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The fusion of membranes is an event shared by many biological processes, such as 

oocyte fertilisation, compartmentalisation, endocytosis, secretion synaptic transmission and 

entry of enveloped virus into cells. Whereas fusion of two lipid bilayers is the common 

ground in all these processes, the promotion of membrane fusion and the regulation of 

membrane mixing has specific characteristics in each biological system. In sorne processes, 

such as vesicle fusion, there is reversibility of the fusion event and recycling of the 

membranes. In others, such as virus and cell membrane fusion, disassembly of the 

membranes does not occur. Despite these differences, understanding the molecular 

mechanism of membrane fusion in a given process may provide important clues for other 

biological systerns. For this reason, the Workshop sponsored by the Fundación Juan March 

brought together leading world experts with different backgrounds to discuss the mechanisms 

of membrane fusion. 

Severa! presentations faced the mechanism of viral and cell membrane fusion at the 

initial stages of the infectious cycle in different enveloped viruses. In evecy case, a particular 

glycoprotein of the viral membrane appears to promote membrane fusion by inserting, 

through hydrophobic sequences, into the target membranes. This event requires structural 

reorganisations of the viral glycoproteins that, in sorne cases, are triggered by a drop in the 

pH of the vesicles through which the virus particle is endocytosed. In other cases, fusion of 

the virus and cell membranes occurs at the cell surface and the triggering event for fusion 

seerns to be mediated by the interaction of the attachment proteins of the respective viruses 

with specific cell receptors. 

Concurrently with the rearrangements of viral glycoproteins and their insertion into the 

cell membranes, there is an apposition ofthe two membranes that is proposed to favour, first, 

the interchange of lipid molecules between the outer leaflets (hemifusion) and, later on, 

mixing of the two lipid bilayers. Completion of membrane fusion may require the formation 

of multiprotein complexes of the viral glycoproteins, once inserted into the target membranes. 

Similar to the process of viral membrane fusion, apposition of vesicle and target 

membranes is an indispensable intermediate step for membrane fusion within cells. In this 

process, a complex is assembled between proteins inserted in the vesicle and target 

membranes. Generally, the formation of such complexes involves refolding of the proteins 

and formation of intermolecular. helical bundles that bring the two membranes into close 
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proximity. The interaction of proteins present in the surface of vesicle and target membranes 

is highly specific, orchestrating the fusion of membranes within the cell. Other proteins 

inserted into the vesicle membranes or interacting with them in vivo contribute to generate the 

chemical energy needed for membrane fusion and to regulate the reversibility and specificity 

of the process. 

The lipid composition and the disposition of lipid molecules in the membranes are also 

important factors that contribute to the fusion process. This was highlighted by the results 

obtained with simplified model systems such as phospholipid vesicles treated with 

polyethyleneglycol or phospholipases. It is possible that fusion of natural membranes also 

requires alteration ofthe lipid composition at the sites where fusion pores are formed. 

The unquestionable success ofthe meeting was greatly dueto the kind hospitality ofthe 

Fundación Juan March and the efficient work of its personnel. The informal atrnosphere of 

the meeting, prometed by our hosts, favoured lengthy discussions that crystallised in a few 

general ideas. Hopefully these ideas will keep all of us busy in our respective places for the 

next few years. 

J. J. Skehel and J. A. Melero 

Instituto Juan March (Madrid)
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Viral entry and the mechanism of membrane fusion 

Don C. Wiley, John L. Loeb Professor ofBiochemistry and Biophysics and 
Investigator, Howard Hughes Medica! Institute 

Department ofMolecular & Cellular Biology, Harvard University and HHMI 
7 Divinity Avenue, Cambridge, MA 02138 USA 

The membrane fusion potential of influenza HA, like many viral membrane-fusion 
glycoproteins, is generated by proteolytic cleavage of a biosynthetic precursor. The cleavage 
site ofthe HA was revealed by X-ray crystallography to be a prominent surface loop adjacent 
to a novel cavity; cleavage results in structural rearrangements in which the non-polar amino 
acids near the new amino-terminus bury ionizable residues in the cavity that are implicated in 
the low-pH-induced conformational change. 

The structures a group of virus membrane fusion proteins, like that of Ebola virus 
GP2, HIV-1 gp41, and influenza virus HA are similar to the recently determined structure of a 
protein complex involved in neurotransmitter release and intracellular vesicle trafficking. In 
each case hydrophobic sequences, embedded in the membranes to be fused, are located at the 
same end of a rod-shaped molecular complex composed of a bundle of long u-helices. This 
molecular arrangement is proposed to cause close membrane apposition as the complexes are 
assembled for membrane fusion. 

By studying a recombinant form of the influenza virus HA2 subunit (HA2(23-185)), 
we discovered a domain composed of N- and C-terminal residues that form an N-Cap 
terminating both the N-term a-helix and the central coiled coil. The structure implies that 
continuous helices are not r~quired for membrane fusion at either the N- or C-termini. The 
difference in stability between recombinant molecules with and without the N-Cap sequences, 
suggests that additional free energy for membrane fusion may become available after the 
formation ofthe central triple-stranded coiled coi! and insertion ofthe fusion peptide into the 
target membrane. 

The structure of the envelope glycoprotein of influenza C virus (HEF) was determined 
by X-ray crystallography and separate receptor binding and receptor-destroying enzyme (9-0-
acetylesterase) sites identified with receptor analogues. The segregation of the glycoprotein's 
three functions into structurally distinct domains suggests that the entire stem region, 
including sequences at the N- and C-termini ofHEFl preceding the posttranslational cleavage 
site between HEFI and HEF2, forms an independent fusion domain probably derived from an 
ancestral membrane fusion protein. 

Instituto Juan March (Madrid)
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Structural organization of the flavivirus fusioo machinery 

Franz X. Heinz, Steven L. Al lison, Karin Stiasny 

Institute of Virology, University of Vienna, Vienna, Austri a 

There are at least two different structural classes of viral fusion proteins. Class 1 fusion 
proteins are characteristic of virus families such as myxo-, paramyxo-, retro-, and filoviridae 
and were shown to share a number of structural and functional properties. These include the 
formation of a trimeric spike, the requirement for proteolytic cleavage to prime fusion 
activity, the presence of amino-terminal or ami no-proximal fusion peptides, and the triggered 
transition into a lower energy state involving trimeric alpha-helical coiled coils. The 
functional homologs of flaviviruses do not share the salient features of class 1 viral fusion 
proteins but differ in severa( significan! aspects. They have a different oligomeric 
organization in the virion envelope, priming of fusion activity reqllires the proteolytic 
cleavage of an accessory protein but not of the fusion protein itself, they are not predicted to 
form coiled coils, and the available evidence indicates the presence of an interna( fusion 
peptide. The envelope protein E of tick-borne encephalitis (TBE) virus (together with yellow 
fever, Japanese encephalitis, Dengue, and West Nile virus one ofthe major human pathogenic 
flaviviruses) represents the prototype of this second class of viral fusion proteins, because so 
far it is the only one for which a high-resolution structure is available. 

In contrast to class 1 viral fusion proteins the flavivirus protein E is a head to tail dimer 
that is oriented parallel rather than perpendicular to the membrane. Recent cryo EM studies of 
a recombinant subviral particle (RSP) (I. Ferlenghi, S. Fuller et al ., submitted) show that the 
protein E dimers forman icosahedral network, and preliminary cryo EM data (Fuller et al. ; 
unpublished) as well as structural and biochemical evicence suggest that whole virions also 
have icosahedral structure. As shown by in vitro liposome fusion assays, TBE virus fusion is 
cliaracterized by an extremely fast fusion rate (40"/o per second) and- at least at 37°C - the 
absence of a measurable lag phase. A comparison of the TBE virus fusion properties with 
those of other viruses such as influenza and Semliki Forest virus revealed that TBE virus has 
the fastest and most efficient fusion machinery of all enveloped viruses analyzed to date. 

Flavivirus fusion is triggered by acidic pH which also leads to a complete oligomeric 
reorganization of the virion envelope and an irreversible conversion of E-dimers into E
trimers. As revealed by sedimentation and cross-linking experiments, exposure to acidic pH 
first leads to a dissociation of the E-dimer, thus probably exposing those structural elements 
that make the first contact with the target membrane. A highly conserved sequence of amino 
acids that is buried and protected in the neutral pH structure by interactions with the second 
monomeric subunit in the E-dimer has been hypothesized to function as an intemal flavivirus 
fusion peptide. Using the X-ray structure as a guide we ha ve introduced specific mutations at 
this site in RSPs, taking advantage of the fact that they exhibit similar fusion properties as 
whole virions. The analyses of these mutants in liposome-binding and fusion assays provide 
more direct evidence that the mutated sequence indeed functions as an intemal fusion peptide. 

The organization of the flavivirus fusion machinery thus has a number of features that are 
distinct from those of enveloped viruses with class 1 viral fusion proteins. At the sarne time 
they share severa( of these distinguishing features with alphaviruses su eh as Sindbis, Semliki 
Forest, and Ross River virus. Both groups of viruses ha ve an icosahedral envelope structure, 
their fusion proteins are synthesized as a complex with a second protein that has to be cleaved 
for priming fusion activity, and they both ha ve interna! fusion peptides. It will be interesting 
to see whether these fusion proteins al so exhibit structural homologies such as those found in 
class 1 viral fusion proteins. 

