
Influenza Virus Hemagglutinin-induced 
Cell-Planar Bilayer Fusion: 
Quantitative Dissection of Fusion 
Pore Kinetics Into Stages 

GRIGORY B. MELIKYAN, WALTER D. NILES, a n d  FREDRIC S. COHEN 

From the Department of Physiology, Rush Medical College, Chicago, Illinois 60612 

ABSTRACT Cells expressing the influenza virus hemagglutinin (HA) fuse to 
planar bilayer membranes under acidic conditions. After an electrically quiescent 
prefusion stage (Q), a fusion pore forms that enlarges in three subsequent stages. A 
repetitively flickering pore stage (R) develops into a securely open stage (S) that 
exhibits conductances ranging from a few to tens of  nS. The pore then expands to a 
terminal stage (T) with a large conductance on the order of  one microSiemens. We 
have studied how virus strain, HA receptors in the target bilayer membrane, and 
cytoskeleton affect the time a fusion pore remains in each stage. These intervals are 
referred to as waiting times. In the quiescent stage, waiting times were very sensitive 
to the virus strain and presence of  gangliosides (HA receptors) in the bilayer. When 
bilayers contained gangliosides, the waiting times in the Q stage for cells infected 
with the PR/8/34 strain of  virus were exponentially distributed, whereas waiting 
times for cells infected with the Japan/305/57 strain were not so distributed. 
Without gangliosides, the waiting time distribution for PR/8/34 infected cells was 
complex. The waiting times in the R and S stages of  pore growth were exponentially 
distributed under all tested conditions. Within the R stage, we analyzed the kinetics 
of the flickering pore by fitting the open and closed time distributions with a sum of 
two exponentials. Neither the open and closed time distributions nor the flickering 
pore conductance distributions were appreciably affected by virus strain or ganglio- 
sides. Colchicine and cytochalasin B increased the flicker rates, without affecting the 
waiting time in the R stage. We conclude that variations in amino acid sequences of 
the HAs and the presence of  gangliosides as receptors within the target membrane 
critically affect the kinetics of  fusion pore formation, but do not affect subsequent 
stages. 

I N T R O D U C T I O N  

Biological membrane  fusion is a prote in-mediated event (White, 1992). The  best 
characterized fusion protein is the influenza virus hemagglut inin (HA) glycoprotein 
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(Wiley and Skehel, 1987; Stegmann, Nir, and Wilschut, 1989), an integral membrane 
protein responsible for both binding and fusion of the viral envelope to the target 
membrane (White, Kielian, and Helenius, 1983; White, 1992). Because HA can be 
reconstituted in lipid vesicles (Stegmann, Morselt, Booy, van Breemen, Scherphof, 
and Wilschut, 1987b), expressed on cell surfaces (Gething and Sambrook, 1982; 
White, Helenius, and Gething, 1982), and its ectodomain purified, it has been used in 
a wide range of biochemical and functional studies (Doms, Helenius and White, 1985; 
Doms and Helenius, 1986; Skehel, Bayley, Brown, Martin, Waterfield, and White, 
1982; Stegmann, Hoekstra, Scherpof, and Wilschut, 1986; Harter, James, Bachi, 
Semenza, and Brunner, 1989; Sarkar, Morris, Eidelman, Zimmerberg, and Blumen- 
thal, 1989). Under mildly acidic conditions, normally found in endosomes, the HA 
proceeds through multiple intermediate conformations (Purl, Booy, Doms, White, 
and Blumenthal, 1990; SIegmann, Booy, and Wilschut, 1987a; Stegman, White, and 
Helenius, 1990). These multiple stages are thought to be the basis for the relatively 
slow kinetics of HA-mediated fusion, and the pronounced lag time between acidifica- 
tion and fusion as detected biochemically (Blumenthal, Schoch, Purl, and Clague, 
1991; Clague, Schoch, and Blumenthal, 1991; Stegmann, Delfino, Richards, and 
Helenius, 1991) and electrophysiologically (Spruce, Iwata, White, and Mmers, 1989; 
Spruce, Iwata, and Almers, 1991). When two membranes fuse, their separated 
aqueous spaces become continuous through the connecting fusion pore. A molecular 
description of fusion requires that the intermediates leading to fusion and the 
properties of the nascent pore be characterized. The electrical conductances of pores 
can be detected by time-resolved admittance measurements (Zimmerberg, Curran, 
Cohen and Brodwick, 1987). When HA-expressing cells are fused to erythrocytes, the 
small fusion pores for HA-mediated fusion (Spruce et al., 1989, 1991; Zimmerberg, 
Blumenthal, Sarkar, Curran, and Morris, 1993) show conductances similar to those 
observed in exocytosis in mast cells (Zimmerberg et al., 1987; Breckenridge and 
Almers, 1987; Alvarez de Toledo and Fernandez, 1988; Spruce, Breckenridge, Lee, 
and Almers, 1990; Monck et al., 1990; Curran, Cohen, Chandler, Munson, and 
Zimmerberg, 1993). In the companion paper (Melikyan, Niles, Peeples, and Cohen, 
1993) we demonstrated that pores connecting HA-expressing cells to planar lipid 
membranes are similar to those of exocytosis and HA-induced cell-cell fusion. Thus, 
fusion pores can be studied in a system where the target membrane can be 
manipulated. Here we quantitatively analyze how different virus strains (with altered 
details of HA structure), gangliosides (known receptors for HA), and the cytoskeleton 
of infected cells control the kinetics of pore formation and the consequent dynamics 
of these pores. 

