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Theory and Application of Fluorescence Homotransfer to
Melittin Oligomerization

Loren W. Runnels and Suzanne F. Scarlata
Department of Physiology and Biophysics, State University of Stony Brook, Stony Brook, New York 11794-8661 USA

ABSTRACT Fluorescence homotransfer (electronic energy transfer between identical fluorophores) has the potential to
quantitate the number of subunits in membrane protein oligomers. Homotransfer strongly depolarizes fluorescence emission
as a result of intermolecular excitation energy exchange between an initially excited, oriented molecule and a randomly
oriented neighbor. We have theoretically treated fluorescein labeled subunits in an oligomer as a cluster of molecules that can
exchange excitation energy back and forth among the subunits within that group. We find that the larger the number of
subunits, the more depolarized is the emission. The general equations to calculate the expected anisotropy for complexes
composed of varying numbers of labeled subunits are presented. Self-quenching of fluorophores, orientation, and changes
in lifetime are also discussed and/or considered.

To test this theory, we have specifically labeled melittin on its N-terminal with fluorescein and monitored its monomer to
tetramer equilibrium both in solution and in lipid bilayers. The calculated anisotropies are close to the experimental values
when non-fluorescent fluorescein dimers are taken into account. Our results show that homotransfer may be a promising

method to study membrane-protein oligomerization.

INTRODUCTION

Many proteins exist as oligomers, and changes in their
oligomeric state can have a direct effect on function. De-
termining the number of subunits in a protein complex
usually involves chromatographic or sedimentation methods
to quantitate the shape and size of the complex, and elec-
trophoretic methods to determine the different polypeptide
chains that make up the complex. For membrane proteins,
characterization of the oligomeric state is problematic be-
cause it is difficult to isolate the size of the protein com-
plexes from the surrounding lipid. Usually, proteins are
solubilized in a gentle, nondenaturing detergent so that
traditional techniques can be used to determine subunit
number (e.g., GLUT1; Herbert and Carruthers, 1991) and
Band 3 (Casey and Reithmeier, 1991). In some cases, suc-
cess has been achieved using neutron bombardment (for a
review, see Timmins and Zaccai, 1988) and antibodies that
recognize a particular oligomeric form (e.g., Herbert and
Carruthers, 1992). Recent studies using triplet state anisot-
ropy decay show that this technique is sensitive to the
self-association of Ca-ATPase (Voss et al., 1994) and may
be generally applicable to view protein associations in fluid
phase membranes, although contributions of annular lipid to
the rotational volume must be considered.

In this study, we examine an alternative method that has
the potential of viewing real time changes in the oligomeric
state of proteins embedded in membranes. The method
involves nonradiative energy transfer between fluorescein
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labels on protein subunits. In contrast to electronic energy
transfer between different probes where one type of mole-
cule acts as an energy “donor” and the other acts as an
energy “acceptor,” in homotransfer fluorescein is both do-
nor and acceptor. Energy transfer between identical fluores-
cein species has the potential to resolve oligomers composed of
more than two subunits. As is the case for heterotransfer, in
homotransfer the probes must be within a critical distance of
each other, and the emission energy spectrum of the donor
must sufficiently overlap with the absorption energy spectrum
of the acceptor. Thus, probes with a small Stokes shift will
have a greater probability of homotransfer than probes with a
large Stokes shift. Fluorescein has a high potential for homo-
transfer because of its small Stokes shift (see Fig. 1), high
quantum yield, and large extinction coefficient.

Homotransfer analysis has been applied to determine the
number of probe binding sites in BSA (Weber and Daniels,
1966) and to monitor the dissociation of oligomeric proteins
under high pressure (Erijman and Weber, 1991). Although
these studies were instrumental in estimating the percent
change in the number of transferring species through statis-
tical analyses, they did not rigorously treat homotransfer
data by allowing for the effects of fluorophore self-quench-
ing or anisometrical mutual separation distances of the
fluorophores relative to one another.

In this study we develop a general expression for homo-
transfer between fluorescein residues attached to protein sub-
units, taking into account factors that may alter the observed
anisotropy, and treating the oligomers as clusters possessing a
defined number of transferring species. We first present a
discussion of the theoretical background of this problem in the
context of resolution of subunit number using cluster theory, as
originally introduced by Knox (1968b), and develop general
expressions for the detection of homotransfer by fluorescence
anisotropy, taking into account rotational fluorescence depo-
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FIGURE 1 Normalized absorption (thin solid line) and emission spec-
trums (dashed line) of fluoresceinylated melittin (F-melittin) in 50 mM
MOPS, pH 7.2. From Forster’s theory, the sixth power of the critical
separation distance (R,®) is directly proportional to the extent of overlap of
the absorption and emission spectrum, shown here as the overlap function
(thick solid line). Using these spectra we calculated a value of approxi-
mately 53 A for R,

larization. We then present results for a homotransfer study of
a model peptide system.

The model system we have studied is melittin. Melittin is
a 26-residue peptide, whose structure, oligomerization, and
membrane binding properties have been well characterized
(for a review see Dempsey, 1990). Melittin contains many
positively charged residues that allow for strong interactions
with lipid membranes. In aqueous solution, melittin exists in
a random coil conformation. Under conditions where charge
repulsion is reduced by increasing the ionic strength or
raising the pH, melittin will form a-helical tetramers at
sufficient concentrations. Ionic shielding need not be exten-
sive, because even modification of the N-terminus substan-
tially promotes oligomerization (Lauterwein et al., 1980;
Hagihara et al., 1992). The crystal structure of the melittin
tetramer has been solved, and the relative positions of the
amino acid side chains are known (Terwilliger and Eisen-
berg, 1982). The N-terminal of the tetramer has a pK,
distinct from the lysine residues (Dempsey, 1990, and ref-
erences therein), which allows us to specifically label this
site with fluorescein isothiocyanate (FITC). Here, we show
that homotransfer can be used to follow the oligomerization
of labeled melittin in solution and in membranes, and that
homotransfer may be generally suited to study the oligomer-
ization of membrane proteins.

MATERIALS AND METHODS

Melittin, purchased from Sigma Chemical Company (St. Louis, MO), was
further purified using reverse-phase HPLC on a C,g column (Goto and
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Hagihara, 1992). Fractions were collected on an acetonitrile/H,O gradient,
in the presence of 0.1% trifluoroacetic acid, and then lyophilized. Samples
were reconstituted in filtered distilled H,0O, and concentrations were de-
termined from absorption at 280 nm using a molar extinction coefficient of
€280 = 5570 M~ 'cm ™', and a molecular weight of 2840 g/mol (Quay and
Condie, 1983). Fluorescein-5-isothiocyanate (FITC) was purchased from
Molecular Probes (Eugene, OR); an extinction coefficient of 76,000
M~ !cm™! at 493 nm, pH 10, was used (Haugland, 1992). Trypsin was
obtained from Sigma Chemical Company. All lipids were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL). Large unilamellar vesicles
(LUVs) of palmitoyl-2-oleoyl-sn-glycero-3-phosphorylcholine (POPC)
were prepared by first solubilizing the lipids in chloroform, followed by
drying under nitrogen and then under vacuum. Lipids were hydrated by 10
cycles of freeze-thawing using 0.1 M MOPS (pH 7.2) and then extruded
through a 0.1-pm filter.

