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Single Event Recording Shows That Docking onto Receptor Alters the
Kinetics of Membrane Fusion Mediated by Influenza Hemagglutinin

Walter D. Niles and Fredric S. Cohen

Department of Physiology, Rush Medical College, Chicago, lllinois 60612 USA

ABSTRACT The initial steps of membrane fusion, receptor binding and membrane destabilization, are mediated by the en-
velope glycoprotein hemagglutinin of influenza virus. Interaction between these functions was determined from the time course
of individual virion fusions to a planar membrane with and without receptor. With receptor, fusion was described by a Poisson
process. In the absence of receptor, the time course was more complicated and could not be described with exponential rate
constants. The conversion of a non-Markovian process into a simple Markov chain is direct evidence that receptor binding

fundamentally alters the route of fusion.

INTRODUCTION

It is not known how proteins involved in the macromolecular
event of membrane fusion interact to regulate each other’s
function. Functional fusion studies have been most quanti-
tative at the nerve terminal because quantal exocytotic events
can be detected and individually timed (1). The statistical
distribution of inter-event time intervals or quantal latencies
from depolarization of the nerve terminal yields a probabi-
listic description of the underlying fusion process (2). As
proteins responsible for fusion become available (3-5), the
macromolecular assemblies capable of fusion will be recon-
stituted, and the rate process will be the best characterization
of fusion. We have developed a general procedure for de-
tecting single fusion events and applied it to influenza virus
fusion. The measured time intervals to fusion show that bind-
ing of hemagglutinin (HA) to its receptor alters the energetics
of fusion.

We used HA because it is the best characterized fusion
protein. Its structure is known to within 3 A ), binding
to its receptor—sialic acids on both glycoproteins and
glycolipids—is crystallographically and spectroscopically
established (7-11), and its fusion function has been studied
extensively (12, 13). Two sialic acid binding pockets have
been found, the primary one located entirely within each
monomeric HA1 subunit (9), and the secondary at the HA1-
HA1 intermonomeric interface (11). Both sites are spatially
separated from the hydrophobic fusion-initiating peptide, re-
siding in the HA2 subunit, by 6-10 nm (6). Low pH, nor-
mally within endosomes, (14, 15) causes exposure of the
fusion peptide which triggers fusion (16-20). We have found
that the rate of fusion induced by HA is altered by the receptor
in the target membrane.

MATERIALS AND METHODS

Single fusion events of influenza A/PR/8/34 virions with planar lipid mem-
branes were detected as previously described (21, 22). Planar phospholipid
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membranes, bathed by a solution of the desired pH at 37°C, were observed
with a video fluorescence microscope. Several microliters of virions, loaded
with a self-quenching concentration of the lipophilic fluorescent probe oc-
tadecylrhodamine, R18 (23), and contained in a pH 7.4 solution in a mi-
cropipette, were ejected toward the planar membrane (22). This technique
synchronized binding, as material ejected from the pipette became visible
at the planar membrane within one video frame (1/30 s). The bathing so-
lution was continuously stirred, so that virus not bound to the membrane was
irretrievably lost to the bath. This ensured homogeneity of the measured time
course of fusion, so that each virion introduced to the planar membrane
entered the queue of reaction steps leading to fusion at relatively the same
time as all other virions (24). When a virion fused and deposited its R18 into
the planar membrane, concentration-quenching of fluorescence was re-
lieved, producing a small localized region of transiently intense light emis-
sion or “flash” (21). The waiting time between the encounter of the ejected
virions with the planar membrane and the onset of each flash was measured
with single video frame accuracy using an image-processing program that
recognized the dynamic pattern of the flash in sequences of video frames
(25). Distributions of waiting times were used to calculate virion fusion rates
based on rate process models.

RESULTS AND DISCUSSION

The kinetic process underlying influenza virus fusion was
determined from the time course of individual fusion events
with a planar lipid membrane. The waiting time (the period
elapsing between the encounter of virus with the planar mem-
brane and each fusion event) was measured. The number of
fusion events with waiting times > time ¢ (the survivors)
were plotted as a function of time, as shown in Fig. 1, so that
all events remained at time ¢ = 0, and the number of survivors
decreased with time. Because unbound virus was quickly
removed (21, 22), the kinetics of fusion were directly ob-
served from the time course of single events without uncer-
tainty in the initial time of interaction with the planar mem-
brane and without contamination by repetitive unbinding and
rebinding.