M A T E R I A L S  A N D  M E T H O D S  

General Procedures 

Cell culturing, virus propagation, cell infection, planar bitayer formation, electrical measure- 
ments, and data processing have been described (Melikyan et al., 1993). In brief, MDCK cells 
infected with influenza virus were settled onto voltage clamped horizontal planar bilayers 
bathed by a pH 6.3 solution at 37°C. 4 min after 15-30 cells established contact with the 
bilayer, the c/s solution was acidified to pH 4.9. Fusion was monitored from the currents 
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in-phase, AY0, and out-of-phase, AYg0, with an applied sinusoidal voltage. The direct current 
conductance, AYdo was also obtained. When required, influenza virus infected cells were made 
permeable by incubating with 40 Ixg/ml saponin (from Gypsophila, Sigma Chemical Co., St. 
Louis, MO) in PBS for 15-20 rain at room temperature. These cells were washed with PBS and 
stored on ice. 80--85% of the cells became permeable, as assessed by incubating them with 100 
I~M ethidium bromide for 1 rain and counting the percentage of bright fluorescent cells 
(Melikyan et al., 1993). Higher concentrations of saponin tended to cause cell lysis. Overall 
electrical settings and calibrations were verified by incorporating VDAC (mitochondrial outer 
membrane channels) in planar membranes and checking that AY0 = AYdc and AYg0 = 0. 2-5 ~1 
of 10 ~g/ml VDAC in 1% Triton X-100 was injected into the c/s-compartment and single 
channels with conductances of 0.9-1 nS (Colombini, 1989) were observed. Holding potentials 
in the range of _+30 mV were superimposed on a 10 mV p-p  sinewave of frequency 803 Hz. Ydc 
was measured at positive and negative potentials to account for any errors caused by 
uncorrected potential shifts, such as small potential differences between electrodes. 

Defining Each Stage 

Lowering the pH marked the beginning of an electrically quiescent prefusion stage, Q. Fusion, 
as monitored by admittance changes, was typically initiated with a small pore that repetitively 
flickered open and closed. We refer to this as the R stage. The pore then irreversibly and 
securely opened, exhibiting variable conductance behavior in this S stage. The terminal T stage 
began with a rapid increase in conductance as the pore fully opened to its final large 
conductance, 400-500 nS for infected MDCK cells (Fig. 1). 

Fitting Distributions 

In each stage we defined the waiting time as the time between the beginning and end of that 
stage. We studied the kinetics of the fusion pore from distributions of the waiting times of each 
stage, denoted tQ, ts, and ts. The moment of transition between Q and R, seen as the onset of 
pore flickering, and that between S and T, identified by the initiation of the fast final 
expansion, are well defined (Fig. 1). The transition between R and S, however, is sometimes 
ambiguous: if Ydc increases for reasons not related to the fusion pore (e.g., nonspecific increases 
in membrane conductance), the flickering could be obscured by the large Ydc (and therefore 
large Y0) changes and the pore misassigned as having entered S. We assigned the moment of 
the transition to that time when AY0 no longer returned to baseline. This criterion was chosen 
because it would be strictly correct if changes in AY0 were due only to fusion pores, it was 
straightforward to apply, and it was not subjective. As a consequence of this criterion, when Y0 
increased without clear pore flickering and AYg0 changes characteristic of fusion were observed, 
we set tR = 0, treating these pores as a direct Q --* S transition. If AYdc = 0, this would be a 
correct assignment. But if AYdc ;t 0, flickering could have been missed. Thus, the flickering R 
stage could occur for greater than our estimated 70-80% of the pores (Melikyan et al., 1993). 

For all stages, waiting time distributions were plotted only for the first cell fusing to each 
planar membrane. Because the conductances of the pores of later fusing cells were obscured by 
prior large admittance increases, their waiting times could not be measured. Fusions of cells to 
the planar membrane were well separated in time, as determined from AYg0 jumps and 
fluorescence increases due to ethidium bromide entering the cell through fusion pores 
(Melikyan et al., 1993). This temporal separation allowed counting the total number of fused 
cells that reached the T stage. This separation of events is in accord with the measured low 
efficiency of fusion. Therefore, we assumed that pores of subsequent fusing cells did not form 
until the first pore entered the T stage. 

We defined P(t) as the probability that a cell that will eventually fuse has not yet fused at time 
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t. The distributions of P(t)  therefore present the probability that an event occurred at time > t 
vs t. Thus, the waiting time distributions monotonically decay from P(0) = 1. When the 
distributions exhibited an appreciable lag, they were fit with two exponentials according to a 
three-state (two-transition) chain formalism. These distributions were described by P(t )  = k 2 

exp ( - k l t ) / ( k 2  - k l)  - kl exp ( - k d ) / ( k 2  - kl),  where kj and k~ are the rate constants of the first 
and second transition, respectively. When k2 = k~ = k, P( t )  = (1 + kt) exp ( - k t ) .  T h e  flickering 
in stage R was assumed to be a single pore opening and closing according to kinetics of classical 
ion channels (Colquhoun and Hawkes, 1983). Thus, open and closed time distributions for 
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FIGURE I. Stages of HA mediated cell-planar bilayer fusion. Q, electrically quiescent stage 
from acidification to the first detected fusion pore. For this example the c/s solution was 
acidified 48 s before the beginning of the record. R, repetitive flickering stage of fusion pore. S, 
irreversible securely opened pore, characterized by comparably slow pore conductance in- 
creases and fluctuations. T, terminal stage of fully opened pore after a stepwise dilation from S. 
Fusion pore conductance was calculated from AY0. gp values obtained from AY90 (not shown) 
were in agreement with those obtained from AY 0. 

flickering pores in stage R were fit by the sum of two exponentials using a 1 exp ( - k i t )  + a2 exp 
(-k~t) with al + a2 = 1. For some distributions (e.g., Fig. 9A), while single exponentials 
provided reasonable fits, we always used two exponentials to facilitate comparison of distribu- 
tions obtained under  different conditions. Distributions were fit with the nonlinear Marquardt- 
Levenberg algorithm as implemented in Sigma Plot (version 5.0, Jandel  Scientific, Corte 
Madera, CA). Differences in distributions under  altered conditions were evaluated by the 
nonparametric Kolmogorov-Smimov test. Distributions were considered statistically different if 
the attained level of significance was less than 10% (P < 0.1). Differences in rate constants were 
evaluated by a two-tailed t-test. Observed values are presented as mean -+ SEM. 
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R E S U L T S  