Steady-state and time-resolved fluorescence measurements were per-
formed on an L.S.S. K2 spectrofluorometer (ISS, Champaign, IL). Solu-
tions were excited at 480 nm. For anisotropy measurements, fluorescence
emission was observed at 520 nm, using an Oriel bandpass filter (Stratford,
CT). All samples had an optical density of less than 0.05 at the excitation
wavelength to avoid inner filter effects. Emission spectra were taken with
the excitation polarizer at 0° from vertical and the emission polarizer at
54.7° from vertical, to obtain a polarization-independent emission spec-
trum. A limiting anisotropy of 0.350 was measured for FITC attached to
melittin (F-melittin) by first dissolving F-melittin in a 75% (v/v) glycerol
solution with 12 mM MOPS, pH 7.2, 1.0 M sodium chloride, and then
cooling to —70°C. When the contribution of light scattering was more than
1% of the signal, as was the case for the lipid studies, the samples were
corrected by subtracting the background signal from buffer and lipid at
identical concentrations under identical optical conditions.

Sequence analysis of F-melittin was performed on an Applied Biosys-
tems 475A protein sequencer (Foster City, CA). Some of the mathematical
calculations were aided by Mathcad 4.0 (Math Soft, Inc., Cambridge, MA).

N-Terminal fluorescein labeling of melittin

FITC reacts specifically with primary and secondary amines in their
deprotonated state. Melittin contains several residues that can react with
FITC, and it would be advantageous for this study to label melittin on a
specific site. NMR studies have estimated the pK, of the N-terminal
glycine (Gly-1) to be between 7.0 and 8.0, and that of the three other
lysines (Lys-7, Lys-21, and Lys-23) to be above 9.0 (Dempsey, 1990, and
references therein). This difference in pK, allows us to target FITC labeling
to the N-terminal. To specifically label Gly-1, we reacted melittin at pH
6.15 where a population of the N-terminals will be deprotonated and
reactive, and where the three Lys would be almost completely protonated
and effectively unreactive.

FITC was reacted in 50 mM MES buffer, pH 6.15, for 30 min at a molar
ratio of 5:1 FITC:melittin. The reaction was quenched by injecting the
solution onto the C,; HPLC column. Unreacted melittin and FITC eluted
off at about the same time, within a minute, followed 10 min later by one
major reaction peak, and three minor reaction peaks, each separated by
about 3 min. All four reaction peaks contained fluorescein, as determined
by fluorescence. The major reaction peak was collected, lyophilized, and
then reconstituted into filtered distilled water. The concentration of fluo-
resceinylated melittin (F-melittin) was determined using a BCA assay
(Pierce, Rockford, IL), using unreacted melittin as a standard. Amino acid
sequence analysis of the major reactant fraction yielded the primary se-
quence of melittin. Sequence analysis indicated that at least 96% of the
FITC was attached to the N-terminal glycine. We did not determine the
fluorescein position of the remaining 4%.

To ensure that melittin was not doubly labeled we compared the limiting
anisotropy of trypsin-digested melittin (described below) and undigested
melittin, according to the protocol described above. If two fluorescein
moieties are attached to melittin, the limiting anisotropy will be signifi-
cantly lower than the limiting anisotropy of singularly fluoresceinylated
melittin because of energy transfer. We measured nearly identical limiting
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anisotropies for both F-melittin samples and free FITC (~0.350), confirm-
ing that F-melittin had been fluoresceinylated only once. For the trypsin
digestion of F-melittin, we applied trypsin at a 10:1 (w/w) ratio of trypsin
to melittin, in 10 mM MOPS, pH 7.2, 1 mM calcium chloride, and allowed
the reaction to proceed for more than 30 min.

Determining the emission anisotropy
after transfer (r.)

Electronic energy transfer from a donor molecule to an acceptor molecule
strongly depolarizes the emission anisotropy from the acceptor molecule
when both molecules are randomly oriented with respect to an arbitrary
axis. We have attempted to measure the extent of the fluorescence depo-
larization for the case in which the two participating fluorophores are not
completely randomly oriented but are rotationally restricted by the peptide
linkage that connects them. We measured the emission anisotropy resulting
from a dansyl acceptor molecule attached to the N-terminal of melittin
(using the same labeling procedure as described above), with the donor
being melittin’s sole tryptophan (Trp-19). Preliminary results substantiate
the assumption that a single energy transfer cvent heavily depolarizes the
emission anisotropy from the energy acceptor. A precise measurement of
the emission anisotropy could not be obtained because of difficulties
encountered with solvent shifts of dansyl’s absorption and emission spec-
tra. We are now extending our efforts to more quantitatively measure the
fluorescence depolarization after energy transfer (r.,) using multilabeled
melittin that is aggregated in solution and in membranes.

Determination of R,

A quantitative expression for the rate of energy transfer from donor to acceptor
(k) was first derived by Forster (translated version: Forster, 1993):

a=r- (5], 1)

>

Here 7y, is the average lifetime of the excited donor in the absence of
acceptor, and R (cm) is the mutual separation distance between donor and
acceptor. A critical distance (R,) exists that represents the mutual separa-
tion distance between donor and acceptor at which the rate of energy
transfer is equal to the decay rate of the donor in the absence of the
acceptor (Steinberg, 1971, and references therein):

9000 1In 10+ k% dp [~ fio(v) - €A(v)
R = 28w N IO C)

0

To evaluate this expression for R, we have assigned v~ an average value
and taken it out of the integral. Here, v is the energy in wave numbers
(em™"), en() (M~ 'em ™' is the molar extinction coefficient of the accep-
tor, fi,(v) is the spectral distribution of donor fluorescence (normalized to
unity on a wavenumber scale), N is Avogadro’s number, # is the index of
refraction of the medium, and ¢y, is the donor’s quantum yield in the
absence of an acceptor. The parameter «? is an orientation factor, describ-
ing the angular alignment between the emission dipole moment of the
donor and the absorption dipole moment of the acceptor. The average value
for a random directional distribution is k> = ¥ (Steinberg, 1971).

We calculate an R, of approximately 56 A from F-melittin’s absorption
and fluorescence data for pH 7.2 (see Fig. 1) and an R, of 57 A for pH 10.0.
Using absorption and anisotropy measurements, we estimate that coupling
FITC to melittin decreases FITC’s extinction coefticient by roughly 30%.
This change merely shifts the values for R, at pH 7.2 and pH 10.0 to 53 and
54 A, respectively. These numbers agree well with Craver and Knox’s
value of 58.2 * 2.3 A, although these authors used the notation R,, for our
R, (Craver and Knox, 1971). For our calculations, we have used a value of
1.34 for the index of refraction of the solution (Steinberg, 1971), and an
average quantum yield of 0.795 for FITC (Weber and Teale, 1957). From
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anisotropy measurements of mclittin tetramers with only one fluorescein
probe, we estimate the rotational mobility of the fluorophore to be very
large; therefore, we assumed an average value of 24 for the orientation
factor «° as well.

BACKGROUND AND THEORY

We will use the term “cluster,” as first defined by R. S.
Knox, to describe a set of molecules that interact together as
a group (Knox, 1968b). Each cluster is isolated and behaves
independently. A molecule within a cluster can interact only
with its neighbors.

