the initial stages of the polymerization through
judicious choices of the excitation and emission wavelengths.
For example, with excitation and emission at 410 and 440 nm,
respectively, the fluorescence signal for equimolar concen-
trations of the two actin—Prodan species is slightly more than
5 to 1 in favor of the polymer. Additionally, if the ratio of
the emission at 440 and 550 nm is measured during polym-
erization, the discrimination factor increases to nearly 8-fold.
The concentration dependence of G-actin-Prodan for the
polymerization process measured with an F-actin-Prodan-
biased signal and manual mixing is shown in Figure 4. We
are currently performing a detailed study of actin—Prodan
polymerization kinetics with this F-actin—Prodan-biased signal
using approaches similar to those reviewed by Frieden (1985).

Functional Integrity of G-Actin-Prodan and F-Actin-
Prodan. We have established the functional integrity of the
fluorescent actin conjugate by measuring the high shear vis-
cosity during the polymerization reaction of native and
fluorescent actin. The progress of the polymerization reaction
observed by changes in the specific viscosity (Figure 3B) in-
dicates that the Prodan moiety does not appreciably impair
the polymerization properties of the protein; neither the rate
of polymerization nor the reduced viscosity obtained after
polymerization (n/c = 11.5 dL g™') differs significantly be-
tween the native and fluorescent actin. G-Actin—Prodan and
native G-actin both exhibited similar Stokes radii as deter-
mined by size-exclusion chromatography. We have also es-
tablished the similarity in properties between the native and
labeled actin through a determination of the critical polym-
erization concentration (Figure 5). The critical monomer
concentration for G-actin-Prodan of 0.2 uM is in good
agreement with the values determined for native actin (Gordon
etal., 1977) and for other fluorescent actin conjugates [e.g.,
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FIGURE 5: Determination of the critical monomer concentration for
G-actin-Prodan. The average energy of the fluorescence emission
was recorded against varying concentrations of G-actin-Prodan in
G buffer (O) and F buffer 90 min after the addition of MgCl, (m).
The critical monomer concentration was obtained from the intersection
of the two curves.

L

FIGURE 6: Fluorescence micrograph of F-actin—Prodan paracrystals
in 25 mM MgCl; at 25 °C. Excitation wavelength was 365 nm, and
the emission was collected through a 450-nm interference filter.
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FIGURE 7: Stern-Volmer plot of the iodide quenching behavior of
Prodan in G-actin (0O) and F-actin (m). G-Actin-Prodan and F-
actin—Prodan were both present at 4 uM at 25 °C,

see Wegner (1982) and Kouyama and Mihashi (1981)]. A
further example of the functional integrity of the actin-Prodan
conjugate was provided by its ability to form paracrystals in
25 mM MgCl, (Aebi et al., 1980), a fluorescence micrograph
of which is shown in Figure 6.

Molecular Environment of Prodan in G-Actin. Information
on the molecular environment of the probe in G-actin may be
deduced from fluorescence quenching studies (Tao & Cho,
1979), fluorescence polarization measurements, and an analysis
of the fluorescence emission spectrum. An iodide quenching
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FIGURE 8: Fluorescence excitation polarization spectra of Prodan in
G-actin (0) and F-actin (W). Polarization values were recorded every
10 nm from 280 to 420 nm as described in the text. The error in each
measurement was £0.001 polarization unit. Conditions were as in
Figure 7.

study of G-actin—Prodan (Figure 7) suggests that the probe
is fully exposed to the solvent, since iodide ions quench with
a bimolecular rate constant close to diffusion-controlled (7.5
% 108 MLs1) if we assume the fluorescence lifetime of Prodan
in the protein is 4 ns (Marriott, 1987). The average energy
of the fluorescence emission for G-actin—Prodan at iodide
concentrations up to 0.13 M is blue-shifted by only 80 cm™.
This shift is probably due to a small amount of salt-induced
polymerization and indicates that the blue-edge and red-edge
spectral populations of Prodan in G-actin are equally quenched,
as expected if all the Prodan molecules are equally exposed
to the solvent. Furthermore, the uniform rate of iodide
quenching rates for Prodan conjugated to G-actin suggests that
the large environmental heterogeneity of the Prodan previously
discussed does not include a mixed contribution from chro-
mophores that are partially and fully buried but must originate
from the interactions of a unique species with the protein
surface and the solvent milieu.

