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In glycoprotein-mediated pH-induced fusion of virus to animal cells, the mixing of materials between membranes or between
cytoplasmic spaces occurs after the virus-cell complex has gone through a number of activation reactions. The monitoring of the
fluorescence changes measured in a fusing system using self-quenching probes could reflect not only the kinetics of activation, but
also the redistribution reaction of probes. For instance, time delay seen in the onset of fluorescence changes after triggering the fusion
reaction (S.J. Morris, D.P. Sarkar, J.M. White and R. Blumenthal, J. Biol. Chem. (1989) 3972), could be due to rate-limiting probe
redistribution kinetics. In this paper we examined in detail the effect of probe redistribution rates on fusion kinetics, Simulations
were performed using a very simple model with two fusion-activation steps and an exponential probe redistribution kinetics. We
conclude that if the rates of probe redistribution are faster than or equal to those of viral glycoprotein activation, the kinetics of the

fusion reaction are not significantly affected.

1. Introduction

For enveloped viruses, the entry of their viral
genome material into target cells is mediated by a
process called ‘membrane fusion’ {1-3]. That is,
virions and cells have to overcome the repulsive
forces between them and integrate their mem-
branes into a single continuous bilayer. Conse-
quently, channels or pathways for the exchange of
genome materials can be formed at the junctional
area. It is known that virus-cell membrane fusion
is a complex event involving many biochemical
and biophysical interactions [4,5]. For example,
fusion of influenza virus and animal cells requires
a series of activation reactions after the binding of

Correspondence address: Y. Chen, Laboratory of Molecular
Biology, NIDDK, NTH, Bethesda, MD 20892, U.S.A.

virus to the receptors on the target cells: protona-
tion of hemagglutinin (HA) molecules, pH-in-
duced conformational changes and aggregation of
HA trimer-receptor complexes to form a fusion
junction, etc. In general, the mixing of lipids,
lipid-like probes, and other membrane compo-
nents between the two fusing membranes occurs
only after the virus-cell complex has been
activated.

In the past, most biophysical and biochemical
studies on virus-cell fusion had been centered on
the elucidation of structures of the spike proteins
and their conformational changes, etc. [6,7]. Little
has been devoted to the kinetics or mechanisms of
the activation reactions. Part of the reason 1s the
tack of proper markers for labelling the inter-
mediate states of the reactions. Recently, a series
of studies on fusion-activation kinetics have been
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reported by a number of laboratories [8-13], based
on fluorometric measurements using lipid-like
dyes, R-18 (octadecyl rhodamine B chloride). The
principle of the method relies upon the self-
quenching properties of this dye: the intensity of
total fluorescence decreases when the density of
the dye increases and vice versa. Thus, upon fus-
ing of R-18-containing membranes with mem-
branes devoid of the probe, the surface density of
the dye decreases because of dye redistribution,
resulting in an increase in the total fluorescence.

In a typical virus-cell fusion system where R-18
molecules are initially loaded only to the virus
membrane, the kinetics of the fusion event is
usually studied in terms of the quantity, called the
degree of dequenching, defined as [9,10]:

(1)~ Fy
O(I) = Foo _ FO (1)
where F, and F(r) denote the total fluorescence
of the system at times zero and ¢ respectively, and
F_ is the total fluorescence of the system when all
the fluorophores are completely dequenched by
disruption with detergent. This ¢(¢) can be shown
to be directly equal to the degree of activation (or
fusion) if the following two assumptions are satis-
fied (ref. 9; see also below). First, the dyes are
assumed to be completely dequenched after fu-
sion. Second, the rate of redistribution of R-18
between the viral and cell membranes is assumed
not to be rate-limiting. That is, the dyes can
re-equilibrate instantaneously right after the mem-
branes are fused and the equilibrium density of
dyes on the fused membrane is extremely low so
that self-quenching is absent. In this case, the
degree of dequenching becomes a very useful
quantity in the elucidation of mechanisms of fu-
sion-activation reactions.