Instituto Juan March (Madrid)
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Paramyxovirus fusion (F) protein-mediated membrane fusion 

Robert A. Lamb 1
•

2
, Kent A. Baker2

, Rebecca E. Dutch2
, Ryan N. Hagglund2

, Reay G. 
Paterson2

, Charles J. Russell 1 and Theodore S. Jardetzkl 

1Howard Hughes Medica! Institute and 2Dept. ofBiochemistry, Molecular Biology and Cell 
Biology, Northwestem University, Evanston, IL 60208-3500 

The paramyxovirus fusion (F) protein mediates membrane fusion. The biologically 
active F protein consists of a membrane distal subunit F2 and a membrane anchored subunit F 1· 

We ha ve identified a highly stable structure comprised of peptides derived from the F 1 heptad 
repeat A, which abuts the hydrophobic fusion peptide (peptide N-1), and the F1 heptad repeat 
B, located 270 residues downstrearn and adjacent to the transmembrane domain (peptide C-1 ). 
Biochemical and biophysical and electron microscopic evidence indicates that these peptides 
formed a six-helix bundle that is extremely stable. We suggest that this a.-helical trimer of 
heterodimer complex represents the core most stable form ofthe F protein that is either fusion 
competent or forms after fusion has occurred. The crystal structure of the core trimer at l. 4 A 
resolution revealed a 96 A long coiled coi! surrounded by three antiparallel helices. This 
structure places the fusion and transmembrane anchor of SV5-F in close proximity with a large 
intervening domain at the opposite end of the coiled coi!. Six arnino acids, potentially part of 
the fusion peptide, form a segment of the central coiled coil, suggesting that this structure 
extends into the membrane. Deletion mutants of SVS-F indicate that putative flexible tethers 
between the coiled coil and the viral membrane are dispensable for fusion. The lack of flexible 
tethers may couple a final conformational change in the F protein directly to the fusion of two 
bilayers. 

We ha ve found that whereas the F protein of the W3A strain of SVS causes syncytia 
formation without coexpression of HN, the F protein of the WR strain of SVS requires 
coexpression ofHN for fusion activity. The two strains differ by two arnino acid residues at 
residues 22 and 443 . There is a complex interrelationship between the differing residues. A 
mutational analysis indicates that sorne mutants have enhanced fusion kinetics with a faster rate 
and greater _extent and a lower temperature of activation. In contrast other mutants do not 
cause fusion under physiological conditions but fusion can be activated at elevated 
temperatures. Although strain WR requires coexpression of HN to cause fusion at 3 7°C and 
does not cause fusion when coexpressed with influenza virus HA, at elevated temperatures 
coexpression of WR F protein with HA resulted in fusion activation. The SVS F protein is 
presumed initially to exist in a metastable native fusion-inactive state; thus, the temperature 
dependence of F-mediated fusion suggests that the energy banier for the conformational 
change from the metastable state to the fusion active conformation is lower for sorne mutants 
than for wt W3A Conversely, the energy banier for other mutants is much higher than for 
W3A F protein. Thus, these data suggest that prolines at residues 22 and 443 (the latter which 
maps on the core trimer) may destabilize the F protein and thereby decrease the energy 
required to trigger the presumptive conformational change to the fusion active state. Thus, the 
sirnplest explanation for the interaction ofHN and F is that it causes a change in free energy to 
actívate the F protein 
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To obtain reagents that should discriminate between interna! and externa! domains of 
the SV5 F protein and hence be capable of showing a rearrangement of domains upon a 
conformational change, we have generated a panel ofF-specific anti-peptide sera derived from 
across the linear protein sequence. By using a modified F protein (F3R) whose cleavage can 
be regulated by addition of exogenous trypsin and the site-specific sera our data suggests there 
is a major rearrangement of the F protein on cleavage: 13 different antipeptide sera recognize 
Fo but only three recognize cleaved F. Furthermore, the site-specific sera do not recognize the 
core trimer. Thus, taken together, these data indicate that the core complex is not present in 
the precursor molecule F0, and that significant conformational changes occur subsequent to 
cleavage ofthe F protein. 
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Rabies virus-induced membrane fusion pathway 

Y ves Gaudin 

Laboratoire de Génétique des Virus du CNRS, 91198 Gifsur Yvette Cedex, France 
Email : yves.gaudin@gv.cnrs-giffr 

Rabies virus-induced membrane fusion is mediated by the viral transmembrane 
glycoprotein G which is organized in trimers (three monomers of 65 leDa each). Fusion is 
triggered at low pH, optimal around pH 5.8-6 and is not detected above pH 6.3. Fusion of 
rabies virus with liposomes is preceded by a lag time, the duration of which increases with 
lower temperature and higher pH (up to the pH threshold for fusion). Preincubation of the 
virus below pH 6.75 in the absence of a target membrane leads to inhibition of viral fusion 
properties. However, this inhibition is reversible and readjusting the pH to above 7 leads to 
the complete recovery ofthe initial fusion activity (1). 

Low pH-induced conformational changes of the glycoprotein and their relationships 
with fusion activity have been studied. It has been demonstrated that G can assume at least 
three different states (1): the native (N) state detected at the viral surface above pH 7; the 
activated (A) hydrophobic state and the fusion inactive conformation (I) . There is a pH
dependent equilibrium between these states which is shifted toward the 1 state at low pH. The 
A state is detected immediately after acidification, induces the formation of viral aggregates 
stabilized at low pH and low temperature and interacts with the target membrane as a first 
step of the fusion process. The domain of G involved in this interaction, the so-called fusion 
peptide, has been located between aminoacids 102 and 179 using hydrophobic photolabeling 
(2). Finally, the I state is detected after prolonged incubation at low pH. ln the I conformation, 
G is longer than in the N conformation but also antigenically distinct and more sensitive to 
proteases. ' 

Monoclonal antibodies were used to characterize the equilibrium between the different 
conformational states of G. These experiments have shown that the structural rransition 
toward the I-state is associated with the cooperative binding of 3 protons, most probably on 
each of the three histidines 397 of the trimer. Furthermore, the comparison of the kinetics of 
the structural transition toward the I state with those of viral fusion inactivation indicated that 
6 trimers constitute the mini mal fusion complex. 

Rabies virus-induced fusion pathway was also studied by investigating the effects of 
exogeneous lipids having various dynamic molecular shapes on the fusion process (3). 
Inverted cone-shap·ed lysophosphatidylcholines (LPCs) blocked fusion at a stage subsequent 
to fusion peptide insertion into the target membrane. Consistent with the stalk-hypothesis, 
LPC with shorter alkyl chains inhibited fusion at lower membrane concentrations and this 
inhibition was compensated by the presence of oleic acid. However, under suboptimal fusion 
conditions, short chain LPCs, which were translocated in the inner leaflet of the membranes, 
considerably reduced the lag time preceding membrane merging resulting in faster kinetics of 
fusion. This indicated that the rate limiting step for fusion is the formation of a fusion pore in 
a diaphragm ofrestricted hemifusion. 

The cold-stabilized prefusion complex (1, 2) was also characterized. This intermediate 
is ata well-advanced stage ofthe fusion process when hemifusion diaphragm is destabilized _ 
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but lipid mixing is still restricted, probably by a ring-like complex of 6 g lycoproteins. Thi s 
state has a dynamic character and its lipid organization can reverse back to two lipid bilayers 
(3). 

These results are very similar to those observed with influenza virus (4 , 5) . Thus, 
despite important differences between their fu sion machineries, membrane fusion probably 
follows a similar pathway for both viruses suggesting that the mechanism of membrane 
rearrangements leading to fusion is probably universal. 

Refereoces: 
1) Gaudin, Y., R. W. H. Ruigrok, M Knossow, andA. Flamand. 1993 . Low-pH conformational changcs of rabies 
virus glycoprotein and their role in membrane fusion. J. Viro/. 67: 1365-1372. 
2) Durrer, P., Y. Gaudin, R. W. H. Ruigrok, R. Graf, and J. Brunner. 1995. Photolabeling identifies a putative 
fusion domain in the envelope glycoprotein of rabies and vesicular stomatitis viruses. J. Biol. Chem. 270:17575-
17581. 
3) Gaudin, Y. 2000. Rabies virus-induced mcmbrane fusion pathway. J. Ce/1 Biol. 150:601-{)11. 
4) Chemomordik, L. V., V. A. Frolov, E. Leikina, P. Bronk, and J. Zinunerberg. 1998. The pathway of 
membrane fusion cataJyzed by influenza hemagglutinin: restriction of lipids, hemifusion, and lipidic fusion pore 
formation . J. Ce/1 Biol. 140:1369-1382. 
5) Leikina, E, L. V. Chemomordik. 2000. Reversible merger of membranes at the early stage of influenza 
hemagglutinin-mediated fusion. Mol Biol Ce/l. 11:2359-71. 
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Bntzy ofvaic;ulat ltomalitit virua: Multipl• ng;ion& ofVSV G protein involvul in ce1l Ñáon 
and 'V iNa c:nt.ry. 