N = 1 cluster

These molecules have no neighbors. The exponential decay
is given by (Forster, 1993)

dp(9) 1 1 1
..... —( + Q) pl)>pln)=e '”(T =, 7t Q)- G)

Here, p(?) is the probability that the molecule is in the
excited state as a function of time, with temporal boundary
conditions: p{r = 0) = 1 and p(t = ©) = 0. 7 and 7,
represent the average lifetime and the natural radiative
lifetime of the fluorophore, respectively; and Q describes
the source of all nonradiative rates of deexcitation. The
quantum yield (¢) is then

x

1 T
d):; P(t)°dt=;- 4

[ o0
0

Thus, if the quantum yield is reduced by any nonradiative
process, the result will be a concomitant decrease in the
average lifetime.

N = 2 cluster

For a cluster of two identical molecules undergoing energy
transfer (homotransfer), the equations describing the motion
of the excitation between them, and its duration, are cou-
pled. For the case of two molecules, j and &, with temporal
boundary conditions: p(t = 0) = 1, p(t = *) = 0, p(t =
0) = 0, and p(r = «) = 0 (see Fig. 2), where r = 0
represents the time of initial photoexcitation, the probability
of molecule j being in the excited state at time ¢ (p, (1) will
decay at a rate proportional to p(f) and the bimolecular
transfer rate from j to k (F,), while it increases at a rate
proportional to p,(f) and the bimolecular transfer rate from
molecule k to j(F,)):

di(t) U

o~ .~ FEae0+ Fyplo)
(%)

dp(t) (1)
l:jt p,rt’ ijpk(t) +

Fupi(0).
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FIGURE 2 (a) Sketch of model for
a cluster of two, showing the dynamic o
interactions between molecule j and k.
Here F; and F,; are Forster’s transfer
rates (Eq. 6) for excitation energy H
transfer (homotransfer) between the *
molecules. (b) Diagram for a four-
molecule cluster. (c) Diagram for a
four-molecule cluster in which two of
the molecules have engaged to form a
nonfluorescent dimer, or “dark com-
plex.” Molecules a and b engage in
active energy transfer, and the dark
complex acts as an energy trap, sap- :
ping the excitation energy via a For-
ster mechanism from molecules a and
b. The dark complex thus reduces both
the quantum yield and fluorescence
lifetime of the cluster. A cluster of
four possessing two active molecules
with one dark complex would essen- ‘ v

tially behave as a normal cluster of #
two, because of the reduction of two by
active fluorophores from excitation (b)

energy mixing. _

photoselected fluorophore *

randomly orientated fluorophore G

Non-fluorescent fluorophore dimer DC
or Dark Complex (DC)

Fopc

Recalling the right side of Eq. 1, the pairwise excitation
transfer rate from molecule j to molecule k, or Forster’s
transfer rate (F,), is given below.

_1 R,\®
F}k_T Rjk ’

Equation 7 shows the original solution to Eq. 5 for p(f) and
p(t), as given by Forster (1993).

©®

p(®) =Ya- (1 + e 2 7"
Pk(t) =14, (1 _ e_z.p.,) . e"/" (F = ij = ij) (7)

The sum of the individual decay probabilities, p(r) and
p«(t), represents the decay probability for the whole system
or cluster, and is identical to the decay probability for a
cluster of one (Eq. 3). The total excitation energy decay rate
within the cluster is indistinguishable from the excitation en-
ergy decay rate of an isolated molecule. Also, homotransfer
does not affect the total quantum yield of the system or cluster,
only the quantum yield arising from each individual molecule.

However, energy transfer between identical molecules
can decrease the fluorescence anisotropy. Agranovich and
Galanin (1982) calculated this effect for the case where the
electronic transition dipoles of two molecules are randomly
oriented and the excitation light vector is vertically polar-
ized. If the absorption and emission dipoles in each mole-
cule are parallel and the probes do not rotate, the emission
anisotropy from the initially excited molecule is 0.4, and the
emission anisotropy arising from the second molecule after
a single energy transfer event is 0.016. If the individual
absorption and emission dipoles are not parallel and the
probes can rotate, the fluorescence depolarization is even
greater. Therefore, it is typically assumed (i.e., for randomly

oriented molecules) that the fluorescence is fully depolar-
ized after one energy transfer event (as described in Mate-
rials and Methods, our preliminary studies support this
assumption, but see below). However, with homotransfer
there is a finite probability that the excitation energy may be
transferred back to the initially excited molecule indepen-
dently of the initial transfer. This “back-transfer” creates a
dynamic system of electronic energy exchange in which
equilibrium is established among all the molecules in the
cluster. The resulting emission anisotropy is thus composed
of two components: the anisotropy from the initially excited
molecule and the anisotropy from its neighboring molecules
in the cluster that become electronically excited solely by
homotransfer. We can calculate the anisotropy for a system
containing clusters of two molecules by examining each
molecule’s quantum yield contribution, ¢; and ¢,:

3 1 ® _ 1+7-F
b=z | PO A= o5
0 ®
3 1 ® _ T-F
=g | A= de R

0

The equation that describes the emission anisotropy arising
from the cluster is

b 4
T by Y &)

~ L+7F ) TF
Zra=n\1y2..F T\t 20 )

Here r, is the anisotropy from the cluster, and r, is the
anisotropy from the initially excited molecule, (molecule).
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r., is the emission anisotropy from the molecule (molecule
k) in the cluster that is directly excited by electronic energy
transfer. Substitution for Forster’s transfer rate (Eq. 6),
using R = Ry, yields

1+ RJ/RS
T = 1N 1+ 2'(R0/R)6

(R,R)®
Te® ITWQR)G . (10)

For (R/R)® << 1, fluorescence emission arises primarily
from the initially excited molecule (molecule j), and the
total anisotropy approaches that of an isolated molecule
(r = r,). For the case of (R/R)® > 1, both the initially
excited molecule and the second molecule in the cluster
radiate with equal efficiency, and the total emission anisot-
ropy represents equal contributions from both molecules.

N >3 clusters

For clusters containing three or more interacting molecules,
generalization of Eq. 5 to an N molecule cluster yields (see
Craver and Knox, 1971)

N N
d%t) N _pjT(t) = 2 Fep0) + 2 Fuyrpuld). (1)
k#j m#j

Here, the first term on the right side describes the excitation
decay in the absence of energy transfer. The second term is
a sum over all rates of energy transfer from molecule k to all
other molecules in the cluster. The final term is a sum of all
rates of energy transfer back to molecule k. For N interact-
ing molecules, there are N coupled linear differential equa-
tions describing the motion and decay of excitation within
the system.