The Quiescent Q Stage 

When 15-30 cells expressing cleaved HA adhered to the planar membrane bathed by 
the pH 6.3 solution, the membrane sagged slightly under the weight of the cells. This 
was hydrostatically compensated by removing solution from the c/s side (the upper  
chamber). Within 5-15 s after lowering the pH of the c/s solution, the planar 
membrane again sagged, but appreciably more than before, which was relieved by 
further removing solution from the cis compartment. This indicates that the lowered 
pH caused the cells to interact with the planar membrane. In control experiments 
with the HAb2 cell line expressing uncleared HA0 or with uninfected MDCK cells, 
sagging did not occur after lowering the pH. Thus, under fusogenic conditions the 
cleaved HA interacted with the bilayer in the Q stage and reduced the membrane 
tension before the fusion pore formed. We assessed the kinetics of pore formation 
from the distributions of  waiting times from acidification to the first fusion pore 

T A B L E  I 

Rate Constants for Waiting Time Distributions 

Stages of fusion 
PR8MDCK J57MDCK 

+Gangl* - G a n g l  +Gangi 

Quiescent, Q 0.042 -+ 0.001 0.011 ± 0.001' 0.029 ___ 0.001' 
Repetitive flickering, R 0.026 ± 0.001 0.015 ± 0.001 0.032 -+ 0.001 
Securely open, S 0.015 ± 0.001 0.011 ± 0.001 0.009 ± 0.0004 

*+Gangl  and - G a n g l  correspond to ganglioside-containing and ganglioside-free 
planar bilayers, respectively. ~'Denotes the two equal sequential rate constants. All 
other distributions were fitted with single exponents. Values are given as mean ± 
SEM. Rate constants are given in units s -I. 

o p e n i n g ,  tQ. The  cells were adhered to the planar membrane before acidification and 
fusion did not occur at neutral pH for as long as 30 min. As low pH initiated the 
fusion event, tQ was a direct measure for the time required for the contacting 
membranes to pass through the multiple steps leading to pore formation. 

For simplicity, we denote MDCK cells infected with the PR/8/34 strain of influenza 
virus as PR8MDCK and MDCK cells infected with the Japan/305/57 strain as 
J57MDCK. With ganglioside-containing bilayers, tQ was distributed exponentially 
(Table I) for PR8MDCK (Fig. 2, open circles), indicating that the reactions leading to 
fusion pore formation could be described by a single rate limiting transition. This 
distribution was dependent,  however, on the strain of virus. For J57MDCK the 
distribution visually displayed a lag (Fig. 2, closed circles), requiring two exponentials 
for an adequate fit, implying that at least two sequential steps were rate limiting for 
formation of these fusion pores. That  the tQ distribution were different was affirmed 
by the nonparametric two-sample Kolmogorov-Smirnov test (P < 0.01). We conclude 
that the kinetics of fusion pore formation for influenza are dependent  on the strain of 
v i r u s .  
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The Waiting Times of the R and S Stages 

The  waiting times oftR and ts were exponentially distributed for both PR8MDCK and 
J57MDCK cell-bilayer fusion (Fig. 3). Furthermore,  the distributions (e.g., see the 
rate constants, Table I) displayed little dependence  on strain. Thus,  unlike the Q 
stage which was sensitive to the strain o f  virus (i.e., the amino acid sequence o f  HA), 
the latter stages were relatively independent  of  the strain. The  pore left the S stage, 
and fully opened  to the T stage where the pore conductance did not depend  on the 
strain o f  virus (data not  shown). 
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FIGURE 2. Normalized wait- 
ing time t Q  distributions for the 
first detected fusion pores in 
semilogarithmic scale. In all fig- 
ures PR8MDCK is shown by 
open symbols and J57MDCK 
cells by filled symbols. Nonlin- 
ear curve fits are shown by solid 
lines. Fusion was triggered at 
time 0 and the waiting time 
distribution within the Q stage 
were plotted as the probability 
that the fusion occurred after 
time t, P(tq > t), as a function 
of t. For PR8MDCK, the distri- 
bution is fit by a single expo- 
nential with rate constant 0.042 
s -l, (R 2 = 0.98, number of 
points NP = 21). ForJ57MDCK, 

two exponentials with equal rate constants of 0.029 s -l provided an optimal fit (R ~ = 0.97, 
NP = 30). When waiting time distribution exhibiting pronounced lags were described by two 
exponentials, adequate fits were obtained only when the two rate constants were roughly equal. 
If the constants were markedly different, the predicted distribution showed little lag with the 
slower rate dominating the exponential decay. 

Pore Flickering Within the Reversible R Stage 

AYo reflects pore flickering. We established that the repetitive transitions in AY0 (Fig. 
4 A) were due to opening  and closing of  a fusion pore. Clearly, the observed AY0 
transitions were d u e  to the fusion pore flickering open  and closed when AYdc = 0 
(Fig. 4 B )  because then Gm = Gc = 0 (Melikyan et al., 1993). For some pores, 
however, AYdc ;~ 0. The  direct current  could, in principle, be flowing th rough  the 
bilayer conductance,  Gin, unrelated to fusion, or th rough  the pore, gp, and cell 
membrane,  Gc (Fig. 4 B ). (We assumed that current  did not flow through  the walls of  
the fusion pore.) 