Since the cell membrane surface is very large
compared to the virus membrane surface, the first
assumption is rather reasonable. In general, if
redistribution of R-18 is mediated by a free diffu-
sion process, the rate of redistribution would be
very fast. However, if there are restrictions to
probe movement through the “fusion junction’, the
redistribution process might be slowed down or
retarded [14]. This prompts us to address the

following two questions: (1) How fast does the
probe-redistribution process have to be in order
not to be rate-limiting? In other words, what is the
lower limit of the redistribution rate constant if
the o(z) in eq. 1 is still considered as approxi-
mately equal to the degree of activation?; (2) If
the rate of redistribution is indeed slow, is it
possible to extract the information on the kinetics
of the activation reactions from the dequenching
data? In order to obtain answers to the above, the
basic relationship between the degree of de-
quenching and both the activation and redistribu-
tion reactions must be established. This is the goal
of the present paper. Specifically, we show that an
explicit expression for o(z) can be derived in
terms of the rate constants of both reactions. As a
result, the effect of slow redistribution on the
shape of o(r) can be discussed and information
regarding the kinetics of activation reactions can
be obtained. Equations for other fusion-related
quantities, such as the extent of lipid mixing and
the degree of activation, will also be derived and
discussed.

2. Elementary fusion reactions and probe redistri-
bution

We first define the system and some of the
terms to be used in this paper. Following the same
experimental procedure and assumptions made
previously [10), we consider a system of prebound
complexes of ceils and R-18-loaded viruses and
study the change in fluorescence of these com-
plexes after a pH change (the onset of activation).
That it, we disregard the binding step in the
kinetic study and consider only a system of bound
virus-cell complexes. We also assume that the
dissociation of these complexes during the entire
process of measurement of the fusion kinetics is
negligible and that the fusion of one virus will not
interfere with that of another (no cooperative ef-
fect between viruses). In this case, each virus-cell
complex can be considered as an independent
object (unit) of the system and the total number of
objects in the system is fixed. It should be borne
in mind that usually more than one virus can bind
to a cell, Thus, the word ‘cell’ in * virus-cell com-
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plex’ does not necessarily mean the entire cell, but
just the part of the cell that is associated with the
virus. In other words, each object in our system
contains a virus and the piece of the cell mem-
brane to which the virus is attached.

A membrane fusion event is defined here as an
irreversible process of merging two separate bi-
layers into an equilibrium structure that is con-
tinuous in both the bilayer membrane and the
core space. Thus, as schematically illustrated in
fig. 1, a pH-induced virus-cell fusion process in-
volves at least the following three steps: (1) Bind-
ing of protons to the glycoproteins followed by
conformational changes in the glycoprotein-recep-
tor complex (from state {1] to [2]); (2) The
coalescing of the two bilayers and formation of
pores or channels at the junctional area (from [2]
to [F1]); (3) Expansion of pores or channels until
the final equilibrium state is achieved (from [F1]
to [F2] to [F]). The transitions between the states
in fig. 1 are called the ‘elementary fusion reac-
tions’ of the fusion event. One should note that
the elementary fusion reactions of a fusion event
are properties of the virus and the cell involved
and are not affected by the occurrence of redistri-
bution of R-18 molecules in the system. In other
words, upon pH-induced activation taking place,
virus and cell membranes will fuse according to
the elementary fusion reactions of the system,
irrespective of the presence or absence of R-18
molecules in the system.

Fluorescence dequenching due to redistribution
of R-18 molecules between the virus and cell

membranes takes place when the complex is in
one of the ‘open’ states for lipid redistribution
([F1], [F2], and [F] in fig. 1b). The elementary
fusion reactions leading to the first lipid-mixing
state [F1] are referred to as the ‘activation reac-
tions’ of the fusion process. For simplicity, the
loss of R-18 molecules from the virus surface (the
probe redistribution reaction) will be assumed to
follow an exponential function (eq. 10 below). In
fact, the formalism presented below can be ex-
tended easily to other functional forms. The main
purpose of this paper is to investigate the relation
between the kinetics of fluorescence dequenching
of R-18 and the kinetics of the activation and
probe redistribution reactions.