Knox developed an elegant matrix approach for calculat-
ing the individual quantum yield of a molecule in a cluster
directly from the rate equations describing the cluster
(Knox, 1968a; Craver and Knox, 1971). We present it here
briefly. A N X N matrix, G, is defined where the jkth
element is given by

1 N
ij = _ij' (1 - Sjk) + (; + 2 ij) * ajka (12)

m#j

where 8 is the Kronecker delta function. Equation 11 now
takes this form:

dp, ad
pT’ftz = —kz G pil1). (13)

=1

Equation 13 can be solved for p,(¢f) as the inverse of the
matrix Gy, yielding Equation 14:

1Y dpy
pl) = = 2 (G Zt(t) (14)

m=1

To calculate the individual quantum yield within a cluster of
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N molecules, we proceed as before (Eq. 8) by integrating
p(?) from zero to infinity and dividing by 7,,. By letting the
temporal boundary conditions be represented as Ap,, =
Pm(®) — p,(0), the expression for the quantum yield
achieves its final general form,

1 [* 1L *dp,,
¢r=?.f pr(t).dtz_E.Z(G—l)m.f pdt(t).dt

o

0 m=1 0
1 N
= 2 (G )m* () — pu(0)) (15)
° m=1
1 N
> & =— 2 (G ) Ap,
% m=1
Ap, = pu(®) — pn(0).
If we set Ap,, = —1 for the initially excited molecule

(m = 1), and Ap,, = 0 for all other molecules in the cluster
(m # 1), it is now straightforward to calculate the individual
quantum yield for all the molecules in the cluster. The
individual quantum yield for the initially excited molecule
in a general cluster of N molecules is

(G
-

o (16)
Recalling that ¢,,, = 7/7,, and provided we can replace each
individual transfer emission anisotropy (r.(r)) with an average
value (r,,), the equation for the emission anisotropy reduces to

rtot=rl'%+ zrc.(n%%

n¥l

értotzrl'%_"ret'(l —%) (17)
-1 -1
Yot = rl'(if—)i-k re,'(l —(G—T)H)

The G, matrix and its inverse (G~ '), for a cluster of two
molecules is presented in the Appendix. In addition, we also
present there the matrix for a general cluster of N molecules,
under conditions where all N molecules in the cluster inter-
act equally (Fj = F,,; Fy = Fy, for all j, k, and m). The
analysis for this problem is analogous to the two-molecule
solution, given that F,,, = (N — 1)F and F,,; = F (Craver
and Knox, 1971). Using the (G™'),, values from the two-
molecule matrix and the general N molecule matrix, and
substituting each into Eq. 16, we obtain the following ex-
pressions for the emission anisotropy arising from a cluster
of two and a cluster of N molecules:

A+F-17) F-

nR=n: o F e Ter® iy 2
Q+2-F-7) A+2-F-7) a18)
1+F-7 N—-1D-(F-7

Vet

W AANF) T A+NFo)
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Note that this solution is identical to the previous one
obtained for a cluster of two (Eq. 9).

Fig. 3 shows the emission anisotropy for clusters num-
bering between one and four (generated for ry; Eq. 18), as
a function of mutual separation distance. The data were
calculated by assuming that the emission anisotropy for the
initially excited molecule (r,) is equal to the limiting an-
isotropy of fluorescein labeled melittin (F-melittin) (0.350;
see Materials and Methods), and that the average emission
anisotropy following homotransfer (r.,) is equal to zero. We
find that the anisotropy remains constant at large separation
distances and descends to a lower plateau at mutual sepa-
ration distances below 0.8 R,. The curves show that emis-
sion anisotropy measurements could theoretically be used to
distinguish between clusters of different sizes, especially
between a cluster of one and two, but including higher order
clusters of up to four.

The advantage of using the matrix approach is that it
allows us to calculate the emission anisotropy from clusters
of various sizes when the molecules in the cluster do not
interact equally. For example, we have analyzed the effect
of having a two-molecule cluster with two molecules posi-
tioned close to one another, and a third molecule positioned
farther away (see Fig. 4). When the relative distance among
all three molecules falls below approximately 0.8R,, the
resultant emission anisotropy becomes less sensitive to un-
equal interactions and assumes a value characteristic for a
cluster of three. Apparently, at these close distances there
are enough interactions among all three molecules to dis-
tribute the excitation energy effectively. Ultimately, each
molecule will receive an equal share of the excitation en-
ergy. Thus, when interacting molecules are positioned such

Biophysical Journal

Volume 69 October 1995

that their mutual separation distances fall below 0.8R,, the
observed emission anisotropy becomes less sensitive to how
near each molecule is to one another, and more dependant
upon the number of interacting molecules within the cluster.

Energy transfer with rotational
fluorescence depolarization

Although the average lifetime of the cluster does not change
with energy transfer, the individual lifetime components
may vary. A decrease in the individual component lifetime
could effectively increase the total resultant anisotropy from
the cluster. To evaluate each lifetime component we substi-
tute for p(t) (Eq. 14):

jwrpj(t)'dt - (G! fM'Jmt'dp;t(t)'dt

0 m=1 0

T. = =

Jw pi(t) - dr

N
*  dp,(0)
_ - . . .
> (G ,,,,Jt ar dt

m=1 0

N w
-2 (G jm'J dp(;,,t(t) - dt

m=1 0

19

N
- E (G_l jm.Apm

m=1

The last integral may be integrated by parts. Provided
that p,,(r) approaches zero sufficiently fast as ¢ approaches

0.40 T T T T T | AR A LU B
0.35 4 '
0.30 m
FIGURE 3 Theoretical curves (us- 0.25 | ]
ing Eq. 18 with r, = 0.350 and r,, = > ] ]
. . Q
0) for the anisotropy emitted from o ] ]
clusters ranging in size from one to © 020 -
four as a function of mutual separa- g ] ]
tion distance. Here the anisotropy of < ] ]
different sized clusters is shown to be 0.15 -
clearly distinguishable below 0.8R,. ] i
In addition, emission anisotropy val- ] = ]
ues remain steady below 0.8R,. 0.10 ] ® N= B
] O N=3 ]
] A N=4 )
0.06 _
0.00 L A LIS A A S R B A B R L B
02 04 06 0.8 1.0 1.2 14 1.6 1.8
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FIGURE 4 These curves show the expected anisotropy from a cluster of
two molecules in which a third molecule is added to the cluster at
increasingly smaller separation distances to the other two. For these cal-
culations (using Eq. 28; Appendix; with r, = 0.400 and r,, = 0) we treated
the separation distance between the two molecules in the cluster as constant
(c), and allowed the distances (a and b) to the third molecule from the
cluster to vary in length. Here, ® represents the initially photoexcited
molecule. (@,:a = b = ¢); (O,a = b;c = 0.1R,); (8, a = b; c = 0.5R,);
(A, :a =b,c = 0.8R,). The figure illustrates that these three molecules can
interact unequally below mutual separation distances below 0.8R_ with the
resulting emission anisotropy being the same as if they did interact equally.

infinity, the result is

N N
2 (G_l jm ) 2 (G_l)mn y Apn
m=1 n=1

7= . @)
S (G by

k=1

The solution to Eq. 20 for a general cluster of N mole-
cules, where all N molecules in the cluster interact
equally, is again obtained by assuming that the problem
is analogous to the N = 2 solution, with F,,, = (N — 1)F
and Fp, = F:

— (G_l)u : (G_I)II + (6_1)12 : (G_l)zl
n (G

(421 F4N-P-F)

T+ TP -Q+N-T Py

€2y

Here 1 is the average lifetime of the cluster, and 7, is
the individual lifetime of the initially excited molecule
(molecule 1).

