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The low pH-inducod fusion of influenza virus with intact ¢rythroeyte plasma membranes is preceded by a delay time following pH reduction, that 
is itselfpH- and temperature dependent. At 37°C/plq 4.8, lipid mixing between virus and target membranes begins < 2 s alter pH redaction, whereas 
at 4*C/pH 4.8, fasion does not commence until > 10 rain alter pH reduction. We have found that within this time period at 4*C, a population 
of virus acquires the capacity to subsequently undergo fusion with high efficiency at elevated temperature~ and pH 7.4. Both the kincti~ and the 
extent of this pH 7.4 fusion depend upon the time of pro-incubation at pH 4.8/4*C. Incabatlon at pH 7.4/40C, following this pro-incubation does 
not result in fusion, but the capacity to fu~e at pH 7.4/37°C is retained for a time period exceeding 1 h. The longevity of this fusion committed 
state makes it amenable to biochemical and immunological analysis. We ltav¢ shown that it is insensitive to dlthiothreitol, neuraminidas¢ and 
trypsin, bat is incapacitated by thormolysin or proteas¢ K. We conclude that only the HA2 sub.unit of influenza haemagglutinin is a necessary 

protein component of later stages of the fusion pathway. 

Influenza haemagslutinin; Membrane fusion; Octadecyl rhodamine 

1. INTRODUCTION 

Fusion between membranes of influenza virus and 
target cells is mediated by the influenza haemagglutinin 
glycoprotein (HA) in a low pH-induced conformation 
[1,2]. Thus a fusion reaction is conveniently triggered by 
changing the pH around virus--cell complexes from neu- 
tral to 5. Cloning of HA and expression of the gone 
product on the plasma membrane of cells demonstrated 
that this protein was sufficient to induce polykaryon 
formation with a pH dependence similar to that ob- 
served for fusion of intact virus with cells [3]. The devel- 
opment of the octadeeyl rhodamine (RIB) fluorescence 
dequenehing assay [4] allowed direct measurement of 
the fusion kinetics [5]. 

By using pro-bound virus and stopped-flow mixing to 
rapidly reduce the pH, it was shown for vesicular sto- 
matitis virus (YSV) that the onset of fluorescence de- 
quenching (lipid mixing) was preceded by a delay time 
of 2 s at a pH close to the threshold for fusion, which 
decreased sharply with decreasing pH values [6]. A sim- 
ilar result has subsequently been shown for influenza- 
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erythroeyte ghost fusion (delay times < 4 s at 37°C 
[7,8]). The presence of a delay time indicates a complex- 
ity to the fusion reaction one might not otherwise have 
suspected for such a relatively simple biological system. 
The fusion kinetics can not be characterized by a single 
rate-determining step. Recognition of this fact and the 
manageable time scale of cell-cell fusion or virus-cell 
fusion at lower temperatures has prompted a dissection 
of the delay time into component parts. For influenza 
HA-mediated fusion of  virus (X31 strain) the pH- [8] 
and temperature dependence [9] of the delay time have 
been characterized. In this paper we introduce the use 
of temperature-jumps (achieved by dilation), together 
with the RIB fluorescence dequenching assay to further 
characterize components of the delay time for low pH- 
induced fusion of influenza X31 virus with human 
erythroeytes. 

2. MATERIALS AND METHODS 

2.1. Materials 
influerma, X31 strain, was prepan,~l a5 previously deseril~d [10]. 

~$-Labelled virus was produced in MDCK ceils aocording to Slog- 
mann et el. [9]. Fresh blood was obtained from the NIH blood bank. 
Trypsin, thcrmolysin, neuraminidas¢ (t),pe V from Clostrldiumperfrin- 
gens), and dithiothreitol (DTT) were all obtain~ from Sigma. Pro- 
teina~e K was obtained from Bcehrinser-Mannheim. 

2.2. Labelling of virus and bhtding to erythroc),tes 
2 ,ul of RIB in ethanol (i mg/ml) was added to 0.5 ml of virus 

suspension (1 ms/ml), whilst vortexin~. After incubation for 10 rain 
at room temperature, free RIB wa~ removed by ¢lution oftl~e labelled 
influenza from a $ephadex G25 PDI0 column (Pharmaeia, Piseata- 
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way, N J). The labelled virus was then incubated for 20 rain with 0.25 
ml oi" washed erythroeytes (5 × 10 '~ cells per ml). After two washes the 
pellet was resuspended in 0.5 ml of phosphate buffered saline (PBS). 