Hara p. Gholh 
Dept. Biochemirtry. Mr:MtUter UntversilJI. HamilJon. Ontorio, 
Canaria 

Tbe 1 t'8ll&llleúlbrae eDVelope slyc:opratetn G of the nega.Ove-str!Dd.a1 RNA aJntalning 
vesic llar stmnatitis viNa (VSV) is euefttial for tbe infectivity of the virus. Glycoprotein G 
conu iru: a single umsmembrane domaln of 20 arnino adds ne:ar the earboxy-terminui, a. 
carbc~terminal cytopJa!mie tail of20 resid~ and an ectoplasmic domaln of 461 &mino 
aeicis c:ontaining two N-Jinbd o~. G!yc:oproiein Gexp.resaed on tho c:ell ~ 
~ IJ tduce memb~ fiuitm at low pH ¡nd is essemial fbr the eauy ofthe viru .into lhe host
ceU 1t ia an endocytotic patlnway. GproteiJ\ unlike other viAl :fbsion prot~ does not require 
a pOI:t-translational cleawge event befbre beaJming fusion active aod the conformational 
~ ~ iavolved in fusiob is reverMle. 

Stud es from our leboratury ha"Vt: idcutificd a biPdy WilJiCIVCd IIDlÍno-temrinal regiCII (ID) 
span!ling residues 123 to 137 ofVSV G ¡lyooprotein asan interna! fusion peptide whích, 
unlike othcr viral fuaion peptides is not hydropbobic_ A carboxy-tenninal HlO region 
(.resi.liues 39S to 418), conserved in vesiculo~ was identified as a donain contr~ 
lclw--?H iruiu~ confarmational cbaz!se. Ibe fuscgeni~ ac:tMty ottbe G protein requin:d 
mm brane ~ by a hydrophobi~ pcptidc sequcncc but spcs;ific amino ac!d sequen ce 
was :101 imponant. Recent experimeDU demonimtted that a membrar.e proximal doml!in of 
ll a:nino acids spanning residues 4S 1 to 461, which is highly con&eiVed in vesiculoviruses 
and i s unusually rich in tcyptophan. i! aJso required for fusion. Deletian or 8\lbstitution ofthe 
ll a o:ñDo acids DZ' Dnltages:iesú of the conserved .residaes block:ed tha fUs.ogerñc activf!y 
with¡,ut ~transpon or IIUiftlbranc a.nohoring ebility. R~y coUed coi1 structuC"C:!> 
bavt been shown to be lnvolved in both lm:racdlulu W'.Sicle and viral .IIIt'mbnule 1bsion. 
.Anal JBC3 ofYSV G protein sequence by a rmmher of s.econdary struc:ture prograrns1 suc.b as 
Coil1,. Multi-Coil Pair-Coil or Leam-Coil. however. failed to predict the pr~ of any 
~il< d-.coil ~ . The rpechanim of membrane fu&ion induced by VSV G protein may, 
tb:m;f~ invol'V'Cl ~ ptilt9iplé(:s). 

Sup¡ X!l1ed by MRC. 
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Structure-function of pneumovirus fusion protein 

José A. Melero 1, Luis González-Reyes1
, M. Begoña Ruiz-Argüello 1, Blanca García-Barreno 1

, 

Leslie ealder 2& John J. Skehel2 

1Centro Nacional de Biología Fundamental, Instituto de Salud Carlos lli, Majadahonda, 
Madrid, Spain and 2Nationallnstitute for Medica! Research, The Ridgeway, Mili Hill, 

London, United Kingdom 

Full-length fusion (F) protein of human respiratory syncytial virus (HRSV) and a 
truncated anchorless mutant (FTM") lacking the e-terminal 50 amino acids were expressed 
from vaccinia recombinants and purified by immunoaffinity chromatography. Westem blot of 
F and FTM. revealed three bands that contained the F1 chain and that corresponded to the 
uncleaved (F1+2) precursor, a partially processed product (F1+2t) with the last 27 amino acids 
ofthe F2 chain covalently bound to F1 and the fully processed F1 chain. The proportions ofthe 
three forms were F1>F1+21>Fl+2. Site-directed mutagenesis confirmed that Arg 108 and 109 
were needed for generation of the F1+2t product. These results suggest that proteolytic 
processing ofthe F protein precursor may involve cleavage at two different sites, eliminating 
a e-terminal segment ofthe F2 chain from the mature protein. 

Electron microscopy of the full-length F protein in the absence of detergents revealed 
micelles (i.e., rosettes) containing two distinct type of rods, one cone-shaped and the other 
lollipop-shaped. Analysis of anchorless F molecules showed individual cone-shaped rods with 
a low proportion of rosetted lollipop-shaped rods. Limited trypsin digestion of anchorless F, 
under conditions that cleaved F1+2 and F1+2t, showed a transition from individual cone-shaped 
rods to rosetted lollipop-sh_aped rods. A similar transition from eones to lollipops was 
observed in the micelles of full-length F after limited trypsin digestion. These results indicate 
that the rods and lollipops may represent different conformations of the F molecule and that 
proteolytic processing may trigger transition from one conformation to the other. eomplexes 
of F protein with antibodies of known specificity provided information on the three
dimensional organisation ofboth full-length F and membrane anchorless F. 

Transfection of BSR T7-5 cells, which express constitutively the T7 polymerase, with 
plasmids carrying the F gene under a T7 promoter, was sufficient for induction of syncytia. 
Site-directed mutagenesis of the F gene is providing evidence of the structural requirements 
for membrane fusion. Data will be presented which link mutations at certain sites of the F 
molecule, particularly the proteolytic processing sites, with inhibition ofthe membrane fusion 
activity. 
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Structure-function analysis of the Sendai virus glycoprotein cytoplasmic 

domain: a different role for the two proteins in virus particle production 

Nathalie Fouillot-Coriou and Laurent Roux 

The role of the cytoplasmic domain ( cytd) of the Sendai virus HN and F glycoproteins 
in the process ofvirus assembly and budding are evaluated. Recombinant Sendai virus (rSeV) 
mutants are generated carrying modifications in the cytd of each of the glycoprotein 
separately. The modifications include increasing truncations ancl/or amino acid sequence 
substitutions. The virions in the cell supematants are measure relative to the extent of the 
infection, assessed by the intracellular N protein signal. For both the F and HN ctd truncation 
mutants, the largest cytd deletions lead to a 20 to 50-fold reduction in virion production. This 
reduction cannot be explained by a reduction of the cell surface expression of the 
glycoproteins. For the F protein mutants, the virions produced in reduced amount always 
exhibit a normal F protein composition. It is then concluded that a threshold leve) of F is 
required for Se V assembly and budding. The rate or the efficiency with which this threshold 
is reached up appears to depend on the nature of the F cytd. A minimal cytd length is 
required, as well as a specific sequence. The analysis ofHN protein mutants brings to light an 
apparent paradox. The larger cytd truncations result in significant reduction of virion 
production. On the other hand, a normal virion production can take place with an under 
representation of or, even, an undetectable HN in the particles. The HN uptake in virion is 
confirmed to depend on the previously proposed cytd SYWST signa) (Takimoto et al ., 1998). 
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The fusion protein of Semliki forest virus 

Félix A. Rey 1
, Julien Lescar1

•
2

, Alain Roussel 1
, Jorge Navaza1

, Michelle W. Wien1
, Gisella 

Wengler3 and Gerd Wengler3 

1Laboratoire de Génétique des Virus, CNRS UPR 9053, 1, Avenue de la Terrasse, 91198 Gif-sur
Yvette Cedex, France 

2European Synchrotron Radiation Facility, BP220, 6 rue Ju1es Horowitz, 38043 Grenoble Cedex, 
France 

3Institut fiir Viro1ogie, Justus-Liebig Universitiit Giessen, 35392 Giessen, Germany 

Alphaviruses are enveloped viruses contammg an externa! icosahedral T=4 
glycoprotein shell which covers almost entirely the lipid bilayer. Glycoproteins E 1 and E2 
associate as trimers of a non-covalent E 1/E2 heterodimer to form 80 spikes. The lateral 
interactions between these spikes at the viral surface result in a protein scaffold, called the 
"skirt", outside the viral membrane. While E2 has a receptor recognition function, El has an 
interna! fusion peptide and is responsible for the low pH triggered membrane fusion step 
during entry. Our preliminary crystallographic results on the ectodomain of El (residues 1 to 
390) from Semliki Forest Virus (SFV) show that its overall fold is remarkably similar to the 
the fold of the fusion glycoprotein of flaviviruses . Inspection of the recently published 9A 
resolution cryo-EM reconstruction of SFV (Mancini et al, 2000} reveals that the long rod 
shaped El monomer fits in density corresponding to the skirt, lying horizontally about the 
quasi-twofold (Q2} axes that relate adjacent spikes in the viral surface. The association of E 1 
monomers about Q2 axes results in head-to-tail dimers strikingly reminiscent of the flavivirus 
fusion protein dimer found by X-ray crystallography (Rey et al, 1995}. The overall 
distribution ofthese 120 El dimers in the alphavirus surface is also similar to the T=3 model 
(containing 90 dimers) propósed for the flavivirus surface (Ferlenghi et al, 2000). Our data 
thus suggest that the fusion proteins of flaviviruses and alphaviruses belong to a different 
class of fusion proteins which "lie down" as dimers on the viral membrane surface at neutral 
pH and re-associate into a trimeric fusogenic form at low pH. 