The HA receptor, sialic acid, structures the fusion process
of PR8 into an organized rate scheme. When the planar mem-
brane contains gangliosides, sialic acid-containing glycolip-
ids, the waiting times are distributed exponentially at low pH
(Fig. 1). This is consistent with virus fusion being organized
into a Poisson jump process, in which the fusion reaction for



172 Biophysical Journal Volume 65 July 1993
100 TABLE 1 Gangliosides greatly augment the rate of virion
fusion to planar membranes at low pH
pH 7.4 5.4 5.0
@
o Number of
% membranes 10 10 3
2 Number of
— 4 experiments 100 15 5
8 10 Number of
2 fusion events 39 190 35
[ v (mean = SE) (s')  0.035 £ 0.003 0.071 £ 0.002 0.375 + 0.011
2 R? 0.90 0.92 0.98
Transition rate constants for the survivor probabilities shown in Fig. 2 A,
obtained within a single batch of strain PR8 influenza virus. The increase
1 . — - . in v between pH 5.4 and 5.0 may reflect an increase in the rate of acidi-
0 5 10 15 20 fication of the virions after ejection from the pipette.
Time(s)
FIGURE 1 Exponential distribution of waiting times for receptor-

containing membranes. The planar membrane was composed of asolectin:
cholesterol (2:1) containing 10% gangliosides Gpja + G11b, and the pH of
the solution was 5.1. The 70 fusion events were obtained in 15 ejections of
A/PR/8/34 strain on four planar membranes. The ordinate is logarithmic.
The distribution is fitted with an exponential with rate constant 0.306
flashes/s (R? = 0.974). Inset, a transient two-state Markov chain.

each virion is described by a transient, continuous time pa-
rameter Markov process (24) with two distinct states and one
forward rate constant v (a Markov chain, see Fig. 1, inset).
We interpret this scheme as follows: At time ¢ = 0, the virions
are brought into the vicinity of the planar membrane by pi-
pette ejection, and any virion capable of fusion that attaches
to the target membrane enters the initial state X,. For any
small interval of time (At) that the virion dwells in X, the
probability that the virion fuses and enters the final, absorb-
ing state X, is vAt. Thus, the probability density function for
a virion starting in the initial state at time O and fusing at time
tis ve™, and the distribution function for a waiting time >t
(the survivor distribution) is [ ve " *'dt'’ = e~ ".InFig. 1,
the semilogarithmic distribution of survivors is linear (R?> =
0.97), indicating that the fusion reaction for the ganglioside-
containing planar membrane is reasonably well-described by
the two-state Markov chain.

With the receptor-containing membranes, fusion is pH-
dependent. Both the number of fusion events (21, 26) and v
increase with acidic pH (Table 1). This is consistent with the
pH dependence of the protonation-induced conformational
change in HA, which occurs near pH 5.5 for PR8 (27, 28).
In Fig. 2, the waiting time distributions are plotted as prob-
abilities, in which the number of survivors is normalized by
the total number of fusion events in order to obviate the effect
of pH on the number of events. The pH dependence is re-
vealed as an increased slope of the probability distributions
at lower pH.!

! Consistent with the fusion peptide’s location at anywhere from 6 to 10 nm
from the two sialate binding sites (6), we obtain similar pH dependencies
with charged and zwitterionic membranes. Thus, the fusion-controlling moi-
eties of HA attached to the planar membrane are exposed to the bulk pH of

Pr {Waiting time > t}
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Time (s)

FIGURE 2 pH dependence of log-probability distributions with receptor.
The waiting times were obtained at pHs 7.4 (+), 5.4 (H), and 5.0 (OJ). The
ordinate indicates the fraction of virions (out of the total number of virions
that fuse) with waiting times greater than the indicated time. The transition
rate constant is pH-dependent. Virus was grown in several different batches
of chicken eggs. Rates at different pH values were compared within the same
batch of virus.

The survivor probabilities indicate that the nature of virion
attachment to the planar membrane changes at low pH (Fig.
2). At pH 7.4, the earliest 70% of the waiting times are ex-
ponentially distributed but then the survivor distribution rap-
idly falls off at 25 s, whereas at pH 5.4 the distribution ex-
tends to 50 s. The fall-off observed at pH 7.4 indicates that
the time course of the underlying process is truncated. This
reveals that, at pH 7.4, there is an “inactivation” process
removing virions from the initial state. This removal does not
affect the virions until about 15-20 s after they have been
attached to the planar membrane. Otherwise the distribution
would remain a single exponential and the slope would be the
sum of the transition rate constants for fusion (v) and removal
(k). The rapid fall-off after 20 s suggests that k >> v. If
removal is a Poisson point process that does not become
available until some time ¢ after attachment, then the

the bath rather than the ~0.5 unit lower pH within the space charge region
(~1 nm) near the charged planar membranes.
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survivor function S(f) = e Y fort < t.Fort > t,S§
(1) = e ™" which is dominated by the faster removal
process. One interpretation is that the sialate-mediated in-
teraction is weak and that the stirring of the bathing solution
causes virion detachment at pH 7.4. In any case, the absence
of truncation at pH 5.4 indicates that a more adherent mode
of binding occurs at low pH, such as insertion of the acid-
exposed hydrophobic fusion peptide into the planar mem-
brane (14, 15, 29, 30). This insertion step would occur after
the sialate-mediated attachment, because the waiting times
are distributed over a longer period in the presence of re-
ceptor than in its absence (<15 s, Fig. 2). Alternatively, as
the truncated distribution resembles those obtained with
receptor-free films, it is possible that some virions are avoid-
ing the gangliosides and interacting directly with the film.