We directly established that flickering in AY0 was due to fusion by performing 
experiments  with low frequency (~  100 Hz) stimulating sinusoidal voltages where 
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FIGURE 3. Normalized waiting time distributions (A) for the repetitive flickering stage, tR, and 
(B) for the securely open stage, ts. tR and ts were fit by single exponentials with rate constants 
kR = 0.026 s -J (R ~ = 0.98, NP = 29), ks = 0.015 s -1 (R 2 = 0.98, NP = 21) for PR8MDCK (open 
circles) and kR = 0.032 s -l  (R ~ = 0.99, NP = 29), ks = 0.009 s -1 (R z = 0.97, NP = 23) for 
J57MDCK (filled circles). 
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FIGURE 4. (A) Typical ex- 
ample of  fusion pore flickering 
within R stage for J57MDCK 
fusion to planar bilayer. AY 0 is 
displaced upward for visual 
clarity. AY 0 and AYdc change in 
concert, with AY0 exhibiting the 
larger changes. (B) Equivalent 
circuit of cell-bilayer fusion. Gc 
and Cc are the cell membrane 
conductance and capacitance, 
respectively, go is the fusion 
pore conductance and G m is the 
planar bilayer conductance. 
When the dc current pathway is 
through gp and G~, and not 
through Gm, AY 0 > AYdc as in 
A. The  capacitance of the pla- 
nar membrane was compen- 
sated throughout the experi- 
ment  and is not shown. 
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small pore conductances were detected by AYg0. Here, virtually all early AY0 
fluctuations were accompanied by AY90 fluctuations followed by complete pore 
opening, regardless of the magnitude of the AYdc changes. This shows that the 
currents were through the fusion pore. We did not, however, routinely use low 
frequency measurements because higher frequencies provided larger signal/noise 
ratios and greater time resolutions enabling detection of  smaller pores. (Also, the 
higher cell admittance allowed the final pore conductance to be determined.) We 
checked that when higher (e.g., 800 Hz) frequencies were used and, therefore, 
smaller pores detected, the AY 0 fluctuations were due to fusion pore flickering when 
AYdc # O. 

As shown in Fig. 4 A, AYdc fluctuations usually followed the same pattern as AY0. 
Because in this case the reversible changes in AYdc synchronized with AY0, we 
assumed the fluctuations reflected dc currents through either gp in series with Gc or 
through Gm, but not both of these independent pathways. (All electrical changes, 
AY90, AY0, and AYdo were due to cleaved HA-bilayer interactions under fusogenic 
conditions [Melikyan et al., 1993].) We showed that the fluctuations in AY0 (Fig. 5, A 
and B) were due to opening and closing of  the fusion pore by measuring the ratio 
AYo/AYdc for a set of flickers. The rationale was that AY0 = AYdc if the dc current is 
through the bilayer, whereas AY0 > AYdc if the current is through the pore, assuming 
that Gc is not much greater than gw I We verified the experimental reliability of the 
approach by incorporating VDAC into bilayers: AYo/AYdc was measured as 0.98 + 
0.04 (n = 10), in accord with the theoretical expectation of 1.0 when current can be 
only through the bilayer. The AYo/AYdc histograms for flickers (Fig. 5 C for 
PR8MDCK, and D for J57MDCK) show that AY0 was characteristically larger than 
AYdc when the two flickered in tandem. The ratio was 1.90 -+ 0.12 (n = 39) for 
PRSMDCK and 1.58 -+ 0.07 (n = 35) J57MDCK, verifying that AY0 current was 
through the pore. The test was further checked by noting that when Gc >> gp, 
AYo/AYdc would equal one (even if Gm = 0). We created this case by using saponin to 
make PRSMDCK cells permeable. AYo/AYdc was reduced to 1.1 +- 0.05 (n = 10, range 
0.9 to 1.4) and the histogram of this ratio (Fig. 5 C, hatched bars) was substantially 
shifted to values around 1. The largest ratios probably occurred for cells not made 
sufficiently permeable (see Materials and Methods). Having established that flicker- 
ing of AY0 was due to flickering in gp, the independent measurements of AY0 (Figs. 
5, A and B ) and AYdc determined Go i The calculated values of Gc varied from I to 15 

t Qualitatively, the  cell is electrically t r ansparen t  to 800 Hz sinewaves (toCc is large), bu t  resistive to dc 
current .  Thus ,  the  sinusoidal voltage d rops  entirely across gp (and not  across GO. Quantitatively, 

Yo= 
a., + G~(1 + G,/gp) + o~C~/g e 

(1 + Gc/gp) 2 + (toCc/gp) 2 

Ygo =taCm + 
oCt  

(1 + Gc/gp) 2 + (toCc/gv) 2 '  

and  Yac = Gm +gpGc/(gp + Gc). 

For gf ~ 0~C, Y0 = gp + Gin. Thus ,  if Y0 is due  to cur ren t  t h rough  gp and  Gc (and not  Gm), the  
combinat ion  of  Y0 and  Ydc de te rmines  gp and  Go 
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nS with a mean  o f  a r o u n d  4 nS for bo th  virus strains u n d e r  fusogenic condi t ions.  This  
is s imilar  to the  observed  increases in Gc for HAb2 cells at  acidic p H  (Spruce et al., 

1989). 
The kinetics of flickering within the R stage. T h e  fl ickering pores  exh ib i ted  

ins tan taneous  t ransi t ions  be tween o p e n  and  closed states ( =  15 ms to rise f rom 
10-90% of  final value, l imi ted  by t ime resolut ion  o f  admi t t ance  measurement ) .  
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FIGURE 5. Pore conductance distribution, AY0, and AYo/AYac histograms in the R stage for 
PR8MDCK (A and C) and J57MDCK cells (B and D). AY0 of the flickering pore was calibrated 
in units of nS. The parallel AYac changes were monitored (see for example Fig. 4) and the 
resulting AYo/AYdc ratios are shown. Hatched bars (C) correspond to PR8MDCK cells made 
permeable by saponin, so Gc > gp = AY0 for the flickering pores. For A, n = 43 openings for 
N = 8 cells; (B and D) n = 35, N = 7; (C) n = 39, N = 7. For the hatched histogram of C, n = 
10, N = 3. 