References: 
Mancini, E.J., Clarke, M, Gowen, B.E., Rutten, T. and Fuller, S.D. (2000) Cryo-electron núcroscopy reveals the 
functional organization of an enveloped virus, Semliki Forest virus. Mol Ce//, 5, 255-266. 
Rey, F.A., Heinz, F.X, Mandl, C., Kunz, C. and Hanison, S. C. (1995) The envelope glycoprotein from tick
borne encephalitis virus at 2 A resolution. Nature, 375,291-298. 
Ferlenghi, 1., Clarke, M., Thomas, D., Ruttan, T., Allison, S.L., Schalich, J., Heinz, F.X., Hanison, S. C., Rey, 
F.A. and Fuller, S.D; (2000) Molecular organization of a recombinant subviral par1icle from tick-borne 
encephalitis virus. (subnútted) 
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The thermostability of influenza haemagglutinin and its biosynthetic 
precursor in relation to membrane fusion 

Skehel JJ,Stevens D,Calder L,Wharton S,Steinhauer D, Wiley DC. 

The subunits of the Influenza haemagglutirún trimer are biosynthesized as precursors 
that are proteolytically cleaved following trimerization, into two disulphide-linked 
polypeptides. Cleavage, which is required for membrane fusion, results in haemagglutinin 
molecules that are primed for subsequent activation of their fusion potential at low pH in 
endosomes. Activation can also result in vitro from incubation at elevated temperature at 
neutral pH; 62 °C for X31 HA that is activated at pH 5. 6 at 3 7C. These observations of the 
temperature dependence of fusion led to analyses of the relative thermostabilities of primed 
and activated HAs which have now been extended to comparisons with the thermostability of 
uncleaved precursor HAO. Heat induced changes in structure monitored by fluorescence 
spectroscopy, CD, EM, and proteolytic susceptibility,will be described and compared with 
those that occurr at fusion pH at physiological temperature. 
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Mutagenesis studies on the influenza HA fusion peptide 

D.A. Steinhauer*, K. Cross*, S.A. Wharton*, J.J. Skehel* and D.C. Wiley+ 

*National Institute for Medica! Research, Mili Hill, London NW7 !AA, UK +Department of 
Molecular and Cellular Biology, HHMI, Harvard University, Cambridge, MA 02138 

Membrane fusion mediated by the influenza virus hemagglutinin (HA) occurs following 
structural rearrangements of the molecule that are triggered by the acidification of endosomes. 
These conformational changes function to relocate the highly conserved N-terrninus of the HA2 
subunit toward the endosomal membrane. Subsequent interactions of this "fusion peptide" 
domain with the target membrane are generally regarded as being critica! for fusion. In common 
with functionally homologous domains of many other viral and cellular fusion proteins, the HA 
fusion peptide contains a number of large hydrophobic residues and severa! interspersed glycine 
residues. W e ha ve generated a large panel of HA mutants with changes to the first lO residues of 
HA2 in attempts to determine the requirements for fusion of specific amino acids at particular 
positions, and to analyze the relevance of the spacing among glycines and large hydrophobic 
residues in this region. These mutants were analyzed functionally and biochemically using 
expressed proteins, and the infectivity and growth characteristics of mutant influenza viruses 
generated by reverse genetics was also assessed. The fusion activity and infectivity of severa! 
mutants was found to be severely restricted, despite the observation that the HAs were capable of 
undergoing acid-induced conformational changes and associate with target membranes. We also 
observed that, without exception, every mutation to residues within the lO N-terminal HA2 
positions resulted in an elevated pH at which conformational changes were induced. This 
suggests that selective pressure to maintain the stability of the native HA structure as well as the 
capacity for fusion may be operating on this highly conserved domain. 
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Modular organization of the Friend murine leukemia virus envelope protein: 

implications for the mechanism of infection 

Anna Bamett and James M.Cunningham 

Department ofMedicine and Howard Hughes Medical Institute, Brigham and Women's 

Hospital and Harvard Medica! School, Boston, MA 02115 

The modular organization of the envelope protein of C type retroviruses has been 

exploited to investigate how binding of the surface subunit (SU) to receptors on susceptible 

cells triggers fusion mediated by the trans-membrane subunit (TM). We have shown that 

infection by Friend murine leukernia virus (Fr-MLV) is abolished by deletion of RBD, the 

domain in SU that binds to receptor. Infection is restored, however, by supplying RBD as a 

soluble protein. This demonstrates that a fusion-competent envelope protein can be assembled 

in the absence ofRBD, indicating that this domain is nota suppressor ofthe fusion mechanism 

that is inactivated by receptor binding. Fr-ML V that expresses an envelope protein in which 

the hormone, erythropoietin (Epo), has been inserted in place ofRBD is able to attach to cells 
that express the Epo receptor, but infection occurs only when soluble RBD is added and only 

on cells that express the receptor for RBD. These experiments indicate that upon binding to 

receptor, RBD establishes a functional interaction with the remainder of SU and/or TM that 

activates fusion . Based on sirnilarities in the organization and function ofthe envelope proteins 

of other viruses, including influenza, Ebola, HIV and Sendai, we speculate this mechanism of 

receptor-dependent infection has been widely adopted. 
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A hypothesis on coiled coil protein mediated membrane fusion 

Dr. Joe Bentz 

The hypothesis that formation of the extended coiled coil by HA creates a 
hydrophobic defect in the viral envelope provides a simple tranduction ofthe energy released 
by the fonnation ofthe coiled coil to the energy needed to create and stabi1ize the high energy 
intennediates of fusion (Bentz, 2000b). The same model can apply to the SNARE proteins 
and predicts a natural asymmetry between the requirements of the v- and t-SNARE anchors. 
The data ofMelilcyan et al. (1995), for the kinetics offirst fusion pore formation between HA 
expressing cells and planar bilayers containing gangliosides, has been analyzed using a 
comprehensive kinetic model for fusion (Bentz, 2000a). The coiJUilitted step in influenza HA 
mediated fusion begins with an aggregate of at least 8 HAs, called the fusogenic aggregate. 
The slow conformational change of2 or 3 ofthese HAs yields the formation ofthe first fusion 
pore. 

It was proposed for the HAs in the fusogenic aggregate that sorne of their HA2 N
termini, aka fusion peptides, are embedded into the viral bilayer. The HAs in the fusogenic 
aggregate are packed so closely that lipids from the viral envelope are restricted from 
diffusing into the center of the aggregate. The conformational change to the extended coiled 
coil extracts the fusion peptides from the viral bilayer. When this extraction occurs from the 
center of the site of restricted lipid flow, it exposes acyl chains and parts of the HA 
transmembrane domains, i.e. a hydrophobic defect is created. This would be the ''transition 
state" ofthe comrnitted step offusion. The defect is stabilized by a "dam" ofHAs, which are 
inhibited from diffusing away by the rest ofthe HAs in the fusogenic aggregate. Recruitrnent 
of lipids from the apposed target membrane can heal this hydrophobic defect, initiating lipid 
rnixing and fusion. 

We have probed the structure ofthe fusion site further using the data ofDanieli et al. 
(1996) for 1ipid mixing between HA expressing cells and R18 1abeled RBCs using the kinetic 
model described in Bentz (2000a). The results are compared with those of the first fusion 
pore kinetics. The rninimal fusion unit, i.e. the number of HA trimers at the fusion site which 
must undergo the essential conformationa1 change slowly, is 2-3 for both sets data. However, 
the ratio of fusogenic aggregates for the same pair of celllines was =10-fold 1ess for the lipid 
rnixing data. This can be explained by accumulation of HAs bound to sialates on glycophorin 
within the area of apposition between a RBC and HA expressing cell. The number of 
fusogenic aggregates, each composed of both bound and free HA, increases with this 
accumulation. Using the known HAl-sialate binding constant to estirnate the glycophorin-HA 
binding constant yields that the ratio of fusogenic aggregates would be reduced by the amount 
predicted from these data. The binding of HA to gangliosides in the planar bilayer is 
predicted to be much weaker, likely due to the closeness of the sialate to the bilayer surface. 
Remarkably, the number of unbound HA per fusogenic aggregate is equal to the mínima! 
fusion unit. Evidently, the unbound HAS within the fusogenic aggregate create the initial 
defect via the conformational change to the extended coiled coil, while the other HAs, 
whether bound or free, stabilize the defect. 

lt is clear that both viral and intracellular membrane fusion proteins contain a rninimal 
set of domains which must be deployed at the appropriate time during the fusion process. The . 
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model proposed in Bentz (2000b) has been extended in Bentz & Mittal (2000) to identify 
these domains and their functions for the four best described fusion systems: influenza HA, 
sendai virus Fl , HIV gpl20/41 and the neuronal SNARE core composed of synaptobrevin 
(syn), syntaxin (stx) and the N- and C- tennini of SNAP25 (sn25), together with the Ca2+ 
binding protein synaptotagmin (syt) . By comparing these domains. we have proposed a 
minimal set which appears to be adequate to explain how the confonnational changes can 
produce a successful fusion event, i.e. communication ofaqueous compartments. 