The emission anisotropy () of spherical molecule expe-
riencing rotational fluorescence depolarization is given by
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the Perrin equation:
1 1 1 T Ve -
ror +'rc’ TT%T (22)

where 7, is the rotational correlation time, V is the rotational
volume assuming a sphere, m is the local viscosity of the
solution, k is Boltzmann’s constant, T is the temperature,
and r, is the limiting anisotropy (i.e., in the absence of
rotational motion). The expression for the anisotropy of the
initially excited molecule undergoing both rotational fluo-
rescence depolarization and energy transfer (r; _gr) may be
written in terms of the anisotropy of the same molecule in
the absence of energy transfer (r,). This is accomplished by
applying the Perrin equation (Eq. 22) to the change in the
lifetime of the initially excited molecule in the presence of
energy transfer (7,):

ro

r-gr = .
T r

If we assume that the initially excited molecule carries the
weight of the emission anisotropy (i.e., r,, = 0) and substi-
tute r;_gr for r; in Eq. 17, then recalling the general
expression for 7; (Eq. 20) yields the general equation for the
emission anisotropy from a cluster of N molecules corrected
for the effect that energy transfer has on the lifetime of the
initially excited molecule:

(23)

_heer 7o (G Dy
r= —;' (G = T (1 >
711+ ; (r— -1
‘ (24)
N N
2 (G_l)lm * 2 (G_l)mn ° APn
= m=1 n=1

2 (G Yy Ape

k=1

When all N molecules interact equally, the above equation
reduces to the following simpler form:

1+7-F
T '\1+N-7-F

r= s
T L)

7 (1+2:7F+N-7F)
T (I+7F)-(1+N-1-F)

(25)

Fig. 5 shows theoretical curves for the emission anisotropy
from a cluster of N molecules that interact equally, under-
going energy transfer and rotational motion with and with-
out the lifetime correction term (generated from Eqs. 18 and
25, respectively). The expected values for the emission
anisotropy with energy transfer in the absence of the life-
time correction term are shown with dashed lines and small
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FIGURE 5 Theoretical curves us-
ing r; = 0.200 and r,, = O for the 0.16
anisotropy emitted from clusters ]
ranging in size from one to four as a 0.14 _
function of mutual separation dis- > E
tance, calculated with (Eq. 25) and S 0.12 1
without (Eq. 18), a correction for the .3 ]
effect of homotransfer on the individ- 2 010 3
ual lifetime of the initially excited <C( B
molecule undergoing rotational mo- 0.08 ]
tion. The effects of the perturbed life- DA
time are not noticeable below 0.8R, 1
but are clearly observable in the tran- 0.06
sition region (0.8R, < R < R,).
Dashed curves with large symbols 0.04 -
represent theoretical data with the ]
lifetime correction term. 0.02 1
000 7+

0.2 04

symbols. The larger symbols with solid lines represent the
same case with the lifetime correction. Fig. 5 illustrates how
the correction term slightly delays the onset of homotransfer
fluorescence depolarization, while enhancing the transition
to the lower plateau. It is instructive to note that the addi-
tional term does not appear to significantly affect emission
anisotropy values at mutual separation distances below
0.8R,.

Scope of theory

An exact treatment of homotransfer in macromolecular
complexes would require a full vectorial theory, in which
individual components of the fluorophore transition mo-
ments would be considered. Here we have introduced an
approximate scaler formulation that is a physical and gen-
eralizable method for constructing working models of mu-
tually interacting fluorophores on proteins or between pro-
tein subunits. In addition, we have introduced formulas for
analyzing the number of molecules (N) in an arbitrary
cluster by measuring three experimental observables (r,, r,,
and r,; Eq. 18).

As with traditional energy transfer (heterotransfer), the
dependence of the transfer rate () on the angular factor ©>
is problematic, because the energy transfer efficiency can be
extremely sensitive to changes in k. However, this problem
appears to be less significant in homotransfer emission
anisotropy measurements when mutual separation distances
among the molecules fall below 0.8R, (lower plateaus in
Figs. 3 and 5). Within this region the resultant emission
anisotropy becomes less sensitive to changes in energy

0.6

Large symbol = lifetime corrected anisotropy

NSNS S A SE S S B R B S R

0.8 1.0 1.2 1.8

R/Ro

14 1.6

transfer efficiency, and more dependent upon the number of
molecules in the cluster.

RESULTS AND DISCUSSION
Effect of methanol on melittin aggregation

In an initial study, we began with melittin tetramers and
used methanol to induce dissociation. The rationale behind
using methanol is that it preserves the helical structure of
the monomers (Lakowicz et al., 1990; Bazzo et al., 1988),
and so the addition of methanol will allow us to view the
dissociation of a-helical tetramers to a-helical monomers,
without the complication of large changes in secondary
structure.

To examine the change in fluorescence anisotropy upon
melittin association in the absence of homotransfer, we
mixed fluoresceinylated melittin (F-melittin) with native
melittin at a 1:24 molar ratio so that each tetramer would
have essentially only one labeled species. We began under
conditions in which melittin should be tetrameric: 4.63 uM
melittin in 12 mM (2-(N-cyclohexylamino)-ethanesulfonic
acid, pH 10.0, and 1.5 M NaCl (Wilcox and Eisenberg,
1992). Methanol was then titrated into solution to induce
dissociation. Fig. 6 A (open circles) shows that the anisot-
ropy starts at a high value, undergoes a slight increase, and
then quickly falls into a gradually descending slope. Al-
though the underlying reason for the initial increase is
unclear and may reflect a small conformational rearrange-
ment of the fluorescein in the melittin tetramer, the decrease
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FIGURE 6 (A) Comparison of the anisotropy of 1:24 melittin mixture
(O) ([F-melittin] = 185 nM and [native melittin] = 4.44 uM, initially), and
100% F-melittin (@) (4.63 pM, initially) in various percentage methanol
(v/v) mixtures, at 1.5 M NaCl, 12 mM CHES, pH 10.0, initially. (B)
Comparison of the normalized intensity of 1:24 melittin mixture (O) and
100% F-melittin (@) in various percentage methanol mixtures (v/v), at 1.5
M NaCl, 12 mM CHES, pH 10.0, initially. We normalized the two curves
to a value of 1 at 60% methanol.

in anisotropy reflects an average loss in rotational volume as
F-melittin:melittin tetramers dissociate to monomers.

An identical study was conducted under conditions in
which homotransfer should occur (i.e., 100% F-melittin,
initially at 4.63 uM); the results are shown in Fig. 6 A (filled
circles). At low methanol concentrations the anisotropy
values are far smaller than those seen with 1:24 melittin
mixture, indicating the presence of homotransfer within the
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F-melittin tetramers. Thus, the excitation energy from the
initially excited molecule is communally shared between its
neighbors in the cluster, and the resulting emission anisot-
ropy reflects the fraction of the initially excited molecules
whose excitation energy has been distributed to its neigh-
bors. As more methanol is added and the tetramers disso-
ciate, homotransfer decreases, and the anisotropy of the
100% F-melittin appears to approach asymptotically the
anisotropy of the 1:24 melittin mixture.