3. The degree of dequenching

As experimentally observed [10,11], -the mea-
sured degree of dequenching at infinite time in
virus-cell fusion systems does not reach 100%.
This means that some of the virus-cell complexes
are not active. To eliminate the contribution from
inactive complexes, we shall consider the normal-
ized degree of dequenching, defined as

X0 2 R % ®

where F(c0) is the total fluorescence of the system
at infinite time when all dequenching processes

1l [2] [F1]

F2] [F] (b)

Fig. 1. The states of a hypothetical virus-cell fusion model. The small dots on the small vesicle represent the fluorescent R-18

molecules. The solid rectangular and circular blocks between the two fusing membranes represent the glycoprotein-receptor

complexes before and after protonation, respectively. Redistribution of R-18 molecules occurs only after the two membranes have

coalesced in states [F1], [F2], and the final fused, equilibrium state [F). Thus, states [1] and [2] are referred to as the ‘closed’ states for
lipid mixing and states [F1], [F2], and [F] as the ‘open’ states.
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have stopped. Experimentally, X{(¢) can be ob-
tained without the Triton disruption step.

We consider a fusion system of M, virus-cell
complexes, of which M are active. Let the mean
fluorescence intensity of an active complex be
denoted as { F(t)) and that of an inactive one as
F,. Then,

F(t)=M{(F(1)) + (M,— M) F, (3)
F(o0) = M{F(0)) + (M, — M) F, (4)
Fy= M{F(0)) + (M, ~ M) F,. (5)

Substituting egs. 3-5 into eq. 2, we have

(F(0)) — (F(0)
X8 = Floo)y — (F(0)) (©)

This is the basic equation for deriving the relation-
ship between the normalized degree of dequench-
ing of R-18 molecules (X(¢)) and the underlying
fusion and R-18 redistribution reactions of the
system.

For convenience, we shall use the kinetic di-
agram in fig. 2a as the basis of our derivation.
However, the conclusions obtained should be ap-
plicable to any model.

We consider a system of M active virus-cell
complexes undergoing the set of elementary fusion
reactions shown in fig. 2a. Each virus of the
complexes is loaded with a particular number of
R-18 molecules and each complex is in state [1]
before the onset of activation (pH change). Let N,
be the number of R-18 molecules on the virus
membrane of a complex at time zero, N(t) being
that at time ¢ after the onset of activation. Then,
the total fluorescence of the complex at ¢ is equal
to

F(t) = N(1)£,() + [No = N(D)] £y (7)

where f, () denotes the intrinsic fluorescence of a
single R-18 on the virus membrane at time ¢ and
fy that of a completely dequenched single R-18.
The first term on the right-hand side of eq. 7 is the
total fluorescence from the virus membrane, the
second term corresponding to that from the cell
membrane. It should be noted that the use of f; in
the second term implies a complete dequenching
of R-18 on the cell surface. This is reasonable,

M < 21 - F1] » [F2] — [F {a)
N(t)
{b)
F()
1 L (e}
0 Y t2

Fig. 2. The time course of N (number of R-18 molecules
remaining on the virus surface) and F (total fluorescence
intensity of a virus-cell complex). The value of N remains at
Ny (number of R-18 initially loaded onto the virus surface)
until the complex reaches the first open state (F1). Then, N
decays exponentially according to eq. 10b.After reaching the
second open state [F2], N(1) follows another different
exponential decay course, when the transport coefficient in
state [F2] differs from that in state [F] (solid curve). Otherwise,
it will follow the same exponential decay (dotted line). The
dashed line represents the situation where the rate of redistri-
bution of R-18 is infinitely fast. The corresponding fluores-
cence intensity of a single virus-cell complex is shown in
panel c.

since the surface of a cell is much larger than that
of a virus. The case in which R-18 molecule on the
target cell surface are not completely dequenched,
as in cell-cell fusion systems, is discussed in ap-
pendix A.

The value of f,(z) is always smaller than f; due
to the self-quenching of R-18. As shown by
Hoekstra et al. [8], the degree of quenching is
linearly proportional to the density of probes if
the surface density is less than 7%:

A1) =fd[1 - "ﬁ(”] (®)

v

where k is a constant. It is obvious that f (1)
equals f; only when N(¢) tends to zero (infinite
dilution).