Within  our  resolut ion,  the rise t imes were identical  to those o f  VDAC channels.  
Because open ings  and  closings o f  fusion pores  were reminiscent  o f  the  kinetic 
behav ior  of  single ion channels ,  we analyzed the open  and  d o s e d  t ime dis t r ibut ions  
for fusion pores  du r ing  the f l ickering stage as if they were channels  t rans i t ing  
be tween def ined  states. Both the  o p e n  (Fig. 6) and  closed (Fig. 7) t ime dis t r ibut ions  
o f  PR8MDCK and  J 5 7 M D C K  cells were charac te r ized  by two ra te  constants  (Table 
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II). W h i l e  t h e  c o r r e s p o n d i n g  d i s t r i b u t i o n s  w e r e  qua l i t a t ive ly  t h e  s a m e  for  t h e  two 

s t r a i n s  o f  v i rus ,  t h e  r a t e  c o n s t a n t s  a n d  w e i g h t i n g  coef f i c ien t s  e x h i b i t e d  q u a n t i t a t i v e  

d i f f e r ences .  F o r  i n s t a n c e ,  p o r e s  fo r  P R 8 M D C K  cells  t e n d e d  to  h a v e  s h o r t e r  o p e n  

t imes .  
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FIGURE 7. Normalized closed t ime distributions for flickering pores in the R stage. (A) 
PRSMDCK. (B)J57MDCK.  T he  t ime intervals between the last closures and  the beg inn ing  of  
the S stages are included in the distributions. The  non- l inear  curve fit using the sum of two 
exponent ia ls  gave: kl = 1.46 s -1, k~ = 0.14 s -l ,  al = 0.45, a2 = 0.55 (R 2 = 0.99, NP = 64) for 
PR8MDCK and kl = 2.87, k2 = 0.14 s -L, al = 0.23, a2 = 0.77 (R ~ = 0 . 9 9 ,  N P = 2 5 )  for 
J57MDCK. 
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Influence of Target Membrane on the Fusion Pore Characteristics 

We included gangliosides in the planar membrane because HA binds to their 
terminal sialates. Gangliosides are thus often referred to as receptors for HA (Suzuki, 
Nagao, Kato, Matsumoto, Nerome, Nakajima, and Nobusawa, 1986). The efficiency 
of fusion increased by incorporating gangliosides in the planar membrane. In their 
presence, 10-15% of the adherent cells fused with the pore fully opening. In the 
absence of gangliosides, only -~ 1% of the adherent cells from the same infected 
batches fused and exhibited pores that reached the T stage. The presence of 
gangliosides also affected the kinetics for the formation and the subsequent enlarge- 
ment of the pores. 

Whereas the waiting time distribution, tQ, for PR8MDCK cells in the presence of 
gangliosides was exponentially distributed (Fig. 2), in the absence of gangliosides 
there was a pronounced lag (Fig. 8 A ). As readily seen by comparing Figs. 2 and 8 A, 
fusion was drastically slowed by omitting gangliosides. With gangliosides, 67% of the 

T A B L E  I I  

Rate Constant of Filtering Fusion Pore 

Pore State PR8MDCK(+G)* P R 8 M D C K ( - G )  P R 8 M D C K ( + G ) + C  * J 5 7 M D C K ( + G )  

O p e n  

kI  1.12 - 0.11 1.51 - 0.47 2.88 -+ 0.70 1.11 +- 0.19 

k2 0.19 -+ 0.08 0.28 - 0.04 0.51 - 0.58 0.14 - 0.02 

a l  0.80 - 0.07 0.34 -+ 0.09 0.81 - 0.19 0.53 -+ 0.06 

a2 0.20 - 0.08 0.66 - 0.10 0.19 -+ 0.20 0.47 - 0.06 

Closed 

k l  1.46 -+ O. l l  0.55 - 0.05 2.93 - 0.79 2.87 -+ 0.86 

k2 0.14 -+ 0.01 0.05 - 0.01 0.68 - 0.10 0.14 +- 0.01 

a l  0.45 - 0.02 0.72 - 0.04 0.38 - 0.11 0.23 -+ 0.03 

a2 0.55 - 0.02 0.28 - 0.04 0.62 -+ 0.11 0.77 - 0.02 

* + G  and  - G  stand for ganglioside-containing and ganglioside-free p lanar  bilayers, respectively. 

: + C  denotes  cells t rea ted  with colchicine and  cytochalasin B. Rate constants a re  in units o f  s-~. 

cells have fused by 20 s; without gangliosides the cells were still in the lag phase. Even 
after the lag phase, the rate of fusion was significantly less without gangliosides. The 
tQ distribution for PR8MDCK cells in the absence of gangliosides could be fit with a 
sequential two transition model. The lag and final slope were optimally fit when the 
two rate constants were set equal. The slowing of fusion in the absence of gangliosides 
is reflected in the need for two steps, rather than one, to describe the kinetics and the 
values of the rate constants (Table I): the two equal rate constants were a factor of 
four less than the single rate constant for PR8MDCK in the presence of  gangliosides. 
The statistical distribution of the waiting times was altered by gangliosides and was 
not a consequence of the fit (Kolmogorov-Smirnov P < 0.01). Thus, the kinetics for 
the formation of the pore were significantly controlled by gangliosides. 