The total fluorescence intensity at 520 nm was measured
as a function of methanol for both the 1:24 melittin mixture
(open circles) and the 100% F-melittin sample (filled cir-
cles) (see Fig. 6 B). (The total fluorescence intensity at 520
nm was calculated using I,,, = I;+2-/,, where J;and I, are
the intensities of vertically and horizontally polarized light.)
The intensity of the 1:24 melittin mixture increases with
increasing methanol, presumably because of a loss in static
quenching from melittin’s charged residues as the tetramer
dissociates, and because of an increase in quantum yield
with increasing methanol. Similarly, the 100% F-melittin
intensity also rises with increasing methanol, but to a
larger extent than does 1:24 melittin mixture. This shows
that self-quenching of the fluorescein residues occurs
within the 100% F-melittin tetramers.

Effect of sodium chloride on melittin aggregation

To verify the sensitivity of fluorescein homotransfer to
changes in melittin tetramer-monomer equilibrium, we con-
ducted complementary studies using ionic strength to in-
duce melittin aggregation. Many reports have appeared de-
scribing melittin aggregation with increasing ionic strength
and at pH values where its amide groups are protonated
(Talbot et al., 1979; Brown et al., 1980; Bello et al., 1982;
Quay and Condie, 1983; Wilcox and Eisenberg, 1992; Teng
and Scarlata, 1993). Fig. 7 A (open circles) shows the
aggregation of a 1:24 F-melittin:native melittin mixture
(6.93 uM total peptide concentration) in solutions of in-
creasing ionic strength in the absence of homotransfer.
When the NaCl concentration is raised from 0.0 to 1.5 M,
the anisotropy of the 1:24 melittin mixture drops slightly at
0.25 M NaCl, and then rapidly increases to the higher values
that characterize melittin’s tetrameric state. (Increasing the
molarity of NaCl from 0.0 to 1.5 M increases the bulk
viscosity by roughly 15% (Wolf et al., 1980), which ac-
counts for the slight increase in anisotropy at high salt
concentrations.) We conducted an analogous experiment
under conditions where homotransfer is expected to occur
using 100% F-melittin (Fig. 7 A, filled circles). The anisot-
ropy of 100% F-melittin starts at approximately the same
value as the 1:24 melittin solution, drops at 0.25 M NaCl,
and then remains constant from 0.25 to 1.5 M NaCl. The
small difference between the anisotropy values of the two
samples at 0 M NaCl reflects the increased tendency of the
modified N-terminus melittin to self-associate (see below).

Fig. 7 B shows the total fluorescence intensity at 520 nm
for 1:24 mixed melittin (open circles) and 100% F-melittin
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FIGURE 7 (A) Comparison of the anisotropy of 1:24 melittin mixture
(O) ([F-melittin] = 277 nM and [native melittin] = 6.65 uM) and 100%
F-melittin (®) (6.93 M) with increasing NaCl concentration, 12 mM
MOPS, pH 7.2. (B) Comparison of the intensity, normalized at O M NaCl,
of 1:24 melittin mixture (O) and 100% F-melittin (@) with increasing NaCl
concentration, 12 mM MOPS, pH 7.2. Fresh samples were prepared to
generate each point.

(filled circles) as a function of increasing ionic strength for
NaCl concentrations ranging from 0.0 to 1.5 M. The nor-
malized intensity of the 100% F-melittin samples (filled
circles) descends monotonically. In contrast, the intensity of
the 1:24 melittin mixture (open circles) drops to a low value
at 0.25 M Na(l, increases slightly at 0.50 M NaCl, and then
gradually levels. As observed in the methanol studies, the
drop in intensity for 100% F-melittin is larger than for the
1:24 melittin mixture upon tetramerization. These data
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show that self-quenching of the fluorescein moieties is
occurring in the F-melittin homotetramers.

With the exception of the anomalous point of the 1:24
mixed melittin at 0.25 M NaCl (Fig. 7 A, open circles), the
anisotropy dependence on a monomer to tetramer associa-
tion with ionic strength is comparable to that observed using
methanol. We interpret this anomaly as being due to the
preferential self-association of F-melittin at this ionic
strength. This interpretation is supported by far-UV circular
dichroism studies (Hagihara et al., 1992) and NMR studies
(Brown et al., 1980), which have shown that N-terminal
derivatized melittin self-associates at a much lower ionic
strength than native melittin. In addition, this observation
has been substantiated by previous fluorescence studies
(Teng and Scarlata, 1993). Because labeling melittin with
fluorescein removes a positive charge from the peptide, it is
reasonable to expect that the F-melittin species should ag-
gregate at a lower ionic strength.

Effect of sodium chloride on melittin aggregation
in glycerol

To determine the effect of rotational motion on the homo-
transfer studies, we repeated the sodium chloride experi-
ments in a more viscous solution that will damp rotational
motion to some extent. Fig. 8 shows a comparison of the
ionic strength dependence of the anisotropy of the 1:24
melittin mixture (open circles) and 100% F-melittin (filled
circles) at different ionic strengths in the presence of 50%
(v/v) glycerol. Both curves are similar in shape to those
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FIGURE 8 Comparison of the anisotropy of 1:24 melittin mixture (O)
([F-melittin] = 277 nM and [native melittin] = 6.65 uM) and 100%
F-melittin (@) ([F-melittin] 6.93 uM) with increasing NaCl concentration
in 50% (v/v) glycerol, 12 mM MOPS, pH 7.2. Fresh samples were prepared
to generate each point.
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observed in the absence of glycerol (Fig. 7 A). However, the
relative decrease in the emission anisotropy for the 100%
F-melittin is not as large. The relative fluorescence yield at
520 nm of both the 100% F-melittin and the 1:24 mixed
melittin samples were higher in glycerol, yet the fluores-
cence intensity of the 100% F-melittin was still lower
than with the mixed 1:24 mixed melittin sample. Inter-
pretation of the fluorescence intensity changes is dis-
cussed below.

Effect of membranes on melittin aggregation

The purpose of this series of experiments is to apply homo-
transfer analysis to the oligomerization of a membrane
protein. The binding of melittin to membranes has been
extensively studied (Dempsey, 1990). Although the oli-
gomerization of melittin in membranes has been controver-
sial (Dempsey, 1990, and references therein), a recent study
that takes into account many experimental complications
(John and Jihnig, 1991) showed that in small unilamellar
vesicles of dimyristyl phosphatidyl choline, membrane-
bound melittin will aggregate above a peptide to lipid mole
ratio of 1:200 at 1 M NaCl.