With eq. 8, eq. 7 becomes

F() = foo — BE Ny ©)

which represents the fluorescence intensity of a
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single complex as a function of time. The average
fluorescence of a complex in the system can be
obtained by taking the ensemble average of F(r)
over the distribution of N; (R-18 is not loaded
uniformly). To do this, we must express the N(¢)
in eq. 9 in terms of N,. As discussed before, N(¢)
will remain at N, until the complex enters the first
open state [F1]. Hereafter, N(¢) will decrease ex-
ponentially. Let #; be the time required for a
complex to reach state [F1] from state [1] and
assume that all open states have the same redistri-
bution kinetics. Then, N(t) can be expressed ex-
plicitly as:

N({)=N,, 0<r<p (10a)
N(t)=Nye YU >y (10b)

where vy is a constant.

As can be seen from egs. 9 and 10, F(¢)
depends not only on N, but also on y and ¢,. The
N(#) and the corresponding F(¢) of a single com-
plex are schematically shown in fig. 2b and c.

Due to the stochastic nature of chemical reac-
tions, the value of ¢, will be different from one
complex to the other. Thus, to obtain the average
value of the fluorescence of a single complex, we
must average F(r) not only over the distribution
of N,, but also over that of r,. Let f(N;) and
g(#,) designate the respective probability distribu-
tion functions (pdf) of N, and ¢,. Then

CF(1)) =f0°°jo°°F(t)f(No)g(n) dN, dt,

~ 1My = [ [N (%)
xg(#) dN, dr, (11)
where

(Ng) = _/;wNof(No) dN,

In general, g(t,) of an arbitrary biochemical
diagram such as that of fig. 2a can be expressed in
terms of exponentials as (see below, for example):

8(n) = Lae™ (12)

where a; and «; are functions of the rate con-
stants of the activation reactions.

With N(¢) given in eqgs. 10 and g(¢,) in eq. 12,
the integration in eq. 11 can be carried out easily.
The final result is:

(F(1)) = fu( Ny — Aivfdw&) , {E & gor

i H

L 2 e Cl e‘"”)} (13)

(&, —27)

with (N} ) defined as
(NG Efo Nof(Np) dNy.

Thus, the average fluorescence intensities at time
zero and infinite time can be shown to be

CFO)) = oMo = - Fi(N2), (14)

(F(0)) =fulNo). (15)

From egs. 13-15, the X(¢) in eq. 6 can be ex-
pressed as

X(1)= X 21 —e)
a;

L)

This equation presents the general relationship
between the measured degree of dequenching X(¢)
and the kinetic parameters of the processes of
activation (4a,, ;) and lipid redistribution (y). A
few interesting points can be readily obtained
from inspection of eq. 16. First, the dequenching
ratio X(z) of the system does not depend on the
distribution of N,; ie., the way in which the
probes are loaded initially on to the viruses has no
effect on the measured kinetic curve of X(r).
Second, as discussed in section 4, the first term in
the above equation corresponds to the degree of
activation (or the degree of fusion as usually re-
ferred to). Obviously, X(z) is equal to the degree
of activation only when the redistribution reaction
is very fast (y — o0). It seems that the second term
is always negative (see below). Thus, X(z) will
always underestimate the true degree of activa-

(6—271_ e—a,-!)A (16)
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tion. Third, when y is very small (y < a,), it is
easy to show that the X(7) in eq. 16 reduces to

X(1)=1—-¢27, 17

This equation implies that single-exponential
kinetics will be observed in the dequenching rate
and that the value of the rate constant is equal to
twice the transport coefficient of probe molecules.

4. Degree of activation and degree of mixing

By definition, the degree of activation (7,) is
the fraction of (active) complexes that are activated
for lipid redistribution. That is, it is equal to the
probability of a complex being in any one of the
open states for lipid exchange ([F1}, [F2] and [F)
in fig. 1b or 2):

M (1) =pe (1) + pes (1) +pe(t). (18)

For the model in fig. 2a, this probability is exactly
equal to the cumulative distribution function of
g(t,). Thus,

()= [g(n) dn =LA -e).  (19)

The first sum of X(7) in eq. 16 is exactly equal to
the degree of activation. That is, X(¢) is equal to
the degree of activation when y is very large.