The presence of gangliosides was not as consequential for the R and S stages. The 
waiting time distribution of  the R stage remained a single exponential in the absence 
of gangliosides (Fig. 8 B), although the rate constant was reduced by a factor of two 
(Table I). Omitting the gangliosides did not alter the open (Fig. 8 C) or closed time 
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Fusion pore characteristics in the absence of gangliosides. All experiments were 
performed with PR8MDCK cells and DOPC/PE (2:1) bi|ayers. (A) The normalized waiting time 
distribution, tQ, (open circles) qualitatively differed from ganglioside-containing bilayer distribu- 
tion (see Fig. 2) and was fit by two sequential and equal rate transitions with kl = ks = 0.011 s -j 
(R s = 0.96, NP = 13). (B) tR (open triangles) and ts (filled triangles) distributions fit by single 
exponentials with rate constants of 0.015 s -1 (R s = 0.96, NP = 9) and 0.011 s -I (R 2 = 0.97, 
NP = 9), respectively. (C) Normalized fusion pore open time distribution during flickering 
(open squares) fit by the sum of two exponentials with kl = 1.51 s - l ,  ks = 0.28 s -l ,  al = 0.34, 
as = 0.66 (R s = 0.99, NP = 29). (D) Normalized flickering pore closed time distribution (open 
diamonds). Solid line represents a non-linear fit as in C with kl = 0.55 s -j ,  ks = 0.05 s -I, aj = 
0.72, as = 0.28 (R 2 = 0.99, NP = 30). 

d i s t r ibu t ions  o f  t he  f l i cker ing  p o r e  (Fig. 8 D)  by the  K o l m o g o r o v - S m i r n o v  test  a n d  

b o t h  d i s t r ibu t ions  were  fit by a s u m  o f  two e x p o n e n t i a l s  (Tab le  II). Whi le  the  o p e n  

t ime  ra te  cons t an t s  were  no t  c h a n g e d  by o m i t t i n g  gangl ios ides ,  po re s  wi th  the  l o n g e r  

o p e n  t ime  o c c u r r e d  m o r e  f r equen t ly  (i.e., ae i nc rea sed  w h e n  o m i t t i n g  gangl ios ides) .  

Also,  the  two c losed  ra te  cons tan t s  d e c r e a s e d  (i.e., the  l i fe t imes  o f  each  c losed  state 

inc reased)  a n d  the  state wi th  sho r t e r  c losed  t imes  b e c a m e  m o r e  p r e v e l a n t  w h e n  

gang l io s ides  were  omi t t ed .  
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While pores o f  the first fusing cell invariably showed the four stage behavior with 
gangliosides, without gangliosides pores sometimes never entered the T stage for as 
long as we tested, up  to 15 rain. (As we followed these admittances for inordinantly 
long times, AYnc often increased greatly, contaminat ing the AY0 signal. It is possible 
that the pore  did not  even remain open.  I fgp > 50 nS, at 800 Hz the AYg0 signal was 
large enough  to follow fluctuations in the conductance  o f  fusion pores. For  gp < 20 
nS, AYg0 was not  sufficiently sensitive to detect pores.) We generated the ts distribu- 
tion from only those pores that clearly left the S stage for the T stage with the 
diagnostic rapid increase in gp (Fig. 1). For this subset of  pores, the distribution was 
fit by a single exponential  with statistically the same rate constant  as that obtained 
with gangliosides (Table I). 
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FIGURE 9. The influence of colchicine and cytochalasin B on the fusion pore properties of 
PRSMDCK cells. (.4) Normalized flickering fusion pore open time distribution in R stage (open 
circles) fit by the sum of two exponentials with k] = 2.88, k2 = 0.51 s -l, at = 0.81, a2 = 0.19 
(R ~ = 0.96, NP = 56). (B) Normalized closed time distribution (open squares). Solid line shows 
an optimal fit with k] = 2.93 s -j, ks = 0.68 s -I, al = 0.38, a2 = 0.62 (R ~ = 0.99, NP -- 55). 

Cell Cytoskeleton Does Not Exert Large Control on the Pore 

Because it was conceivable that constraints imposed by the cytoskeleton might  affect 
the formation or  growth of  fusion pores, we treated PRSMDCK cells with colchicine 
and cytochalasin B to disrupt the tubulin and actin port ions o f  the cytoskeleton. This 
t reatment  did not  alter the latencies from acidification to fusion: the tQ waiting time 
distribution, with ganglioside-containing membranes,  was not  affected by the treat- 
ment.  However, the parameters  needed  to fit the open  and closed time distributions 
were changed (Fig. 9, Table II). The  pore  flickered faster with more  and shorter  
openings  and closings: disruption o f  cytoskeleton increased the average number  of  
pore flicker events f rom 5 to 12 before irreversible opening  to the S stage. Also after 
treatment,  there was less need for two exponentials  to fit the open  and closed time 
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distributions; they could be reasonably fit by single exponentials. But the treatment 
did not statistically change the open or closed time distributions within the R stage as 
evaluated by the Kolmogorov-Smirnov test (data not shown). The conductances, gp, 
of the flickering pore were not statistically altered by disrupting the cytoskeleton. 
Despite changes in individual rate constants and their relative weights, the fitted 
distributions indicate that the open to closed time ratio was not significantly altered 
by treating cells with the cytoskeletal agents. 

D I S C U S S I O N  

The Lag Time Before Fusion 

Attempts have been made to dissect the steps leading to fusion (Blumenthal et al., 
1991), with particular attention paid to the lag time from acidification to fusion 
(Morris, Sarkar, White, and Blumenthal, 1989; Clague et al., 1991; Bentz, 1992). 
When populations of  fusion events are studied, lag times between acidification and 
the onset of fusion are observed. This time can be set independent of sensitivity of 
measurement when characteristic sigmoidal-shaped signals for fusion as a function of 
time are obtained (Bentz, 1992). When fusion is observed on the level of individual 
events, the time courses for fusion as would be observed in population studies are 
easily produced by accumulating data for many events. It should be realized that 
"waiting time" from acidification to a single fusion event is not synonymous with lag 
time. For example, a process described by a single exponential does not have a lag 
time, but there is a waiting time for any particular event. We use the term lag time to 
denote that waiting time distributions are not exponentially distributed (e.g., see Fig. 
2, closed circles). Our lag times correspond to those obtained from the sigmoidal time 
courses of fusion observed in population studies. 