We conducted our studies using large unilamellar vesi-
cles (LUVs) composed of 100% 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphorylcholine (POPC) lipids. Fig. 9 illus-
trates the results of a series of experiments with POPC
LUVs, in which the aggregation state of melittin in mem-
branes was studied as a function of the molar ratio of POPC
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FIGURE 9 Comparison of the anisotropy of 1:10 melittin mixture (O)
({F-melittin] = 250 nM; [melittin] = 2.5 uM), 1:15 melittin mixture
(O) ([F-melittin] = 100 nM;[melittin] = 1.5 pM), and 100% F-melittin
(®) ([F-melittin] = 2.75 uM) at various POPC lipid to peptide molar
ratios. The curves drawn are simply meant to guide the eye and no physical
model is implied.
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lipid to total peptide. All solutions contained 1 M NaCl and
20 mM MOPS, pH 7.2

We were able to follow melittin’s transition from a non-
aggregated to aggregated state by examining its ability to
form mixed aggregates with fluoresceinylated melittin (F-
melittin) at the different lipid:peptide molar ratios (open
circles, 1:10 F-melittin:melittin; open squares, 1:15 F-melit-
tin:melittin). Above a lipid:peptide molar ratio of 2000:1,
native melittin is unassociated and is unable to form mixed
tetramers with F-melittin. In contrast, 100% F-melittin ag-
gregates in POPC membranes at the same lipid:peptide
molar ratios (filled circles) apparently remain associated .
below lipid:peptide molar ratios of approximately 20,000:1
(data not shown). The dip at the end of the 100% F-melittin
curve (filled circles) (at low POPC:lipid ratios) is presum-
ably due to homotransfer between the individual F-melittin
homoaggregates as mutual separation distances between
them approach R,. In addition, our measurements show that
changing the F-melittin to native melittin molar ratio to 1:15
(open squares) raises the maximum attainable emission an-
isotropy. Thus, the 1:10 mixed melittin curve (open circles)
of Fig. 9 represents mixed melittin aggregates in which
homotransfer is still occurring. Our results show that native
melittin begins to aggregate in POPC membranes at lipid:
peptide molar ratios below 2000:1. This value is a factor of
10 higher than that obtained by John and Jihnig (1991).
Although the reason behind this discrepancy is unclear, we
postulate that it is due to a decreased ability of melittin to
aggregate on the highly curved surface of small, unilamellar
vesicles, as opposed to the flat, uniform surface of large,
unilamellar vesicles.

We also conducted potassium iodide (KI) quenching
studies with 1:10 mixed melittin to assess the membrane
position of the fluorescein label of the melittin aggregate.
Under conditions where mixed melittin will aggregate, ad-
dition of 1.0 M KI quenches the fluorescence intensity at
520 nm by approximately 78.7 £ 2.5%, whereas KCl de-
creases the intensity by 26.7 = 0.7%. Yet in the absence of
POPC membranes, 1.0 M KI and 1.0 M KClI treatment of
mixed melittin solutions decrease the fluorescence intensity
88.5 = 1.2% and 6.1 * 0.8%, respectively. Thus, we
estimate that the addition of KI to mixed melittin and POPC
lipid solutions, under conditions in which aggregation is
expected to occur, quenches the fluorescence intensity at
520 nm by approximately (78.7 — 26.7)/(88.5 — 6.1) X
100, or 63.1%, relative to the solution state tetramer. These
data suggest that close to half the fluorescein moieties in the
mixed melittin POPC membrane aggregate are on the sur-
face of the membrane’s outer leaflet.

Fluorescein self-quenching

To further examine the underlying cause of the self-quench-
ing between the fluorescein moieties, we measured the
difference in the fluorescence lifetime between the 100%
F-melittin tetramers and the 1:24 mixed melittin tetramers.
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Preliminary results indicate that the fluorescence lifetime in
the 100% F-melittin tetramers is lower than in the 1:24
mixed melittin tetramers for both 1.5 M NaCl, 20 mM
MOPS, pH 7.2 (4%), and 1.5 M NaCl, 20 mM MOPS, pH
7.2, in 50% (v/v) glycerol (~13%) aqueous solutions. These
small differences in fluorescence lifetime are not nearly
large enough to account for the large difference in fluores-
cence intensity between the F-melittin homotetramers and
the 1:24 mixed melittin tetramers. Evidently, static quench-
ing between the fluorescein residues must account for a
large portion of the difference. In support of this, we ob-
serve that the absorption spectrum of 100% F-melittin is
red-shifted with respect to the 1:24 mixed melittin absorp-
tion spectrum (data not shown) under conditions in which
melittin is expected to be aggregated as tetramers. We
interpret this red shift as being due to the absorption by
nonfluorescent fluorescein dimers. Chen and Knutson
(1988) also observed a red shift in fluorescein absorption,
which they attributed to the presence of fluorescein dimers.

Self-quenching of fluorescein has previously been re-
ported and is believed to be a result of two processes:
nonfluorescent fluorescein dimer formation and energy
transfer from active fluorescein monomers to dark fluores-
cein dimers (Agranovich and Galanin, 1982, and references
therein; Sims and Weidmer, 1984; Chen and Knutson,
1988). Our observation of both dynamic and static quench-
ing in the 100% F-melittin tetramers supports this interpre-
tation. Dark complex formation in the 100% F-melittin
tetramers could potentially reduce the number of active
neighbors the initially excited molecule has within its clus-
ter (see Fig. 2 ¢). For a cluster of four in which two of the
members have engaged in a dark complex, the anisotropy
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would only reflect the excitation energy mixing between the
two active fluorophores. This process could possibly ac-
count for the decreased quantum yield, the reduced lifetime,
and the smaller difference between the anisotropy of 1:24
mixed melittin and the 100% F-melittin tetramer observed
with the 50% (v/v) glycerol/sodium chloride experiment.

Theoretical analysis of homotransfer in
F-melittin tetramers

The crystal structure of the melittin tetramer in solution has
been solved (Terwilliger and Eisenberg, 1982). Fig. 10 is a
cartoon of the melittin tetramer based on its solved crys-
tal structure, with the addition of fluorescein molecules
attached to each subunit’s Gly-1. Relative separation
distances between melittin tetramer’s four Gly-1s
(A&B&C&D) were calculated and used as an estimate for
the relative distances between fluorescein molecules. To
compute the inverse G matrix, we first used the estimated
separation distances among the fluorescein residues and a
R, value of 53 A to calculate the theoretical Forster transfer
rates (Eq. 6), and then constructed the G matrix elements
using Eq. 12 (see Appendix for G matrix and its inverse).
Taking the (G™');, element, we calculated the expected
emission anisotropy for a F-melittin homotetramer in the
above experiments, using Eq. 17 and the approximations r,,
= 0.016, and r; = ry;,.q- The value r,, = 0.016 represents
the case for randomly orientated fluorophores (see theory).
A summary of the results of these calculations, along with
experimental data (¥p,;,.q and r;494), are given in Table 1. In
addition, we also present the theoretically expected anisot-

FIGURE 10 Sketch of melittin
tetramer based on crystal structure
(Wilcox and Eisenberg, 1992), with
a fluorescein molecule shown at-
tached to each subunit’s Gly-1. Rel-
ative separation distances between
melittin  tetramer’s four Gly-1s
(A&B&C&D) were calculated from
the reported crystal structure. These
values were used to estimate For-
ster’s bimolecular transfer rate (F)
between the four fluorescein mole-
cules. The amount of the electronic
transfer activity (number of trans-
fers) during an average fluorescence
lifetime (F*7) is illustrated as well.

ot

AB=19.1A
CD=19.1A
AC =28.6A

B = A
BD=28.6A  F,zet=455 Fppet=40.1
AD=239A  Fpet=455 F,pet=120.1
CB=243A  F,*t=40.1 Fzet1=107.8




Runnels and Scarlata

TABLE 1 Summary of theoretical analysis for F-melittin studies

Fluorescence Homotransfer of Oligomers 1581

Sample Tmixed 1 7100% Ttot ry - 4(Eq. 17) ry = 4 (Eq. 18) rn = 2 (Eq. 18)
0% Methanol 0.1463 * 0.0045 0.0480 * 0.0014 0.0487 0.0488 0.0814
1.5 M NaCl 0.1598 * 0.0077 0.0613 * 0.0005 0.0521 0.0522 0.0882
1.5 M NaCl + 50% glycerol 0.2693 * 0.0043 0.1313 * 0.0031 0.0796 0.0797 0.1432
400:1 POPC:F-mel and 500:1
POPC:mixed mel in 1.0 M NaCl 0.2623 * 0.0091 0.2172 * 0.0013 0.0779 0.0780 0.1397