We wish to emphasize that 1,(r) is a property
of the elementary fusion reactions. It has nothing
to do with the presence of R-18 or the redistribu-
tion of R-18. In general, u, cannot be evaluated
from R-18 dequenching data when the redistribu-
tion of R-18 is not extremely fast. The formal way
of evaluation is to measure the concentration of
complexes that are in the open states. However,
since this is equal to the fraction of complexes
that have been committed to lipid mixing, n,(¢)
may be evaluated from the dequenching data by a
simple activation-deactivation experiment. If one
can find a way to terminate the activation reac-
tions without interfering with the redistribution
reaction, then the final extent of dequenching
after deactivation represents the fraction of
activated complexes at the time of deactivation.
That is, n,(¢) can be estimated by terminating the

activation reactions at different times after activa-
tion and measuring the final extent of dequench-
ing as a function of the time between activation
and deactivation.

The degree of lipid mixing (n,) is defined as
the fraction of the total number of R-18 molecules
in the system that have diffused from the virus to
the cell membrane. If {N(¢)) denotes the mean
number of R-18 molecules remaining on the virus
membrane, then

maln)=1- S0 (20)

With egs. 10 and 12, (N(t)) can be readily
evaluated to yield:

(1) = L (1~ 7o)

i

‘—;—(;i—:'-;—)-(e“"'~—e‘“"). (21)

Simijlar to X(¢), the first term in eq. 21 1is
exactly equal to the degree of activation. When y
is very large, X(¢) and 7m(¢) become identical to
one other and both are equal to n,(z). On the
other hand, when y 1s very small, eq. 21 can be
reduced to

(1) =1—e". (22)

From egs. 17 and 22, we have

Ma(t) =1-y1-X(1). (23)

That is, n,,(¢) can be evaluated approximately
from the measured X(r) when the rate of redistri-
bution of R-18 is either very fast or very slow,
When the redistribution reaction is comparable to
the fusion reactions, the kinetic data from de-
quenching fluorophores cannot be used directly to
evaluate the degree of mixing.

On the other hand, 7n,(¢) may be obtained
from fluorescence measurements that do not rely
on self-quenching. For example, if probes become
fluorescent only when they are bound to some
molecules on the cell membranes, then the total
fluorescence of the system would be a direct mea-
sure of the degree of mixing.
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5. INlustrative numerical calculations

We shall now deal with the case of the relation-
ship between X(¢), n,(¢), and 7y (¢) and demon-
strate numerically with the simple fusion model in
fig. 2a. The main step of the calculation involves
evaluation of the pdf of the first passage time
g(t,) for the activation reactions:

[1) & (215 [F+), (24)

Since the probability of being in state [F*} is
equal to the cumulative probability of g(1,):

pe-(0)= [ g(1) doy, (25)
we have
g(tl)=’d_p‘z_.t£t_)‘=kfpz(t)- (26)

Thus, g(#,) can be obtained by solving the dif-
ferential equations describing the kinetics of the
reactions in eq. 24 with the following initial condi-
tions:

p=1, p=prs=0at r=0. (27)

For this simple kinetic scheme, g(t;) can be
obtained analytically as:

g{1,) =ae” "+ g,e” %" (28)

where

oo,
a; = ———
a2 - (11

aya,
ay = T
a -,

0y, = 3(kip+ ky + k¢)

$%\/("‘12 +ky +kf)2— dkyy kg

with a, and a, referring to the negative and
positive signs, respectively. Thus, with the rate
constants in eq. 24 being given, the values of X(1),
na(7) and 7,,(1) can be evaluated as a function of
vy values.

[ 1 1
100 120 140

t
Fig. 3. Calculated X(¢) (------ ) nal2) ( )} and 9y (¢1)
(— — —) for the model in fig. 2a with the following rate

constants: kq; =0.2; kg, = 0.02; k; = 0.2. The transport coef-
ficient for R-18 redistribution is assumed to be the same for all
apen states.

For complicated activation reactions, the dif-
ferential equations must be solved numerically.
The procedures are standard and are easy to carry
out using a computer.