With phospholipid membranes in the absence of HA re-
ceptor, the waiting time distribution does not have a simple
form and curves in a direction opposite that expected for a
Markov chain (Fig. 3 A). Waiting times obtained at pH 7.4
and at low pH (5.7-4.5) appear similar and, when pooled,
yield a smooth, nonexponential distribution without com-
ponents (Fig. 3 B). One rate process that accounts for some
of these features is a non-Markovian chain, in which the
transition rate “constant” is not actually constant over any
small time interval of observation (say [#,, t,]) but changes
during the period. As an example, let the transition rate con-
stant increase linearly with the period of observation, so that
during the small interval [#,, #,], the transition rate “constant”
changes from at, at the beginning to at, by the end of the
small interval. The exit probability over the interval is at,
(t; — t,). For a long interval [0, T], the probability density
function for exit from the initial state at time T is
aTe™°T" and the survivor distribution is e ~2°T", This
model predicts the inverted parabolic shape of the survivor
distribution in Fig. 3 B. Physically, the scheme might be
realized with an energy barrier that decreases with time. The
absence of receptor does not produce the biological config-
uration, and the biological, pH-dependent fusion is not re-
constituted (26).

In virus-liposome fusion systems, pH dependence is ob-
served in the absence of the receptor (31, 32); moreover,
gangliosides produce quantitative but not qualitative differ-
ences (33, 34). Two notable differences between these sys-
tems are that virions have only a brief initial opportunity to
attach to the planar membrane thus temporally synchronizing
the fusion process for each virion and only quickly fusing
virions are detected. In the virus-vesicle system, kinetic cou-
pling between binding and fusion as observed in the planar
membrane system is obscured by asynchronous initiation,
repeated attachments and detachments of virions to vesicles
at steady-state, and the inability to time single events. Asyn-
chrony in the introduction of virions into the fusion rate pro-
cess could mask the magnitude of the pH dependence of
fusion. This would be especially severe if the entry step were
pH-dependent (such as binding mediated by exposure of the
hydrophobic fusion peptide). If, at each pH, the rate of entry
were about four times slower than the transition rate constant
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FIGURE 3 Log-survivor distributions of waiting times for influenza vir-
ion envelope fusion events with receptor-free planar membranes. (A) On
five soybean lipid (asolectin):cholesterol (2:1 by mole fraction) membranes,
fusion was first recorded at pH 7.4 (M) and then after addition of H;PO, to
lower the pH to the range of 5.3—4.7 (O0). 111 events were detected in 23
ejections at pH 7.4 and 44 detected in 10 ejections at low pH. The log-
survivor distributions are nonlinear and show clustering of events, indicating
that the fusion process cannot be described by a two-state Markov chain.
(B) Pooled log-survivor distribution of waiting times in A. The composite
distribution forms a smooth curve that rapidly decreases at long times. Sim-
ilar results were obtained with receptor-free membranes made from other
phospholipids such as diphytanoyl phosphatidylcholine and phosphatidyle-
thanolamine.

of fusion (v), then the observed pH dependence in the mac-
roscopic experiments would reside in entry to the “initial
state” of the scheme. In fact, pH-dependent binding is ob-
served to receptor-free liposomes at 0°C (34).