Refercnces: 
Bentz, J. 2000a. Minimal aggregate size and minimal fusion unit of the first pore formation in influenza 
hemagglutinin mcdiated membrane fusion .Biophys. J. 78:227-245. 
Bentz, J. 2000b. Membrane Fusion Mcdiated by Coiled-üli1s: A Hypothesis. Biophys. J 78:886-900. 
Bentz, J. and A. Mittal. 2000. Dep1oyment of Membrane Fusion Protein Domains during Fusion. CeU Biology 
1ntemational, in press . 
Danieli, T., S.L. PeUetier, Y.I. Henis & J.M White. 1996. Membrane fusion mcdiated by the influenza virus 
hemagglutinin requires the concerted action ofat 1east three hemagg1utinin trimers. J. CeU Biol. 133:559-569. 
Me1ikyan, G.B., W. Niles & F.S. Cohen. 1995. The fusioo kinetics of influenza hemagglutinin expressing cells 
to planar bilayer membranes is affected by HA surface deosity and host ceU surface. J. Gen. Physiol.. 106:783 -
802. 
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Membrane rearrangements and protein refolding in influenza 
hemagglutinin mediated fusion 

Leonid V. Chemomordik, Eugenia Leikina, Ingrid Markovic, Mikhail Zhukovsky, Helen 
Pulyaeva, Joshua Zimmerberg 

LCMB, NICHD, Nlli, Bldg. 10/Rm. 10004, 10 Center Dr. Bethesda, MD 20892, USA. 
Email address: lchern@helix.nih.gov 

To elucidate the pathway of hemagglutinin (HA)-mediated fusion we dissect it into a 
sequence of distinct membrane structures and protein conformations (Chernomordik et al., 
1998). In (Leikina and Chemomordik, 2000) to study early fusion intermediates at 
physiological temperature we slowed down the formation of advanced fusion intermediates by 
decreasing the number of low pH-activated HA molecules. We identified a new fusion 
intermediate, with the set of properties expected from restricted hemifusion. While lipid flow 
between the membranes was restricted, the contacting membrane monolayers were apparently 
transiently connected as detected by the transformation of this fusion intermediate into 
complete fusion with treatments known to destabilize the hemifusion diaphragm. These 
reversible connections disappeared within 10-20 min after low pH application indicating that 
after the energy released by HA refolding dissipated, the final low pH conformation of HA 
did not support membrane merger. Since formation ofthe transient restricted hemifusion sites 
at physiological temperature was as fast as a fusion pare opening and required less HA, we 
hypothesize that fusion starts with formation of multiple RH sites, only few of which then 
evolve to an expanding fusion pare. 

Lipid flow between Ínembranes in restricted hemifusion intermediates and in initial 
fusion pares is apparently hindered by multiple low pH-activated hemagglutinins. To address 
the possible role of HA interactions in fusion we studied the effects of the surface density of 
HA molecules on the percentage of HA activated at given pH. We found that the rate of low 
pH activation of HA considerably increases with the surface density of HA, suggesting that 
HA activation is facilitated by either direct or indirect trimer-trimer interactions. 
Cooperativity of HA activation can facilitate formation of functional multiprotein complexes 
at a stage of actual fusion. Our results are consistent with the hypothesis that HA-mediated 
fusion proceeds through the same membrane structures as fusion of protein-free bilayers 
(Chernomordik et al ., 1995). Formation of these intermediates, stalks and pares, apparently 
involves bending of membrane lipid monolayers within a ring-like complex of activated 
fusion proteins. 

References: 
l. Chemomordik, L., M. Kozlov and J. Zinunerberg. 1995. Lipids in biological membrane fusion. Joumal of 

Membrane Biology. 146:1-14. · 
2. Chemomordik, L. V., V. A Frolov, E. Leikina, P. Bronkand J. Zimmerberg.1998. The pathway ofmembrane 

fusion catalyzed by influenza hemagglutinin: restriction of lipids, hemifusion, and lipidic fusion pore 
formation. Joumal ofCel/ Biology. 140:1369-1382. 

3. Leikina, E. and L. V. Chemomordik. 2000. Reversible merger of membranes at the early stage of influenza 
hernagglutinin-mediated fusion. Mol Biol Ce/l. 11:2359-71. 
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The fonnation ofthe six-helix bundle ofHIV-1 gp41 requires membrane merger. Fredric 
S. Cohen1

, Ruben M. Markosyan1
, Mary K. Delmedico2

, Dennis M. Lambert2, Grigory B. 
Melikyan1

• 
1Rush Medica! College, Chicago, IL 60612; 2Trimeris Inc., Durham, NC 27707. 

Many viral fusion proteins exhibit six-helix bundles. There is little question that 
these bundles are critica! to the fusion process, but the precise role they play is not known. 
The creation of the bundles could bring membranes into el ose contact, but not participate 
further in the process. In this case, either the protein structure directly mediates fusion or 
additional protein conformational changes induce fusion. Altematively, bundle formation 
and fusion could occur virtually simultaneously. Ifthis is the case, the movement ofthe 
protein into the bundle would cause hemifusion and/or fusion. We are using Env ofHIV-1 
to address the role of the bundle in the fusion process. 

Effector cells expressing Env were fused to target cells expressing CD4 and CXCR4 
chemokine receptors. Fusion was monitored by spread of aqueous and lipid fluorescent 
dyes between effector and target cells or by electrical capacitance measurements. A 
temperature-arrested stage (T AS) of fusion was established by binding the effector and 
target cells together for severa! hours at 23°C. Fusion was significantly faster when 
temperature was raised to 37°C from TAS than when raised irnmediately upon binding the 
cells. At this intermediate of fusion, Env had undergone its CD4-dependent conformational 
changes but had not yet completed the CXCR4-dependent ones. It is well known that 
binding ofthe peptides T20 and T21 to Env prevent gp41 from forrning a six-helix bundle 
and that, for fusion systems in general, incorporation of lyso-phosphatidylcholine (LPC) in 
outer leaflets prevents hernifusion. The six-helix bundle had not yet formed by T AS, but 
the peptide binding sites had become exposed. As expected, by incorporating LPC in 
membranes after creating TAS, fusion did not result upon raising temperature to 37°C. The 
effect of LPC was reversible: lowering temperature and washing out the LPC led to fusion 
when temperature was again·increased. But the six-helix bundle had not formed at the LPC 
arrested stage: adding T20 or T21 after washing out LPC prevented fusion when 
temperature was raised. Because LPC prevents hernifusion, these results indicate that the 
bundle cannotform without membrane merger. lndependent experiments showed that if, 
after creating T AS, 37°C was maintained for times too short to induce fusion, the addition 
ofT20 or T21 still prevented subsequent fusion. This indicates that the bundle does not 
form until the fusion pore is created. If bundle formation is essential for pore formation, it 
follows that membrane merger and formation ofthe six-helix bundle are tightly coupled 
processes, occurring simultaneously. 
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A general principie for intracellular membrane fusion 

James E. Rothman 

Membrane-enveloped vesicles travel among the compartments of the cytoplasm of 
eukaryotic cells, delivering their specific cargo to programmed locations by membrane fusion. 
The pairing of vesicle v-SNAREs (soluble N-ethylmaleimide-sensitive factor attachment 
protein receptors) with target membrane t-SNAREs has a central role in intracellular 
membrane fusion. We have tested all ofthe potential v-SNAREs encoded in the yeast genome 
for their capacity to trigger fusion by partnering with t-SNAREs that mark the Golgi, the 
vacuole and the plasma membrane. Here we fmd that, to a marked degree, the pattern of 
membrane flow in the cell is encoded and recapitulated by its isolated SNARE proteins, as 
predicted by the SNARE hypothesis". 

References: 
McNew, J.A., Fukuda, R., Parlati, F., Johnston, R.J., Paz, K., Pawnet, F., Sollner, T.H., and Rothrnan, J.E. 2000. 
Compartmental specificity of cellular membrane fusion encoded in SNARE proteins. Nature 407:153-159. 

Parlati, F., McNew, J.A. , Fukuda, R., Miller, R. , Sollner, T.H., and Rothman, J.E. 2000. Topological restriction 

of SNARE-dependent membrane fusion. Nature 407 :194-198. 
Fukuda, R._, McNew, J.A., Weber, T., Parlati, F. , Engel, T., Nickel, W., Rotlm1an, J.E. and Sollner, T.H. 2000. 