2.3. Fluorescence mon#oring of ficsion kinetics 
An SLM 8000 spectrofluorimeter (SLM Instruments Inc., Urbana, 

IL) was used for all experiments. Excitation and emission wavelengths 
were $60 and 590 nm, respectively. 10pl of  virus-cell suspension was 
added to a cavette containing 2 ml of PBS/eitrate buffer at a pre-set 
temperature and pH, which was stirred by a zmall magnetic bar. When 
a pre-incubation was incorporated into the protocol, 101tl ofvirus--eell 
suspension was first added to i 00/tl of buffer at the stated temperature 
to give the final pH indicated. This sample was then added to the 
cuvette at the specified time. Re-elevation of the pH to pH 7.4/4=C 
after pH 4.8/4°C incubations, was achieved by washingwith 1.5 ml 
of  cold PBS, pH 7.4, and addition of a resuspended pellet to the cuvette 
at the time indicated. Some experiments involved incubation with the 
cold PBS tbr 1 h, before proceeding with the fusion assay; during this 
time agents such as DTT, neuraminidase and various proteolytic en- 
zymes were included. Re-elevation of the pH whilst monitoring the 
fluorescence intensity was achieved by injection of  a small volume o1" 
0.5 M Tris directly into the cuvette at the specified time. All fusion 
extents were normalized to a fluorescence value obtained after addi- 
tion of 0.05% (w/v) Triton X-100, which was arbitrarily assumed to 
correspond to 100% dequenehing. Monitoring of  the effects of pre- 
treatments was carried out by SDS-PAGE analysis of 3aS-labelled 
virus bound to erythrocytes at 1 cpm per 10 erythrocytes and treated 
in the same way, Gels were scanned using a Pharmacia Ultruscan 
densitometer, 

3. RESULTS 

Fig. 1 shows a typical time--course of RI8 deqaench- 
ing, resulting from fusion of influenza (X31) with intact 
erythrocyte membranes at 4=C/pH 4.8. We observe a 
delay of 10-20 min, which was always constant for a 
given virus/erythrocyte preparation. We then took 
virus-cell complexes after various times of incubation 
at pH 4.8/4°C and added them to an excess of buffer at 
pH 7.4/37=C. Fusion was observed (as judged by lipid 
mixing) at neutral pH, with virus--cell complexes for 
which lipid continuity had not yet been established dur- 
ing the low pH incubation period (Fig. 2, curves a-c). 
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Fig. 1. RI8 fluorescence dequenching, resulting from fusion between 
X31 influenza virus and crythrocytes at pH 4.8/4°C. 
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Fig. 2. Influenza X31--¢rythrocyte fusion. R 18-labelled virus-cell com- 
plexes were pre-incubated for (a) I, (b) 2, (c) 10, (d) 30 rain in pH 4.8 
buffer at 4"C and then added at time = 0 s to a 20 × volume o fpH 7.4 
buffer at 370C. (e) virus-cell complex added from pH 7.4/4°C buffer 
to pH 4.8/37°C buffer at time = 0 s. Fluorescence dequenching curves 
have been offset for clarity; y axis increment is 9% fluorescence 

dequenehing. 

Furthermore, the kinetics and extent of this neutral fu- 
sion were dependent on the time of low pH incubation. 
Curve a of Fig. 2 is particularly interesting, as a delay 
time is evident. From Fig. 1 it can be seen that in the 
ease of curve 2d, a small amount of lipid mixing has 
already taken place by the time temperature and pH are 
elevated (30 rain). No fluorescence dequenching was 
observed, if after 10 min at 4°C the pH was elevated to 
7.4 but the temperature was kept constant, nor at pH 
7.4/37°C without pH 4.8/4"C pre-incubation. 

A 10 min incubation of virus-erythrocyte complexes 
at pH 4.8/4"C, efficiently produces a pH 7.4/37*C, fu- 
sion-'committed ~ population (Fig. 2, curve c). Whilst no 
fusion is observed at pH 7.4/4=C, the committed state 
is effectively retained under these conditions, for long 
time periods (> 1 h). Retention is unaffected by incuba- 
tion with 20 mM DTT (Fig. 3a), which is expected to 
dissociate the HA1 subunit of HA in its acid conforma- 
tion [11]. We next examined sensitivity to trypsin. Like 
DTT one expects trypsin to dissociate the bulk of the 
HAl sub-unit [1], leaving only the 1-27 fragment at- 
tached to HA2. We find that pH 7.4/37°C fusion is 
slightly accelerated by trypsin treatment of the fusion- 
committed complex (Fig. 3b). The lack of  observed inhi- 
bition with both treatments is consistent. The enhance- 
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Fig. 3. Sensitivity of fusion commitment to variom treatments. Virus-erythrocyte complexes were incubated at pH 4.8/4"C for 9 rnin. They were 
then incubated in 1.5 ml of PBS, pH 7A¢40C for the sp~..ified time l~riod. During this incubation the following substances were included (a) 20 
mM DTT, 60 rain (filled diamonds; controls are repres=nted by open ¢ircles) (b) 0.1 mg/ml trypsin, 45 mino (c) 0.1 mNml prot¢inas¢ g,  45 rain, 
(d) 0.05% (w/v) thennolysin, 1 mM CaCI:, 75 rain. Control curves were incubated for the same times in buffer without active agent. Following 
this incubation, the complexes were pelleted and rcsnspended in 100 ml of pH 7.4/4=C buffer, before addition to a stirred cuvett¢ containing PBS0 