Prodan demonstrates a unique absorption transition moment
(S¢—S) from approximately 320 to 450 nm (Weber & Farris,
1979). The excitation polarization spectrum of Prodan in
G-actin in G buffer at 25 °C is shown in Figure 8. The
steady-state polarization value with red-edge excitation for
G-actin—Prodan is high (p of 0.38), indicating that the fluo-
rophore has little rotational freedom within the protein. In
fact, the residual depolarization can be accounted for through
the global tumbling of the protein (Weber, 1952). This result,
together with the findings of the iodide quenching study,
suggests that the probe lies immobile on the protein surface
and probably one of its faces is fully accessible to the solvent.

A comparison of the fluorescence excitation polarization
spectra for Prodan in G-actin (Figure 8) and in a viscous
solvent such as glycerol (Weber & Farris, 1979) reveals a
significant reduction in the polarization value for the G-actin
conjugate in the spectral region 280-300 nm; this could arise
from intramolecular RET between the tryptophan residues of
G-actin and the Prodan moiety. RET is expected in this
protein system since actin has four tryptophan residues per
monomer and there is a large spectral overlap between the
emission of tryptophan with the absorption of Prodan (Mar-
riott, 1987).

Molecular Environment of Prodan in F-Actin. The
fluorescence emission characteristics of F-actin—Prodan provide
a description of the molecular environment of the probe in the
polymer. The origin of the 740 cm™ spectral energy shift
observed after G-actin—Prodan polymerization is related to a
decrease in the polarizability of the molecular environment
of the probe in F-actin. The dielectric environment of the
probe in the polymer can be correlated with its center of
spectral mass (Figure 2), and the value of 21150 cm™! is
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similar to that found for Prodan in polar, aprotic solvents such
as DMF, for which v, is 21700 cm™ (Weber & Farris, 1979).
Since DMF has a similar dipole moment (3.5 D) as a peptide
bond (3.7 D), one interpretation of the disposition of the probe
in the polymer is that it is buried within the protein. In this
regard, our results support the findings from other workers
on the surface accessibility of the thiol group of cysteine-374
in F-actin (Uyemura & Spudich, 1980; Taylor et al., 1981),
although we believe that after the coupling reaction the hy-
drophobic fluorophore becomes buried within the protein or
at an actin—actin interface. This hypothesis is supported by
the observation that the average energy of the emission and
the fluorescence bandwidth of Prodan in F-actin are similar
to those seen for Prodan deeply buried in other protein en-
vironments such as the heme pocket of apomyoglobin, in which
case v, is 21755 cm™ (Macgregor & Weber, 1986), the apolar
binding site(s) of BSA, for which », is 21322 cm™ with a
FWHM of 3380 cm™ (Weber & Farris, 1979), and covalently
attached to a cysteine residue in HSA, for which y, is 21 025
cm™! with a FWHM of 3756 cm™ (Marriott, 1987). Further
information about the molecular environment of the probe in
the polymer can be derived from iodide quenching studies of
F-actin—Prodan. The iodide quenching behavior of Prodan
in the polymer (Figure 7) appears complex when analyzed in
terms of a Stern—Volmer plot (Stern & Volmer, 1919), al-
though it is clear that there is a marked reduction in the
quenching efficiency compared to the monomer. This indi-
cation of the removal of the probe from contact with the solvent
upon polymerization is consistent with the dielectric environ-
ment of the probe deduced from the emission spectra analysis.
The complex nature of the iodide quenching curve for F-ac-
tin-Prodan may be due to static quenching, responsible for
the upward curvature of the quenching curve, or to a popu-
lation of the probe molecules that are inaccessible to the solvent
(Lehrer, 1971). Alternatively, there may occur a partial de-
polymerization of F-actin-Prodan, since a reversible dissoci-
ation of the polymer is mediated by high potassium iodide
concentrations (Szent Gyorgyi, 1951).