Functional architecture of an intracellular membrane t-SNARE. Nature 407 :198-202. 
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SNAREs and exocytosis in the pancreatic acinar cell 

Alois Hodel, Seong J. An, Neal J. Hansen, Jared Lawrence and J . Michael Edwardson 

Department ofPharmacology, University ofCambridge, Tennis Court Road, Cambridge CB2 
IQJ, UK 

In the pancreatic acinar cell , digestive enzymes are packaged in a condensed form into 
zymogen granules (1). Secretagogue stimulation ofthe cell causes an elevation in intracellular 
Cal+ concentration (2), which in tum triggers fusion ofthe granules with the apical domain of 
the plasma membrane and secretion of the granule contents. Despite extensive study, the 
mechanism underlying zymogen granule exocytosis is still far from clear; however, sorne 
information is beginning to emerge about the proteins that mediate the exocytotic membrane 
fusion event. 

We have developed an in vitro assay in which isolated zymogen granules fuse with 
pancreatic plasma membranes and with each other. Both fusion events are Cal•-dependent, 
although they have different Cal+_sensitivities. By exploiting the ability of botulinum toxin 
C1 to cause specific cleavage of the Q-SNARE syntaxin, we have shown· that syntaxin 2, 
present on the apical plasma membrane, is essential for fusion between the zymogen granules 
and the plasma membrane, while syntaxin 3, on the granule membrane, mediates homotypic 
fusion between granules (3). Surprisingly, complete cleavage of the zymogen granule R
SNARE synaptobrevin 2 by tetanus toxin had only a minor effect on fusion. 

An attempt to identify novel syntaxin binding partners on the zymogen granule membrane 
led to the isolation of a 16-,kDa protein, named syncollin . Syncollin binds to syntaxin in a 
Cal+ -sensitive manner, and recombinant syncollin inhibits zymogen granule-plasma 
membrane fusion in vitro (4). Further, syncollin binds most efficiently to syntaxin 2, the 
apical membrane Q-SNARE. In light of these observations we proposed that syncoll in was 
involved in the control of exocytotic membrane fusion in the pancreatic acinar cell. More 
recently, we have shown that syncollin has an N-tenninal signa! sequence that directs its 
translocation across the membrane of the endoplasmic reticulum (5). The zymogen granule 
contains two pools of syncollin: one free in the lumen and the other bound to the luminal 
surface of the granule membrane. Membrane-bound syncollin is resistant to salt-washing of 
the granule membranes, but is removed by sodium carbonate. These results cal! into question 
the likely function of syncollin, and in particular the significance of its interaction with 
syntaxin. 

Removal of cholesterol from the granule membrane by treatment with methyl-~

cyclodextrin causes the detachment of syncollin, and this effect is enhanced at a high salt 
concentration. Purified syncollin is able to bind to brain liposomes at pH 7.6, but not at pH 
11.0, a condition that also causes its extraction from granule membranes. Syncollin binds only 
poorly to dioleoylphosphatidylcholine liposomes, but binding is dramatically enhanced by the 
inclusion of cholesterol. 

In taurodeoxycholate extracts ofzymogen granule membranes, syncollin behaves as a 120-
kDa oligomer. Imaging of purified syncollin by negative-stain electron microscopy reveals 
doughnut-shaped structures of outer diameter approximately 10 nm. The doughnuts are 
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remmtscent of structures found previously in the zymogen granule membrane by freeze

fracture, which were proposed to represen! pares. We tested the idea that syncollin has pore

forming properties by adding purified syncoll in to liposomes that had been loaded with a self

quenching concentration of carboxyfluorescein. We found that syncollin caused a 

concentration-dependent de-quenching, as a consequence of leakage of the probe from the 

liposomes. The ability of syncollin to permeabilize the liposomes was abolished by boiling 

the protein, and by raising the incubation pH to 11.0, conditions under which syncollin cannot 

bind to liposomes. 

We conclude that syncollin is able to interact directly with membrane lipids, and to insert 

into the granule membrane in a cholesterol-dependent manner. Further, we suggest that 

syncollin is able to penetrate the membrane completely, to form trans-membrane pores. lf this 

is the case, then it may after all interact with syntaxin within the acinar ce! l. 

Rcfereuces: 
l. Palade, G.E. (1975) Intracellular aspects of protcín synthesis. Science 189, 347-358 

2. Thom, P., Lawrie, AM., Smith, P.M. Gallacher, D. V. and Petersen, O.H. (1993) Local aud global ~losolic 

Ca2
• oscillatioos in exocrine cells evoked by agonists aud inositol trisphosphate. Ce//74, 661-668 

3. Hansen, N.J., Antonin, W. and Edwardson, J.M (1999) ldentiñcation of SNAREs involved in exOC)losis in 

!he paucreatic acinar cell. J. Biol. Chem. 274, 22871-22876 
4. Edwardson, J.M, An, S. aud Jahn, R. (1997) The secretory granule protein syncollin binds to syntax.in in a 

Ca2
• -seositive manner. Ce//9<1, 325-330 

5. An, S.J., Hansen, N.J., Hodel, A., Jahn, R. and Edwardson, J.M (2000) Analysis of tbe association of 

syncollin with !he membraue of !he paucreatic zymogen granule. J. Biol. Chem. 275, 11306-11311 
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Membrane traffic between endosomes and the Golgi apparatus 

Hugh R.B. Pelham 

MRC Laboratory ofMolecular Biology 
Hills Road, Cambridge CB2 2QH, UK 

The small geno me and relatively simple endomembrane system of yeast means that a 
complete description of the membrane trafficking pathways in this organism is achievable. 
The complete set of SNAREs is known, as are the Ypt (rab) GTPases and many other 
components that contribute to vesicle docking and fusion events. 

Seven distinct sites of specific budding and/or fusion can be defined, namely the ER, 
early Golgi, late Golgi, plasma membrane, early endosomes, late endosomes and vacuoles. 
Typically, each contains a different member of the syntaxin family of SNAREs. However, 
these SNAREs, like other integral membrane proteins, cycle between different compartments 
and thus do not ha ve an absolutely defined location. 

The cycling of proteins makes it particularly difficult to distinguish early endosomes 
from the late Golgi, since it appears that all membrane proteins that are considered late Golgi 
"residents" in fact cycle through early endosomes. Furthermore, these two compartments 
share a single syntaxin, Tlg2p. Perhaps because of this, early endosomes ha ve only recently 
been recognised as distinct organelles (1). They are defined functionally as the site from 
which certain endocytosed proteins such as the SNARE Snclp are retrieved from the 
endocytic pathway. 

Given the cycling of'SNAREs, how do vesicles choose their targets correctly in vivo? 
lt is likely that this is achieved not by integral membrane proteins but by peripheral proteins 
that recognise particular features of the organelles, such as their content of phosphorylated 
lipids. 

Ypt6p is a GTPase that appears to be present on both early endosome and late Golgi 
membranes, and is required for endosome-Golgi traffic. By genetic and biochemical studies 
we have identified a complex oftwo peripheral membrane proteins, Riclp and Rgplp, which 
forma specific nucleotide exchange factor for Ypt6p (2). This complex is restricted to Golgi 
membranes, and thus ensures that Ypt6p is activated only there. We have also identified two 
proteins that bind specifically to the GTP form of Ypt6p. These too are peripheral membrane 
proteins and indirect evidence suggests that at least one of them is present on endosomes. 
Thus, we hypothesise that docking of endosome-derived vesicles with the Golgi is mediated 
by the interaction of activated Ypt6p on the Golgi with an effector on the vesicles, and that 
this is followed by SNARE engagement and membrane fusion. 

References: 
l. Lewis, M.J., Nichols, B.J., Prescianotto-Baschong C., ruezman, H. and Pelham, H.R.B. (2000) Specific 
retrieval ofthe exocytic SNARE Snclp from early yeast endosomes. Mol. Biol. Cell 11, 23-38. 

2. Siniossoglou, S. , Peak-Chew, S.Y. and Pelham, H.R.B. (2000) ructp and Rgplp form a Complex that 
Catalyses Nucleotide Exchange on Ypt6p. EMBO J. 19, 4885-4894. 