The strength of sialate binding to the primary site in HA1
affects the Markovian organization of the rate process. Ter-
minal sialate is linked to carbohydrate chains via various
anomeric linkages. The sialate binding site in HA exhibits
preferences for a2— 3 or a2— 6 anomeric conformations de-
pending on the strain of virus. The basis of these preferences
is appreciated in atomic detail (7-10, 35, 36). Sialic acids in
gangliosides, however, are linked in «2— 3 but not in a2—6
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conformations. The PR8 strain exhibits a 2:1 selectivity for
a2—3 over a2—6 anomeric links on red cells resialylated
with anomeric-selective sialyltransferases (36), and its fu-
sions have an exponential waiting time distribution (Figs. 1
and 2). The waiting time distribution for the A/Ukraine
(duck)/1/63 strain, which exhibits a 32-fold preference for
the a2— 3 anomer (36), also is fitted well by the exponential
distribution with v = 0.409 s™! (R? > 0.99) for ganglioside-
containing membranes at pH 5.0 (Fig. 4 A). With receptor-
free membrane, the waiting times are not exponentially dis-
tributed, consistent with the results from PRS8. In contrast,
with the X-31 strain, which prefers a2— 6 links by 256-fold
(36), the survivor distributions obtained with ganglioside-
containing planar membranes are not as well-fitted by ex-
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FIGURE 4 (A) Log-survivor distribution obtained with the a2—3 link-
age preferring influenza virus A/Ukraine (duck)/1/63 on ganglioside-
containing planar membranes at pH 5 (pH 5.3-4.7). The fitted exponential
distribution (R? = 0.997) has a rate constant v = 0.406 s~!. Membrane
composition same as Fig. 2. (B) Log-survivor distribution of fusion waiting
times obtained with a2—6 linkage preferring strain X-31 on ganglioside-
containing asolectin planar membranes at pH 4.7 (closed symbols) and
ganglioside-free asolectin membranes at pH 4.7 (open symbols). The wait-
ing time distributions are not well-described by exponentials (R? = 0.77
with gangliosides, R? = 0.23 without).
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ponential distributions (Fig. 4 B, closed symbols), (R? < 0.9).
Without receptor, the survivor distribution resembles that of
PR8 and Ukraine duck strains with their characteristic non-
exponential distributions (Fig. 4 B, open symbols).

Interactions between virion binding and fusion have been
implicated for several types of lipid-enveloped viruses. Ex-
pression and complementation studies of the binding, HN,
and fusion, F, proteins of paramyxoviruses argue that these
proteins functionally interact (37-39). With the env glyco-
protein of some isolates of HIV-1, the CD4-binding subunit,
gp120, dissociates from gp41 upon binding and generates a
fusigenic intermediate (40, 41). The role of sialic acid as
receptor for bringing influenza in close proximity to its host
membrane has long been recognized (42). In influenza virus-
liposome fusion, gangliosides increase the rate of fusion (43),
although the effect is assigned minor importance (32, 33).
Only by timing single events, however, does the receptor
effect on the rate process of fusion become fully apparent.

Here we have demonstrated that the receptor alters the
time course of fusion by “structuring” the reaction into a
chain of Markovian-type states. The significance of the
Markov process for the virion is that the jump frequency (the
transition rate constant) between two states (i.e., the time that
the virion remains in the initial state prior to fusion) is single-
valued and independent of time. This suggests that the tran-
sition rate constant describes the jump frequency across a
single, time-invariant energy barrier that is decreased in mag-
nitude at low pH. This is consistent with the barrier being
related to the energy of the conformational change and nu-
cleation of fusion by the low pH form of HA. We propose
that the energy of sialate-HA binding is transmitted to regions
of HA involved in the pH-induced conformational change
and stabilizes the energy barrier for fusion. In the absence of
receptor, the time course indicates that the entire process is
different. The initial and final states are different and the
jump frequency varies with time but not pH. A possible in-
terpretation is that the energy barrier for fusion is biphasic,
briefly decreasing in size and then increasing.

The receptor effect on the rate process is unrelated mech-
anistically to a reduction in degrees of freedom (such as the
number of HA configurations) or dimensionality upon bind-
ing. It is not the result of simply decreasing the number of
states, changing the transition rate constants for the path-
ways, or adopting a diffusion-limited kinetic scheme. If we
consider a set of states connected by trajectories or reaction
paths, then a reduction in the degrees of freedom only re-
moves particular states (and the corresponding reaction
paths), but it does not change the process underlying the
temporal behavior in the remaining states. Thus, the trajec-
tories through the remaining states would be unaltered, and
the time course would be dominated by their kinetics. More-
over, these paths would have been apparent prior to their
selection, and their trajectories would have been present as
acomponent in the time course prior to selection. (Diffusion-
limited kinetics predict a t~'”2 dependence at short times and
then a long tail; our observations are counter to this predic-
tion.) In our system of R18-labeled influenza virions fusing
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with a planar membrane, time-homogeneous states, and tra-
jectories defined between them exist only in the presence of
sialate. The alteration is dramatic: formerly non-Markovian
transitions are eliminated by binding, the reaction space is
restructured into all new states, and the new transition is
Markovian.

This restructuring of the fusion process by receptor in-
teraction could extend to other fusion systems. In systems
such as intracellular membrane trafficking and exocytosis,
one major problem is the recognition of the transfer or secre-
tory vesicle by the “correct” region of the target membrane.
Undoubtedly, specific docking proteins perform this task, but
an intriguing possibility emerges if docking and fusion func-
tions were combined in a single protein (such as HA). The
energy of binding the fusion protein to its specific receptor
could favor a new set of allowed conformations and establish
the magnitudes of the energy barriers between them and,
thus, facilitate the conformational change. In this way, the
specificity of the binding site would not only direct the fusion
protein to the correct target but also provide the macromol-
ecule with sufficient energy to trigger fusion only on en-
countering the correct membrane.
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