The excitation polarization spectrum of F-actin-Prodan
(Figure 8) gives a polarization of 0.465 with red-edge exci-
tation. This value, which approaches the limiting polarization
for Prodan of 0.47 is a further indication of a reduction in the
mobility of the probe in the polymer with respect to monomeric
actin. Consequently, there must be a complete absence of
rotational motion of the probe and the individual subunits in
F-actin—Prodan during the fluorescence lifetime of Prodan.
Figure 8 also shows a zero polarization value in the spectral
region from 280 to 300 nm, partly due to an increased effi-
ciency in the RET from the tryptophan residues to the Prodan
moiety in the polymer compared to that observed in the mo-
nomeric conjugate. This increase in the RET efficiency may
result from a number of factors, including changes in the
relative orientation factor between one or more tryptophan
residues and Prodan within each subunit, and an additional
contribution from intermolecular RET. Finally, from Figure
8 the steady increase in the polarization value across the
blue-edge of the S¢S, transition for F-actin—Prodan suggests
the presence of a homologous RET (Anderson & Weber,
1969) between Prodan molecules on neighboring actin mole-
cules. An RET study between subunits in F-actin using do-
nor—acceptor pairs of fluorescent actin conjugates has been
reported by Taylor et al. (1981). In homo-energy transfer,
however, there must be a spectral overlap between the blue-
emitting donor Prodan molecules with the red-edge (of the
absorption) Prodan acceptor molecules. In the case of F-ac-
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tin—-Prodan, an inspection of the spectral overlap between the
absorption and emission spectra (Figures 1A and 2) would
indicate that this integral is rather small. Consequently, the
fact that energy transfer exists at all must be due to a very
favorable alignment of the absorption and emission oscillators
of Prodan molecules along the polymer; that is, a high degree
of spatial order must exist between neighboring absorption and
emission dipoles of Prodan in the filament. The absence of
any rotational motion of Prodan in the polymer allows us to
calculate an average angular displacement between the dipoles
of a Prodan donor-acceptor pair involved in RET of approx-
imately 13° (Jablonski, 1952). Whether the Prodan transfer
pairs consist of adjacent actin molecules on a single filament
and/or two protomers on adjacent actin filaments is not known
from this study although Taylor et al. (1981) have reported
the presence of RET only between filaments.

CONCLUSION

We have investigated the use of the spectral shift of a
fluorescence probe in a study of the actin polymerization re-
action. The ability to isolate the fluorescence spectra of the
two actin species due to shifts in the absorption and emission
could have a large potential in resolving the complex kinetic
mechanism of actin polymerization. In particular, such a
technique will be of great use in steady-state fluorescence
emission microscopy. For example, the spectral shifts observed
for actin—Prodan allow an 8-fold signal discrimination for equal
concentrations of the monomer and polymer. Furthermore,
in the case of two-state systems for which Prodan exhibits
larger spectral shifts, these factors can be even greater. Al-
though this large fluorescence signal discrimination would not
appear to be an important requirement for studying the kinetics
of actin polymerization in vitro, for which the equilibrium
constant for the polymerization process is heavily biased toward
the polymeric state, such a situation is unlikely to exist in vivo.
For example, there are over 40 actin binding proteins described
in the literature (Stossel et al., 1985) that are found in cells
of various origin, some of which may be present at cellular
concentrations comparable to that of actin. The dissociation
constants of these actin binding proteins range from 10~ to
107 M (Stossel et al., 1985). On the basis of these facts, the
idea that G-actin is present as a distinct entity in cells appears
unlikely; rather, one expects at any given time in a cell there
will exist an appreciable amount of unpolymerized but com-
plexed actin. In fluorescence microscopy studies of living cells
employing microinjected fluorescent actin conjugates that are
relatively insensitive to the state of polymerization, there will
be a large fluorescence originating from these nonpolymerized
fluorescent actin complexes. If so, the fluorescence signal
originating from the polymeric actin will be relatively small,
and the image of the actin filaments will appear diffuse. In
the case of actin—Prodan, however, the signal contribution from
nonpolymerized actin complexes in which the G-actin~Prodan
fluorescence remains unperturbed, ¢.g., DNase I (Marriott,
unpublished results), can be reduced up to 8-fold through the
separate detection and ratioing of the 440- and 550-nm
fluorescence signals. Another situation that highlights the
advantages of using spectral shift probes in fluorescence mi-
croscopy is the case of a fluorescent biopolymer that may exist
in two conformationally distinct forms, for example, as a result
of ligand binding or protein complexation. In these situations,
the isolation of the signal from one or both polymeric states
using steady-state fluorescence microscope imaging techniques
with dielectrically insensitive fluorophores will be almost im-
possible. However, if in the case of a Prodan-labeled polymer
there is a shift in the absorption and/or fluorescence emission

between the two forms as a result of ligation or complexation,
then, depending on the magnitudes of the shifts, it should be
possible to image the spatial distribution of one or both
polymers.