Fig. 3 shows the calculated results for a number
of y values with the set of parameters for the
model:

Ky, =0.2, ky =0.02, k,=0.2

The unbroken curve in fig. 3 refers to the degree
of activation of the model. It depends only on the
rate constants of the activation reactions and is
independent of the y value. At vy = o0, both X(7)
and 7,,(1) are identical to n,(z). As y decreases,
the three quantities deviate from each other as
expected.

6. Discussion

In this paper the quantitative relationship be-
tween the kinetics of dequenching of lipid-like
R-18 molecules and the underlying biochemical
reactions responsible for fluorescence changes in a
virus-cell fusion system are examined. The pur-
pose is to investigate the effect of the redistribu-
tion kinetics of R-18 molecules in fused mem-
branes on the rate of fluorescence dequenching
measured in a macroscopic system. Usually, the



290 Y. Chen, R. Blumenthal / Membrane fusion kinetics studied using self-quenching fluorophores

rate of redistribution of R-18 in a fused mem-
brane has been assumed to be very fast so that it
makes no contribution to the kinetic behavior of
dequenching, As a result, the kinetics of R-18
dequenching has been used directly to evaluate
those of fusion activation. However, a recent
single-object video-microscopy study on mem-
brane fusion [14] indicated that redistribution of
aqueous and lipid probes on fused membranes
might be restricted. Motivated by this finding, we
derive in this paper an equation expressing ex-
plicitly the degree of dequenching in terms of the
rate constants of both activation and redistribu-
tion reactions. As shown in eq. 16 and in fig. 3,
the rate of redistribution does have some effect on
the kinetics of dequenching. In fact, the degree of
dequenching always underestimates the true de-
gree of activation (or fusion) at any time point,
except when the system is in equilibrium at in-
finite time. This implies that the degree of de-
quenching defined in eq. 1 (or eg. 6) is not eguiv-
alent to the extent of fusion as usually assumed
and that the kinetic parameters of virus-cell fusion
systems obtained directly from the degree of de-
quenching without corrections for probe redistri-
bution may contain errors, if the redistribution of
R-18 is rate-imiting. However, as shown in fig, 3,
the degree of activation does not deviate exces-
sively from that of dequenching even when the
rate of redistribution of probes (y) is of the same
order of magnitude as that of the activation reac-
tions (k,,, etc). Only when vy is at least 10-fold
smaller than the k values do large differences
between X(¢) and o(:) appear. In other words,
although in principle the rate of redistribution of
probes must be infinitely large in order that X{(¢)
and ¢(¢) are identical, in practice the two are
approximately equal to each other even when the
rate of redistribution is about the same as that of
the activation reactions. Of course, this conclusion
may depend on the model used.

It is worthwhile pointing out that the elemen-
tary fusion reactions shown in fig. 1la can be
interpreted by the ‘allosteric gating’ model of
Blumenthal [12]. In this model, the flow of lipid-
like R-18 molecules is controlled by the glycopro-
tein-receptor complexes at the junction of a virus-
cell complex. That is, each complex serves both as

the regulator and as the pathway for redistribution
of nonequilibrium R-18 molecules. Each glycopro-
tein-receptor complex is an allosteric oligomer
consisting of a number (three in the case of HA)
of allosteric ligand-binding subunits. When all
units are bound with protons (allosteric ligands),
the complex adopts a different conformation sui-
table for aggregation. When three (or more) proto-
nated glycoprotein-receptor complexes are aggre-
gated, the membranes of the virus and the cell can
coalesce and integrate to form a continuous bi-
layer. Enlargement of the pore at the center of the
aggregated complexes, through which core materi-
als can pass, is accomplished by aggregation of
more protonated glycoprotein-receptor complexes.

It is important to point out that we have used a
few assumptions in deriving eq. 16. First, as dis-
cussed by Hoekstra et al. [8), the degree of
quenching of R-18 is assumed to be linearly pro-
portional to the density of the probe. Second, the
loss of R-18 molecules from the virus surface to
the cell surface in an open state for lipid mixing is
assumed to follow a simple exponential function,
Third, the probe transfer rates for all open states
arec assumed to be the same. Fourth, as shown in
fig. 2a, the ‘membrane-coalescing’ step and the
channel-expansion steps in the elementary fusion
reactions are assumed to be irreversible, These
assumptions were used for the purpose of sim-
plifying the mathematical analyses. As will be
discussed in a separate report, the same qualitative
conclusions can be obtained even without these
assumptions.