Whereas early reports of populations of intact virions (including Japan 57, PRS, 
and X-47 strains) fusing to red blood cell membranes showed minimal or no lags 
(Stegmann et al., 1986; Morris et al., 1989), more recent stopped-flow experiments 
(using X-31 strain) with their faster time resolutions revealed definite pH-dependent  
lags (Clague et al., 1991). Systematic studies of fusion of cells expressing the Japan 57 
strain of HA to red blood cells showed that lags varied inversely with the density of 
active HA, altered by varying the percentage of HA0 precursors activated by 
proteolytic cleavage (Clague et al., 1991). As yet undefined physical properties of the 
host membranes also affected the lags in those studies. It was suggested that lags 
were caused by the time required for HA-trimers, at lower densities on cell surfaces, 
to laterally associate (Morris et al., 1989; Ellens, Bentz, Mason, Zhang, and White, 
1990; Clague et al., 1991). For fusion of  individual fibroblasts, transfected with the 
gene of Japan 57 strain of HA, to erythrocytes, pronounced lags were again found 
(Kaplan, Zimmerberg, Puri, Sarkar, and Blumenthal, 1991; Spruce et al., 1989), 
similar to what we observed on the bilayer system. (Time courses of individual fusions 
of cells expressing HA from other strains of  influenza have not been reported to our 
knowledge.) Our preliminary measurements with these transfected lines show similar 
waiting time distributions for fusion to planar membranes (data not shown), although 
longer lags were observed with planar membranes. 

Our results call into question the universality of the lag phenomenon. Structural 
details of HA are important for the very existence of the phenomenon: whereas 
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J57MDCK cells exhibited a lag, PR8MDCK did not. The absence of a lag with 
PR8MDCK appears to be a property of HA and not that they are expressed in cells: 
waiting times for fusion of PR8 (and Ukraine/I /63) strain of virus to ganglioside- 
containing planar membranes were also exponentially distributed (Niles, Li, and 
Cohen, 1992; Niles and Cohen, 1993). Because the lag is somewhat longer for HAb2 
cells fusing to bilayers (data not shown) than fusing to erythrocytes (Spruce et al., 
1989), the absence of a lag in the PR8MDCK studies is significant. 

Fusion kinetics have been determined by dequenching of membrane fluorescent 
probes resulting from populations of virus fusing to host membranes. Specific models 
were fitted to the resulting macroscopic fluorescence increases to obtain binding and 
fusion rate constants (Nir, Stegmann, and Wilschut, 1986; Bentz, 1992). Although it 
has been argued that dye redistribution is sufficiently fast to accurately report  fusion 
kinetics (Chen and Blumenthal, 1989), simultaneous dye and patch clamp measure- 
ments indicate that dye does not spread from erythrocytes to HA-expressing cells if 
the pore remains small (Tse, Iwata, and Almers, 1993). Dye dispersal becomes 
increasingly faster as the pore enlarges. Also, whereas release of dye from virus to red 
cells is anomalously slow (Georgiou, Morrison, and Cherry, 1989; Lowy, Sarkar, 
Chen, and Blumenthal, 1990), release from virus into planar membranes is as 
expected from diffusion (Niles and Cohen, 1991a). Because the kinetics of dye 
release depends on the target membrane, dye spread may not reflect the true fusion 
kinetics. Fusion kinetics will be best determined on the level of  individual events. 

Later Stages of the Pore 

Once the pore was formed, the strain of virus did not have much effect on the growth 
of the pore. The waiting time distributions for the R and S stages were essentially the 
same for both strains (Fig. 3). Thus, structural differences between HA trimers 
appear important for the conformational changes, aggregation, and membrane 
destabilizations required for fusion pore formation (Blumenthal et al., 1991), but are 
of relatively minor importance for its subsequent evolution. The HA structure may, 
however, influence the flickering rate of pores during the R stage, as longer openings 
were more probable for J57MDCK (Fig. 7; Table II). The  structural differences in HA 
did not alter the initial pore conductances (1.93 - 0.13 nS for PR8MDCK versus 
1.64 -+ 0.13 nS for J57MDCK). Also, for both strains of virus, scattergrams indicate 
that the magnitude of pore conductances did not correlate with their open times 
(data not shown). 

It was estimated from the submillisecond time courses of charging the capacitance 
of erythrocyte membranes through the fusion pores connecting them to HAb2 cells 
that pores opened with ~ 150 pS conductances (Spruce et al., 1991). These pores 
enlarged to 500-600 pS by the time they could be detected by time-resolved 
admittance measurements (Spruce et al., 1989, 1991). It is possible that in the bilayer 
system, pores opened with these smaller conductances and the tension of the bilayer 
enlarged the pores before we could detect them (noise = 0.2 pA rms at 200 Hz). On 
the other hand, differing pore conductances could occur for other reasons. For 
instance, pore lengths are unknown and could vary between systems: the glycocalyces 
of erythrocytes could cause their pores to be longer than those of bilayers. Pore 
lengths on the order of 200 nm (rather than 15 nm [Spruce et al., 1989]) were 
detected by EM for HA-expressing cells fused to erythrocytes (Doxsey, Sambrook, 
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Helenius, and White, 1985). In the bilayer system, the 2 nS pores seen in the R stage 
correspond to diameters of ~ 6-7 nm, assuming a length of 15 nm. This suggests 
that the flickering pores are either purely lipidic (Stegmann et al., 1990; Siegel, 1993; 
Nanavati, Markin, Oberhauser, and Fernandez, 1992) or a lipid-protein structure 
(Zimmerberg, Curran, and Cohen, 1991), rather than purely protein (Almers and 
Tse, 1990). 