Finally, the requirements for fluorescence imaging through
steady-state polarization measurements using natural light
excitation as proposed by Weber (1985) require an ordered
alignment of the absorption dipoles of an immobile fluorophore
in a polymer. We have shown that this condition may be
satisfied for Prodan in F-actin filaments as evidenced by the
existence of homo-energy transfer.
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ABSTRACT: The effect of polylysine (PLL) on dimyristoylphosphatidic acid (DMPA), on dimyristoyl-
phosphatidylcholine (DMPC), and on mixtures of these lipids was investigated by Raman spectroscopy.
These results show that long polylysine (M; =200 000) increases the stability of the acyl chain matrix of
DMPA to form a more closely packed structure with a stoichiometry of one lysine residue per PA molecule.
On the other hand, short PLL (A, 4000) destabilizes the PA bilayer, and the complex formed undergoes
a gel to liquid-crystalline transition at a lower temperature than of the pure lipid. For both cases, we have
observed that bound polylysine adopts a §-sheet conformation as opposed to the a-helical structure previously
found for dipalmitoylphosphatidylglycerol/long PLL complexes [Carrier, D., & Pézolet, M. (1984) Biophys.
J. 46, 497-506]. The difference in the thermal behavior of complexes of DMPA with long and short
polylysines is believed to be associated with the fact that in the complex the long polypeptide adopts the
B-sheet conformation over the whole range of temperatures investigated while the short one undergoes a
change of conformation from §-sheet of random coil upon heating. Therefore, the conformation of the
lipid-bound polypeptides depends on the nature of the polar head group of the lipid, not only on its net charge,
and it affects considerably the thermotropism of the lipid. On the other hand, both long and short polylysines
show no affinity for phosphatidylcholine since the temperature profiles of DMPC and of DMPC/PLL
complexes exhibit exactly the same behavior. When mixed with PA/PC mixtures, long PLL induces a partial
lateral phase separation. One phase consists mainly of DMPC but contains some DMPA, and the second
phase is richer in the PA component and is perturbed by PLL. On the contrary, short polylysine does not

induce phase separation as both lipids of the mixture exhibit the same thermotropic behavior.

r:l]w miscibility of membrane lipids and the occurrence of
lateral phase separation are of prime interest in the study of
membrane structure and function. The organization of
membrane lipids in domains has been detected in almost all
bacteria and cells of complex organisms, with the exception
of erythrocytes (Karnovsky et al., 1982). It has even been
observed in the viral membrane of the influenza mixovirus
(Bukrinskaya et al., 1987). This heterogeneity seems to have
a functional significance. For example, one of the first re-
quirements for the fusion between membranes is believed to
be the presence of specific local domains (Portis et al., 1979,
Scheule, 1987).

Lateral phase separation in a membrane can be induced by
external agents like multivalent cations, among which calcium
has been extensively studied (Onishi & Ito, 1974; Jacobson
& Papahadjopoulos, 1975; Galla & Sackmann, 1975a,b; Van
Dijck et al., 1978; Hui et al., 1983; Silvius & Gagné, 1984a,b;
Kouaouci et al., 1985). Polycationic species can also be very
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effective, and one of the most studied is poly(L-lysine) (PLL),!
a polypeptide often taken as a model of extrinsic protein.
PLL-induced phase separation was first observed in di-
palmitoylphosphatidic acid bilayers, by electron spin resonance
and fluorescence spectroscopy (Galla & Sackmann, 1975a,b;
Hartmann & Galla, 1978; Hartmann et al., 1977). The
formation of domains of bound phosphatidic acid within the
pure phospholipid, or in mixtures with dioleoylphosphatidyl-
choline, has also been proved by electron microscopy (Hart-
mann et al., 1977). Later, PLL was shown to induce a very
peculiar behavior in dipalmitoylphosphatidylglycerol bilayers,
where three types of domains were observed for a lipid to lysyl
residue ratio greater than 1 (Carrier & Pézolet, 1985). A
fundamental finding of the same study is that the degree of
polymerization of the peptide is very important when dealing
with the structure and thermotropism of phosphatidyl-
glycerol/PLL complexes. In fact, long polylysine (M,
>150000) causes a shift of the gel to liquid-crystalline tran-

! Abbreviations: DMPA, dimyristoylphosphatidic acid; DMPC, di-
myristoylphosphatidylcholine; DMPC-ds4, DMPC with perdeuteriated
acyl chains; DMPG, dimyristoylphosphatidylglycerol; DPPG, di-
palmitoylphosphatidyliglycerol; EDTA, ethylenediaminetetraacetic acid;
PLL, poly(L-lysine); R;, phospholipid to lysine residue incubation molar
ratio.
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