The degree of activation (n,), defined as the
fraction of virus-cell complexes whose membranes
have coalesced, is an important quantity for mod-
elling the mechanism of a fusion process. In gen-
eral, this quantity cannot be obtained directly
from the cuvette dequenching data. However, as
discussed in section 4, since it is equal to the
fraction of complexes that will eventually become
fused, 1, may be evaluated by terminating the
activation reactions at different times after activa-
tion and measuring the extent of fusion at long
times. In single-object video microscopy measure-
ments, 7, may be estimated directly from the
measured g(1,) (see. eq. 19).

The degree of mixing (1), defined as the



Y. Chen, R. Blumenthal / Membrane fusion kinetics studied using self-quenching fluorophores 291

fraction of total probes that have diffused from
the virus to the cell membranes, is the natural
physical quantity related to the redistribution of
probes in a fusion system. This can be readily
obtained if the concentrations of probes on the
virus and cell surfaces are measurable. For exam-
ple, if probes become fluorescent only when bound
to certain molecules in the cell membrane, then
the total fluorescence can be used to estimate 7,,.
Like the degree of activation, 3, can be estimated
readily from single-object video microscopy mea-
surements. On the other hand, as discussed in
section 4, n,, may be evaluated from dequenching
data using self-quenching probes provided the rate
of probe redistribution is either very small or very
large.

In conclusion, we have derived an explicit
expression for the degree of dequenching in terms
of the rate constants of the fusion activation and
probe redistribution reactions. From this equa-
tion, the relation between the degree of dequench-
ing and real fusion-related quantities, such as the
degrees of activation and lipid mixing, can be
assessed. It is found that, if the rate of redistribu-
tion of self-quenching probes is rate-limiting, then
the measured degree of dequenching underesti-
mates the degree of activation (or fusion). How-
ever, the deviation of the two functions may not
be too serious even when the rate of redistribution
is comparable to that of activation. The formalism
could be used in analyzing the kinetics of fusion
activation with dequenching data even when the
rate of redistribution of probes is rate-limiting.
Finally, the analyses presented in this paper could
be extended to fusion experiments with aqueous
fluorophores [14].

Appendix A: Derivation of X(¢) in cell-cell fusion
systems

Here, the expression for the degree of de-
quenching in terms of fusion and redistribution
reaction rate constants will be derived for cell-cell
fusion systems.The main difference between a
virus-cell and a cell-cell fusion system is that the
surface areas of the two fusion membranes in the
latter case are not very different. As a result,

probe dequenching may not be complete in cell-cell
fusion systems. Let the surface areas of the two
fusing membranes of a cell-cell complex be
denoted A; and A,, respectively, with N, and
N(t) representing the corresponding number of
molecules of R-18 initially loaded onto membrane
1 and remaining there at time ¢. The intrinsic
fluorescence of a single R-18 molecule on the two
membranes at time ¢ can then be expressed as:

) =fd[1 - “‘,’,‘1’)] (A1)
Al =gy - HB M) | (A2)

The total fluorescence of a complex at time ¢ is
then equal to

F(1) =N(0) /(1) + [No = N(2)] £(2)

fkNE  2fkN,
=faNo = _dj{—o' + "Id]‘_QN(t)
2 2

+ L]N(z)z. (A3)

1
L e

Substituting eq. A3 into the first integral in eq, 11
and using the N(t¢) function in eq. 10, we obtain
after the integration the mean fluorescence of a
fusing complex:

k 21,k
(P = (M) = B2 iy + 22 vy,
~fik| 5+ o [, (a9)

a, a,
61=Z{j€_“"+ .

i i ;=Y

(e =em))  (A3)

Gom T (o)
| (A6)
Thus,
fak
(PO = fu(No) — 2.0 (A7)
CFl0)y = £ — S5 (g (A8)
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Substituting eqs. A4—-AS8 into eq. 6, we obtain
X(1)=1+[rG,— (1 +1r)G,| /(1 +7r) (A9)

where r=A4,/4,. When 4,> A;, r— 0 and eq.
A9 is reduced to eq. 16.
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