pH 7.4/37"C at time = 0 s. 
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ment of the fusion rate by trypsin treatment may be due 
to its effect on the erythrocyte surface, which has been 
shown to be primarily the degradation of sialoglycopro- 
tein-a [12]. One possibility is that a steric constraint is 
thereby removed. 

Incapacitation of the fusion-committed state can be 
achieved by treatment with proteinase K or with ther- 
molysin (Fig. 3c and d). This demonstrates that protein 
components remain essential for the fusion pathway to 
proceed. Thermolysin digestion did not dissociate the 
virus-erythrocyte complex, whereas the proteinase K 
treatment released -30% of bound virus, as judged by the 
fluorescence intensity of the virus-cell complexes after 
washing. It was important to examine the effects of all 
these treatments under our experimental conditions (i.e. 
virus bound to erythrocytes). Fig. 4 shows SDS-PAGE 
analysis of our treatments. At pH 7.4 virus is not sus- 
ceptible to protease or to DTT. A 10 min pH 4.8/4OC 
incubation renders it susceptible. Trypsin, DTT, ther- 
molysin and proteinase K all lead to disappearance of 
the HA1 band, when erythrocytes are pelleted with 
bound virus. We chose to use thermolysin because it has 
been shown to cleave BHA2 [ 131 and might therefore be 
expected to cleave HA2 under our conditions (in contra- 
distinction to trypsin). The HA2 band co-migrates with 
the M protein band on SDS-PAGE and a visual impres- 
sion can be misleading. Densitometric scanning of lanes 
showed that -50% of this band disappears after thermo- 
lysin treatment (by ratioing against the constant nuclear 
protein band). This is consistent with at least partial 
digestion of HA2. 

Taken together these results indicate that retention of 
the fusion state which we have identified and progres- 
sion of the fusion reaction from this point, is independ- 
ent of the influenza HA1 sub-unit. We also find that 
retention of the fusion committed state during pH 7.4/ 
4OC incubation is unaffected by 0.4 mg/ml neuram- 
inidase (data not shown). Without prior low pH incuba- 
tion this treatment removes all virus capable of fusion 
from the cell surface within 30 min, by destruction of 
the receptor to which HA1 binds. This supports our 
interpretation of the protease and DTT experiments, in 
particular by using an agent whose effect is not predi- 
cated on a low PM-induced conformational change of 
HA. 

4. DISCUSSION 

Influenza virus fusion at 4OC was first demonstrated 
by White et al. [14] and subsequently characterized by 
Stegmann et al. as a multi-step event [9]. In the latter 
study, confirmation that R18 dequenching at this tem- 
perature corresponds to fusion was provided by elec- 

_ -:fi”.-. ,.A :a :i’Ou AUA~LUSCVPLC SPddieS. In :htS pai;ci WC ha<c takcfi 
advantage of the convenient time scale offered at 4OC 
to accumulate an intermediate of the fusion pathway 
characterized by its ability to fuse at pH 7_4/37OC and 
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by its inability to progress along the fusion pathway at 
pH 7.4/4”C. Under the labelling conditions we have 
used, no spontaneous R18 exchange from virus to 
erythrocyte is observed at pH 7.4/37OC without pH 4.81 
4OC pre-incubation. We thus have a stable intermediate, 
the production or destruction of which we can assess by 
the criterion of kinetics and extent of R18 fluorescence 
dequenching following a temperature jump to 37”C/pH 
7.4. 