Instituto Juan March (Madrid)



39 

Y east exocytic S NAREs 

Eric Grote, Chavela Carr, Misusu Baba*, Greg Vlacich, Marc Pypaert and Peter Novick 

Departament ofCell Biology, Y ale University 
*Japan Woman's University 

Exocytosis in yeast requires assembly of the secretory vesicle v-SNAREs Snclp or 
Snc2p and the plasma membrane t-SNAREs Sec9p and Ssolp or Sso2p into a SNARE 
complex. Mutations that block either secretory vesicle delivery or tethering prevent SNARE 
complex assembly. By contrast, wild-type levels of SNARE complexes persist in the secl-1 
mutant after a secretory block is imposed, suggesting a role for Seclp after SNARE complex 
assembly. In the secl8-l mutant, cis-SNARE complexes containing HA-Snc2p accessible to 
surface iodination accumulate in the plasma membrane. Thus, one function of Secl8p is to 
disassemble SNARE complexes on the post-fusion membrane. High-level expression of 
mutant Sncl or Sso2 proteins that have a C-terrninal geranylgeranylation signa! instead of a 
transmembrane domain inhibits exocytosis. The mutant SNARE proteins are membrane 
associated, correctly targeted, assemble into SNARE complexes, and do not interfere with the 
incorporation of wild-type SNARE proteins into complexes. Mutant SNARE complexes 
recruit GFP-Seclp to sites of exocytosis and can be disassembled by the Secl8p ATPase 
Heterotrimeric SNARE complexes assembled from both wild-type and mutant SNAREs are 
present in heterogeneous higher-order complexes also containing Seclp which sediment at 
greater than 20S. Based on a structural analogy between geranylgeranylated SNAREs and the 
GPI-HA mutant influenza virus fusion protein, we propase that the mutant SNAREs are 
fusion proteins unable to catalyze fusion of the distal leaflets of the secretory vesicle and 
plasma membrane. Mutation,of a methionine-based sorting signa! in the cytoplasmic domain 
of either Sncp inhibits Sncp endocytosis and prevents recycling of Sncp to the Golgi after 
exocytosis. sncl-M43A mutant yeast have reduced growth and secretion rates and accumulate 
post-Golgi secretory vesicles and fragmented vacuoles. However, cells continue to grow and 
secrete for severa! hours after de novo Snc2p or Snc2-M42Ap synthesis is repressed. Thus, v
SNARE recycling facilitates membrane fusion, but may not be essential. 
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Pathway of SNARE complex assembly 

Dirk Fasshauer 

Assembly of SNARE proteins between two opposing membranes into temary 
complexes is thought to be a key event in intracellular membrane fusion . In vitro, complex 
forming domains of the individual SNARE proteins are largely unstructured. Complex 
formation is associated with major conformational rearrangements and an increased thermal 
stability. The central domain ofthe temary synaptic SNARE complex consists ofan extended, 
parallel four-helix bundle. To this bundle synaptobrevin and syntaxin each contribute a single 
and SNAP-25 two helices. Syntaxin and SNAP-25 can forro a "binary" complex consisting of 
two syntaxins and one SNAP-25. This binary complex consists of a four-helix bundle similar 
to the temary complex, where the second syntaxin occupies the position of synaptobrevin. To 
investigate the molecular events and energetics of the assembly reaction in more detail, 
thermodynamic and kinetic studies on these complexes were carried out. The temary SNARE 
complex unfolds at temperatures above 80°C. In contrast, refolding occurs only below 65°C. 
A similar hysteresis between temary complex formation and unfolding was observed in the 
presence of denaturant. Hence, it is likely that the pathways for temary SNARE complex 
formation and unfolding are different. lnterestingly, the binary complex formed by SNAP-25 
and syntaxin is less stable and reversibly unfolds at temperatures around 45 oc. In addition, 
kinetic data imply that successful interaction of syntaxin and SNAP-25 must precede to allow 
for temary complex formation . Together, these data suggest that the binary complex is an 
intermediate for temary complex formation . 
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Control of the terminal phase of vacuole fusion 

Andreas Mayer 

Friedrich-Miescher-Laboratorium, Spemannstr. 37-39, 72076 Tübingen, Germany 
E-mail: Andreas.Mayer@ Tuebingen.mpg.de 

Fusion of intracellular membranes requires inital recogmtwn and docking of the 
membranes and subsequent bilayer rnixing. Most components identified so far kinetically map 
to the early binding and recognition events ( 1 ). Using in vitro fusion of yeast vacuo les as a 
model reaction we have identified a Serffhr protein phosphatase as a novel fusion factor 
associated with the vacuolar membrane. The phosphatase is essential for life. In contrast to 
SNARE complexes, whose function in a physiological membrane is restricted to earlier 
phases of the reaction, the phosphatase acts after recognition and binding of the membranes to 
each other, very close to or during bilayer/contents rnixing (2). lt is essential not only for 
membrane fusion at the vacuole but also for ER to Golgi transport and for endocytic 
trafficking. The protein is part of a high molecular weight complex which does not 
cofractionate with SNAREs but contains calmodulin. Calmodulin serves as Ca2+ receptor for 
an effiux of luminal calcium which is triggered by the docking event (3). We hence postulate 
that there is a universal apparatus controlling the final step of fusion - bilayer mixing - which 
is distinct from SNARE complexes. We propose that calmodulin and the Serffhr phosphatase 
are constituents of this apparatus. Further components of this complex are being identified 
and will be presented 

References: 
1) Mayer, A. (1999). Curr. Op. Cell Biol. 11 , 447. 
2) Peters, C., Andrews, P.o:, Stark., M.J.R., Cesaro-Tad.ic, S., Glatz, A., Podtelejnikov, A., Mann, M. and 

Mayer, A. (1999). Science 285, 1084. 
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Do presynaptic pla2 neurotoxins promote the fusion of synaptic vesicles 
at nerve terminals? 

Cesare Montecucco and Omella Rossetto 

·Centro-eNR-Biomembrane and Dipartimento di Scienze Biomediche, Universita di Padova, Via 
G. Colombo 3, 35121 PADOVA- Italy 

Snake presynaptic neurotoxins with phospholipase A2 activity block nerve terminals in 
an unknown way. They induce the release ofacetylcholine followed by blockade ofthe terminal, 
which degenerates. carateristically, the entire plasma membrane of the terminal poisoned by 
these neurotoxins is decorated with clathrin-coated omega-shaped invaginations. We propase a 
novel hypothesis to explain the mechanism of action of these snake toxins. They are suggested to 
enter the lumen of synaptic vesicles, following endocytosis, and hydrolyse phospholipids of the 
inner leaflet of the membrane. The trans-membrane pH gradient prometes the translocation of 
fatty acids to the cytosolic monolayer, leaving lysophospholipids on the lumenal !ayer. Such 
vesicles are highly fusogenic and release neurotransrnitter upon fusion with the presynaptic 
membrane, but cannot be retrieved because of the high local concentration of fatty acids and 
lysophospholipids, which prevents vesicle neck closure, giving rise to the omega-shaped 
membrane structures. 
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Poly(ethylene glycol)-mediated vesicle fusion: A mechanism in common with 
exocytotic and viral fusion 

Barry R. Lentz 

Program in Molecular & Cellular Biophysics 
Department ofBiochemistry & Biophysics 
University ofNorth Carolina at Chape! Hill 

Protein machines and lipid bilayers both play central roles in cell membrane 

fusion, a process crucial to life. M y lab models the role of lipids in fusion by examining 

the behavior of model membrane vesicles brought into clase inter-vesicle contact by 

poly(ethylene glycol) [PEG] (3). I summarize key observations and propase a common 

mechanism by which very different fusion machines (from lipid-enveloped viruses and 

synaptic vesicles) may function to produce compartment-joining pares. This mechanism 

presumes that protein fusion machines use stored conformational energy to assemble 
closely juxtaposed lipid bilayers, bend these to fusion-competent structures, stabilize 

unfavorable lipid structures, and destabilize a committed intermediate to drive fusion 
pare formation . Our studies aim to define changes in the lipid structures that occur 

during the fusion process and how these structural changes might be facilitated by a 

protein fusion machine. 

Our most recent progress has been in three areas: 

1] We have identified a IJiix of lipids that optimizes the fusion capacity of membrane 

vesicles. The particular mix of phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), sphingomyelin (SM), and cholesterol (CH) that optimizes PEG-mediated fusion of 

small, unilamellar vesicles tums out to be roughly the same mix seen in synaptic vesicles. 

The role of each lipid component of this mix will be discussed. 

2] The sequence of lipid structural changes that accompany fusion in small, unilamellar 

vesicles has been defined. Rapid mixing of lipids between the outer leaflets of contacting 

lipid bilayers is the fastest process observed. Minor leakage of aqueous contents between 

fusing compartments accompanies this event. Directed lipid movement from hemi-fused 

outer leaflets to unfused inner leaflets is the next process we detected. The final stage of 

the process was defined by extensive rnixing of vesicle trapped aqueous contents and 

mixing of the inner leaflets of fusing bilayers. This series of events agrees with that 

previously reported for less highly curved vesicles (1, 2), although the intermediates were 

less stable and thus less well defined in the most highly curved membranes. 

3] We have examined the influence of various forrns of membrane stress (curvature, 

osmotic, and hydrophobic perturbant) on PEG-mediated fusion. A negative osmotic 

gradient (high osmotic pressure outside) favored fusion, while a positive gradient 

inhibited fusion. The effect of a negative gradient was not dueto induction of curvature 

in osmotically distorted vesicles. Hydrophobic perturbants largely overcame the 
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inhibition due to a posihve osmotic gradient. We have interpreted these results by 
calculating the free energies of the structures our results suggest are present during the 
fusion process. We propose that both hydrophobic perturbants and a negative osmotic 
gradient lower the free energy of hydrophobic interstices that dominate the free energy of 
fusion intermediates. Finally, we have examined the ability of different fluorescent 
pro bes to detect interstices and have used one of these to follow interstice build-up and 
disappearance during the fusion process. 