Influence of the Target Membrane 

For fusion of influenza virus to lipid vesicles, the phospholipid composition is not 
critical and the importance of HA receptors, in the form of gangliosides, has been 
considered minor (White et al., 1982; Stegmann, Nit, and Wilschut, 1989; Stegmann 
et al., 1990). However, for PR8 fusion to liposomes (at 37°C), gangliosides increased 
the rate of fusion by a factor of 30 (Wunderli-Allenspach and Ott, 1990). Also, lags 
were reduced from 30 min in the absence of gangliosides to 4-8 min in their 
presence when X-31 strain of virus fused to vesicles at 0°C (Stegmann et al., 1990). 
When influenza virus fused to planar membranes, the effects of gangliosides were 
unambiguous (Niles and Cohen, 1991b). In the presence of gangliosides, waiting time 
distributions of individual virion fusion events were exponentially distributed whereas 
in their absence the distributions were complex (Niles and Cohen, 1993). In this 
paper we showed that in the cell-planar membrane system, the gangliosides again 
significantly altered the waiting time distribution from acidification to fusion. For 
PR8MDCK cells, a long lag time was eliminated with gangliosides (Figs. 2 and 9). The 
gangliosides must be altering the fusion process, not merely increasing binding, 
because the exponential fall in the waiting time distribution after the lag without 
gangliosides is significantly less steep than the fall with gangliosides (Table I). Also, 
the gangliosides ensured that pores reached the T stage. It should not be surprising 
that the functional properties of HA are altered upon binding the small ligand 
sialate: it is generally the rule that small ligands activate large membrane protein 
receptors. 

Whereas gangliosides substantially altered the tQ distribution, they influenced the 
kinetics of pore flickering and the t~ distribution to only a small degree (Figs. 7 and 
9). Without gangliosides, the pore did not necessarily leave the S stage. However, 
when it did the ts distributions were the same. In other words, gangliosides insured 
that pores fully enlarged without altering the pore behavior within the R or S stages. 

Growth from a small initial pore to a larger pore is seen in fusion of HA-expressing 
cells to erythrocytes (Spruce et al., 1989, 1991) and in exocytotic release from mast 
cells (Zimmerberg et al., 1987; Breckenridge and Almers, 1987; Spruce et al., 1989, 
1991; Curran et al., 1993). In these systems, a single flicker (an opening and closing) 
can be seen before the pore irreversibly opens. Generally, repetitive flickering does 
not occur. In HA-induced cell-bilayer fusion, repetitive flicker before the pore 
securely opens is almost always the case. 

The Utility of Describing Fusion by Sequential Stages 

Fusion pores were shown to grow in stages for exocytotic secretion from mast cells, 
although the flickering stage, seen in the cell-planar bilayer system, was rare (Curran 
et al., 1993). We classified stages based on obvious visual characteristics of conduc- 
tances. While our classification is purely phenomenological, the surprisingl), simple 
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forms exhibited by the waiting time distributions indicate that the classification of 
pore activity by sequential stages has quantitative utility. The effects of experimental 
manipulations (i.e., varying strain of virus, including gangliosides, disrupting cyto- 
skeleton) on the formation and evolution of fusion pores could be quantified from 
the waiting time distributions characterizing each stage. In spite of this utility, it does 
not follow that pore growth truly follows sequential stages. Also, the flickering 
associated with the R stage of a second pore could be occurring during the S stage of 
the first pore (e.g., see Fig. 1). Furthermore, uncertainties in the transition from the 
R to S stage could corrupt waiting times. For example, increases in Gm would result in 
increases in Yo (Fig. 4 B) which would overestimate the duration of the S stage. In 
fact, correcting preliminary measurements with HAb2 cells for this leakage indicate 
that the S stage is on the order of 10 s rather than the uncorrected 100 s (Fig. 3 B). 

Transitions Within Stages 

We interpreted exponentially-distributed waiting times of the electrically quiescent Q 
stage as indicating a single rate limiting step from acidification to fusion. However, 
the multiple conductance states within both the R and S stages calls into question the 
interpretation of apparent single exponential waiting time distributions as implying 
single rate limiting steps. 

The flickering within the R stage may be a side reaction, unrelated to the pore 
actually enlarging from the R to S stage. For instance, consider 

CI 
~t 
C2 

Q-~ ~1 ---~ S--* T 

02 

R 

where the open and closed states of R have been placed in an arbitrary sequence. If a 
larger activation barrier separates the R and S stages when cells fuse to bilayers than 
when they fuse to erythrocytes, due to any differences such as pore geometry, 
repetitive pore flickering would occur and a single exponential distribution would 
result naturally for the R --* S transition. However, as the rate constants for transiting 
between the flickering open and closed states are sufficiently large with respect to the 
time spent in the R stage and the tR distributions are not perfect exponentials (Fig. 
3), the alternative possibility that the pore sequentially passes through multiple open 
and closed states before securely opening cannot be dismissed. Independent  of 
whether flickering is a side reaction, we thus picture relatively low energy barriers 
separating the various open and closed states with any two sequential states having 
comparable energies. 

The conductances of pores were not stereotypic in the S stage. There was a 
continuum of conductance values, from 2 to 100 nS, for pores in this stage. Pores 
thus pass through a large number of conducting states before exiting this stage. 
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Either there is a true rate limiting step or multiple steps combine to an apparent 
single exponential. 

The  effects of virus strain and presence of gangliosides were most pronounced 
during the formation of the pore. Accordingly, we propose that, in general, the 
kinetics of  pore formation depend on the fusion proteins in the virus and their 
receptors in the target membrane; once the pore has formed, fusion proteins have 
relatively little importance for subsequent growth of the pore. 
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