4.1. Dequrnching kinetics 
Consider Fig. 2, curves a and e, i.e. fusion at 37”C/pH 

7.4 following a 1 min accumulation of the fusion-com- 
mitted state (curve a) and a conventional fusion at 
37”C/pH 4.8 (curve e), The dequenching rate for (curve 
a) is clearly slower and a delay period of 20-30 s is 
evident. The presence of this delay time indicates that 
the completion of fusion from this committed state is a 
multi-step process. The delay time for curve e is beyond 
the resolution of this experimental configuration but 
has previously been shown to be about 1 s [S]. Yet for 
curve a, the pH-dependent component of the fusion 
pathway precedes the fusion trigger (temperature) at 
time = 0 and therefore cannot be a rate-limiting step. 
Why then should the kinetics of pre-activated fusion at 
pH 7.4 be slower? And furthermore, why should these 
kinetics depend on the time of pre-incubation at pH 
4.8/4OC? (Fig. 2, curves a-d). 

For cells expressing HA (GP4f) it was previously 
found that the entry into a fusion-committed state (S-10 
s) represented a minor component of the delay time at 
pH 4.8/37”C (by reversing the pH at different points 
during the delay, [15]). One may expect the kinetics of 
virus fusion at pH 4.8/37”C to also be determined by 
steps beyond the initial activation and commitment to 
fusion. On the basis of the observation that the delay 
time is sensitive to the composition of the target mem- 
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Fig. 4. SDS-PAGE analysis of prc-treatments. “S-Lnbelled k-us, 
bound to erythrocytes prc-incubated at pH 4.8 or 7.4 for 10 min atcl°C 
and then treated at pH 7.4/4’C with agents specified in the legend to 
Fig, 4 at the same concentrations and for the same time period. (A) 
Control, (B) trypsin, pH 7.4, (C) trypsin, pH 4.8, (D) DTT, pH 7.4, 
(E) DTT, pli 4.8, (F) thcrmolysin, pH 4.8, (G) proteinesc K, pH 4.8. 

NP, nuclear protein, NA, neuraminidase: M, matrix protein. 
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brane and to the HA surface density, we postulated that 
the relative hydrophobicity of the two fusing mem- 
branes is of crucial importance to the fusion kinetics [8]. 
WC now propose that after 1 min at 4OC/pH 4.8 (Fig. 
2a) the effective hydrophobicity of the fusion mileu is 
low, relative to that produced in less than 1 s at 37’C/ 
pH 4.8 (Fig. 2e) or by longer incubations at 4’C/pH 4.8, 
and that the rate-limiting steps for fusion are dependent 
on this property. It may be that these experiments and 
this interpretation refer to stages of the fusion pathway 
‘post-commitment’, whereas commitment itself may be 
a more specific process. 

4.2. The nature of the intertmciiate 
Susceptibility of the committed state to proteinase K 

and thermolysin (Fig. 3c and d) demonstrates that pro- 
tein components are required to complete the fusion 
reaction and that they are accessible to protease. Our 
data thus rule out a temperature-sensitive pure lipid 
intermediate at this stage of the pathway. Proteinase K 
sensitivity also reinforces the negative data obtained 
with trypsin or DTT (see below), for which it could 
otherwise be argued that the relevant proteins at a puta- 
tive fusion junction (presumably a small sub-popula- 
tion) are inaccessible to macromolecules. 

For the soluble bromelain fragment of HA @HA), 
susceptibility to DTT, trypsin and prottnse K.is condi- 
tional on the same early low pH-induced conforma- 
tional change [16]. We have used two treatments ex- 
pected to dissociate the bulk of the HAI sub-unit, once 
the HA has adopted the protease sensitive form (which 
influenza HA (X31) has been shown to adopt at 4°C 
within 15 s [9]). Resistance of the committed state to (i) 
20 mM DTT, and (ii) trypsin, and confirmation that 
these treatments cause dissociation of HAI under our 
experimental conditions (Fig. 4), imply that HA1 is not 
required for its retention, nor for the fusion pathway to 
proceed. It is striking that both of the agents (i.e. pro- 
teinase K and thermolysin), which we find destroy the 
commitment to fusion, are known to digest the HA2 
sub-unit. In this case we have not formally excluded the 
influence of erythrocyte or other viral proteins, how- 
ever, it is difficult to envisage how their proteolysis 
might abrogate fusion whilst binding is maintained. 

Insensitivity to ncuraminidase also shows that both 

binding of virus and retention of fusion capacity is now 
independent of the initial HAl-sialic acid interaction. 
This result is consistent with a study by van Mecr et al. 
[ 171 which has shown complexes between influenza-in- 
fected cells and ganglioside-containing liposomes to ac- 
quire neuraminidase resistance before lipid mixing is 
initiated. In summary, we propose that our results sup- 
port an early hypothesis that the initial recognition/ 
binding and fusion functions are compartmentalized to 
the HA1 and HA2 sub-units, respectively. 
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