Fmixea @M F1o04, are the experimental anisotropy values for 1:24 F-melittin: native melittin and 100% F-melittin. ry,_, (Eq. 17) is the theoretical anisotropy
value assuming nonequal interacting species, and ry._, and ry ., (Eq. 18) are the theoretical anisotropy value assuming equal interactions for clusters of
4 and 2, respectively. For these calculations we assigned 7,,;,.q t0 #; and used a value 0.016 for r... Setting r,, equal to 0.016 represents the case in which
the fluorophores’ dipole moments are randomly distributed with respect to each other (see theory).

ropy using Eq. 18, assuming an average mutual separation
distance of 23.94 A between the fluorophores in the F-
melittin homotetramer. Because the mutual separation dis-
tances between the fluorescein residues in the F-melittin
homotetramer are smaller than 0.8R,, the theoretical ex-
pected anisotropy calculated assuming nonequal interac-
tions (Eq. 17) is nearly identical to the result calculated
assuming equal interactions (Eq. 18). For comparison, we
also calculated the expected emission anisotropy from a
cluster of two fluorophores, again assuming an average
mutual separation distance of 23.94 A between the two
fluorophores.

We find that the theory predicts an anisotropy for N = 4
that is close to what is experimentally observed for both the
methanol and the nonglycerol/NaCl experiments. However,
for the 50% (v/v) glycerol/NaCl case, the experimentally
observed anisotropy more closely resembles what would be
expected for an N = 2 cluster. Interestingly, the agreement
between the anisotropy values for the NaCl/glycerol exper-
iment and the theoretical values calculated for an N = 2
cluster supports the idea that viscous solvents stabilize the
formation of dark fluorescein dimers, which reduces the
active number of fluorophores in the F-melittin homotet-
ramers from four to two. However, this view would have to
be substantiated by ruling out that a high r, value in
glycerol does not account for the apparent discrepancy. To
that end, we are currently conducting experiments to test the
validity of setting r,, = 0.016 in the above analysis (see
Materials and Methods).

Our analysis of the POPC membrane experiments show
that fluorescence depolarization in the F-melittin homoag-
gregate lies above what we would expect for the anisotropy
from a cluster of two or four. (In these calculations we
assumed the structure of the F-melittin homoaggregates in
membranes is similar to the structure of the melittin tet-
ramer in solution, with two fluorescein moieties on either
side of the homoaggregate. This view is supported by the KI
quenching study, where half of the fluorescence is quenched
by adding quencher to the outside of the membranes.)
However, in our theoretical evaluation we assumed that
ro, = 0.016. The fluorescein moieties within the F-melittin
homoaggregate in POPC membranes may be rotationally
restricted, which could possibly raise the r,, value. In addi-

tion, fluorescein dimer formation within the F-melittin ho-
moaggregate may also contribute the high anisotropy val-
ues. The key point in this study is that homotransfer is
capable of detecting the protein association of the mem-
brane-bound peptide. However, it is unclear whether our
data reflect a monomer to dimer equilibrium or monomer to
higher order oligomer equilibrium. Studies are under way
to address this point.

CONCLUSIONS

In this study we have described a general theory of fluores-
cence depolarization in clusters of randomly orientated flu-
orophores. We have explicitly shown that the extent of
fluorescence depolarization is proportional to the number of
fluorophores within the cluster. A formalism was also de-
scribed to correct for the effect of energy transfer on the
individual lifetime of the initially excited molecule.

Below the critical mutual separation distance (R,),
changes in the number of molecules within a cluster are
resolvable. It is possible, as we have shown for melittin, to
use homotransfer analysis to monitor changes in oligomer-
ization states greater than a monomer to dimer, or to observe
protein-protein associations where more than two proteins
are involved, in solution and in membranes.

Below approximately 0.8R,, homotransfer analysis has
the potential to be used as an analytical tool to determine the
number of subunits in an oligomer. We have shown that at
these close distances there is sufficient transfer activity
within the cluster to distribute the excitation energy among
the members of the cluster evenly, including cases in
which the fluorophores do not interact equally. Thus,
when mutual separation distances fall below 0.8R_, the
anisotropy from non-uniform fluorophore distributions is
nearly equal to the anisotropy for an idealized isometric
distribution.

Our initial results support the use of homotransfer anal-
ysis to monitor changes in subunit oligomerization, and as a
qualitative measure of the number of subunits in a cluster.
However, our results also show that more detailed work is
needed to make this method quantitative. These studies are
currently under way.
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APPENDIX

The G matrix and its inverse for the N = 2 cluster, and for a general cluster of N with F, = (N — 1)F and F,, = F, are

lr+F, —F, Yr+(N-1)-F —F
Gu(N=2) :[ —Fp; 1/T+1172,]’ Gu(N) :[ ~(N-1)-F 1+ F] (26)
(A+F-7)7 F-7 AQ+F-1-7 F-7
y (1+2-F-1) (1+2-F-7) o |a+NFeD (Q+N-F-7)
(G'(N = 2))mn = F-7 A+F-7n-7f (& N = N-1D-F7 A+N=1-F-1)-71 @7)
(1+2-F-7) (1+2-F-7 (1+N-F-7) (1+N-F-7)

The equation for the emission anisotropy for the N = 3 cluster (Eq. 28) was derived by first constructing the G matrix, taking its inverse, and setting r,,
= 0. The solution for the quantum yicld from the initially excited molecule in a cluster of three was obtained by Knox (Craver and Knox, 1971):

1+T'(F12+F13+2'F23)+72'(F|2'F13+Flz‘F23+F13'F23)

r=r.:

142‘7'(F12+Fn+F23)+3'72'(F|2'F|3+Flz’F23+F13'F23)’

Fy;=Fy, roa=20 (28)

J

The G matrix and its inverse for the F-melittin tetramer were calculated by assuming that the mutual separation distances between N-terminally linked
fluorophores are cqual to the separation distances between the four Gly-1 residues in the crystal structure of the melittin tetramer, and by using an R of

53 A (Terwilliger and Eisenberg, 1982).

1 (455 + 107.82 + 40.13) —455.00 -107.82 —40.13
ot e e _— .
—455.00 1 N (455 + 4()12;*;1%()%) —40.13 —120.08
T T T T T
G = (29)
-107.82 —40.12 1 (107.82 + 40.12 + 454.78) —454.78
T T T * Ea T
—40.13 —120.08 —454.78 1 N (4():13 + 120.08 + 454.78)J
L T T T T T
0.25115 0.25019 0.24906 0.24901
o |025019 025111 0.24901 0.24909
G = 71024906 024901 025115 0.25019 (30)
0.24901 0.24909 0.25019 0.25111
The formula for the individual component lifetime of the initially excited molecule for a cluster of four was calculated using Eq. 20:
(G (G D (G (G Ny + (G N (G N3y + (G- (G )y
m= G (3D
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