References: 
l. Lee, J., and Lentz, B. R. (1997) Biochemistry 36, 6251-9. 
2. Lee, J., and Lentz, B. R. (1998) Proc Natl Acad Sci U S A 95, 9274-9. 
3. Lentz, B. R., and Lee, J. K. (1999) Molecular Membrane Biology 16, 279-296. 
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Membrane fusion induced by phospholipases C 

Félix M. Goñi 

Unidad de Biofisica (eSie-UPV/EHU), and Departamento de Bioquímica, Universidad del 
País Vasco, Aptdo. 644, 48080 Bilbao -Spain-

In the past years we have described the fusion of lipid vesicles induced by: bacteria! 
Pe-preferring phospholipase e (1), sphingomyelinase (2), a combination ofphospholipase e 
and sphingomyelinase (3), and, more recently, by PI-specific phospholipase e (4) . 

The purpose of this presentation is threefold: (a) to review the common aspects of the 
above fusion processes, (b) to explore possible underlying similarities between 
phospholipase-induced and virus-induced fusion, and (e) to put these findings in the context 
ofthe physiological processes ofmembrane fusion. 

References: 
l . Nieva et al. ( 1989) Biochemistry 28, 7364-7367 

2. Basáñez et al. (1997) Biophys. J. 72,2630-2637 

3. Ruiz-Argüello et al. (1 998) J. Biol. Chem. 273, 22977-22982 

4. Yillar et al. (2000) Biochemistry, in press. 
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Target-membrane partitioning regions within ectodomains of viral 
fusogenic envelope glycoproteins 

José L. Nieva. 

Unidad de Biofísica (C.S.I.C.-U.P.V./E.H.U.) and Departamento de Bioquímica, 

Universidad del País V aseo, Aptdo. 644,48080 Bilbao, Spain. 

Fusion mediated by envelope viral proteins is an example of a process driven by 

highly regulated protein-lipid interactions. We suggest here that the initial interaction 

of the viral fusion protein with the target cell membrane can be analyzed in terms of a 

partitioning process of the protein ectodomain between the aqueous phase and the 

outer lipid monolayer of the target membrane. In arder to analyze in a quantitative 

way the energetics of partitioning of prototypical ectodomains into membranes we 

have adopted a novel approach, namely the evaluation of the peptide interfacial 

hydrophobicity. This approach is based on experimental measurements of the free 

energy of partitioning into membrane interfaces of the individual amino acids as 

determined by Wimley and White (reviewed in: 1). 

lnterfacial hydrophobicity analysis of the primary structure of severa! envelope 

products reveals the presence within protruding ectodomains of two membrane

partitioning regions, namely, the "fusion peptide" (2) and the "pretransmembrane" 

stretch (3), separated by a collapsible intervening sequence (4). 

The partitioning energetics of known secondary structure elements can also be 

analyzed taking into account the per-residue free energy change upon peptide folding 

(5). According to our free energy computations, protein-membrane complex 

formation would be favored against formation of coiled-coil structures by N-terminal 

heptad domains. 

Finally, several proposed mechanisms for ectodomain-target membrane interactions 

will be discussed in view of the partitioning free energy distribution within three 

dimensional structures determined by X-ray crystallography. We conclude that the 

local organization and spatial distribution of membrane partitioning regions within 
viral fusion protein ectodomains might represent common structural motifs related to 

the fusogenic function. 
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Molecular mechanisms of membrane trafficking and exocytosis 

Richard H. Scheller 

Department ofMolecular and Cellular Physiology, Stanford University School ofMedicine, 
Stanford CA 94305 

The organization of membrane compartments: 

If SNARE complex formation is indeed the driving force behind membrane fusion, 
perhaps the specificity of vesicle trafficking is, at least in part, determined by the selective 
pairing of SNAREs localized to particular membranes (Sollner et al., 1993; Bennett and 
Scheller, 1993). Ifthis hypothesis is true, severa! criteria should be met. First, there should be 
a large number of SNARE proteins expressed in cells and second, they should be specifically 
localized to the various membrane compartments within cells. Third, the various SNARE 
proteins should form specific sets of complexes consistent with the known membrane 
trafficking pathways within cells. We have initiated a series of studies to rigorously test tlús 
hypothesis. 

The first step is to determine the number and organization of SNAREs in mammalian 
cells. Since the number of SNARE proteins has turned out to be quite large, this has been a 
labor-intensive, although interesting, project. We have used severa) approaches to characterize 
SNARE proteins. The first approach makes use of an observation from the nervous system 
that reveals immunoprecipitation of a particular SNARE results in the coprecipitation of 
interacting proteins. This approach was used to characterize many of the SNAREs importan! 
in vesicle trafficking between the ER and the Golgi (Hay et al. , 1997). Another approach has 
been to define potentially n~\.v SNARE proteins through the expressed sequence tag database. 
In this approach, we use EST sequence information to define predicted proteins and then, 
through epitope tagging and generation of specific antibodies, characterize the protein 
{Advani et al ., 1998; Steegmaier et al ., 1998). We have now defined the localization of 
numerous SNARE proteins within the secretory pathway of mammalian cells at the light and 
electron microscopic levels. We certainly conclude at this stage that many, if not all, 
membrane compartments have a distinct composition of SNARE proteins consistent with 
their having important roles in determining the specificity of membrane compartment 
organization. We are also actively engaged in studying the function of these proteins using 
permeabilized cell systems. Recently we have been successful in devising systems to study 
the recycling of transferrin receptors and the degradation of EGF as probes of the endocytic 
membrane trafficking pathways within cells (Prekeris et al ., 1998). 

Now that we have characterized many SNARE proteins, we are in a position to ask if 
their binding to each other is consistent with the known trafficking pathways within cells. We 
demonstrated that 21 pairs of complexes formed in vitro and that they were all of high, 
although somewhat variable, thermal stability. From these studies, we conclude that the 
information for the specificity of membrane fusion is not defined by the ability of the proteins 
to form specific complexes (Yang et al., 1999). Tlús does not rule out a role for the SNAREs 
in determining the specificity of membrane fusion events, nor do we conclude that SNARE 
pairing is not specific in vivo. We simply conclude that the information for the specificity is 
likely not encoded by the ability ofthe proteins to form complexes. 
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Membrane fusion complexes in exocytosis and viral entry 

Joshua Zimmerberg. Vadim Frolov, Thomas S. Reese, Paul Blank, Leonid Chernomordik, 
and Jens Coorssen 

LCMB, NlCHD, Nlli, Bethesda 

The wave of intracellular calcium at fertilization causes - 15,000 cortical secretory 
vesicles to exocytose. An in vitro preparation of these vesicles and the plasma membrane 
fuse in response to calcium. The vesicles are all docked and fully primed. By combining 
physiological and molecular approaches, we have characterized the final steps of calcium
triggered exocytosis in sea urchin eggs. The non-linear relationship between the free calcium 
concentration and the rate of exocytosis can be explained solely by the calcium-dependence of 
the distribution of active fusion complexes at vesicle docking sites. The properties of this active 
complex are compared with the properties ofthe heterotrimeric SNARE protein complex that 
is present in the cortical vesicle system. SNARE proteins have multiple trypsin cleavage 
si tes, we can test whether trypsin-specfic loss of one or more of the SNAREs correlates with 
the loss of Ca2

+ sensitivity or fusion. lncreasing concentrations of trypsin produced a 
progressive rightward shift in the curve ofthe Ca2

+ sensitivity offusion anda gradual decline 
in the extent offusion, eventually resulting in a complete block oftriggered fusion. The loss 
of the SNARE proteins did not correlate with the loss of fusion, rather with calcium 
sensitivity. Thus, although the SNAREs may be necessary for optimal Ca2

+ sensitivity, they 
are not sufficient to catalyze membrane fusion. Another trypsin-sensitive protein must be 
essential for calcium-triggered membrane fusion other than the SNAREs. The SNARE 
complex appears to promote the calcium sensitivity of fusion, possibly by defining or 
delimiting a localised, focal membrane fusion site that ensures rapid and efficient exocytosis 
in vivo . 

In viral fusion, we can visualize a contact site mediated by the ectodomain of 
influenza HA. Membrane fusion intermediates induced by HA and lipid-anchored HA (GPI
HA) were investigated by rapidly frozen, freeze-substitution, thin section electron 
microscopy, and with simultaneous recordings of whole-cell admittance and fluorescence. 
Upon triggering, the previously separated membranes developed, when viewed by electron 
microscopy, numerous hourglass shaped contact sites comprised ofboth membranes (-10-130 
nrn waist). Stereo pairs showed close membrane contact at peaks of complementary 
protrusions, arising from each membrane. With HA, there were fewer contacts, with wide 
fusion pores. Physiological measurements showed fast lipid dye mixing between cells after 
acidification, and either fusion pore formation or the lack thereof (true hemifusion, more often 
for GPI-HA). Our findings are consistent with a pathway wherein conformational changes in 
the ectodomain of HA pulls membranes towards each other to form a contact site, then 
hemifusion and pore formation initiate in a small percentage ofthese contact sites. Finally, 
the transmembrane domain of HA is needed to complete membrane fusion for 
macromolecular content mixing. 

Refereoces: 
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Interactions of the SFV internal fusion peptide with membranes. Role of 
membrane composition and protein environment 

Aitziber Agirre, Francisca B. Pereira,- José L. Nieva 

The alphavirus Semliki forest (SFV), penetrates into cells trough receptor-mediated 
endocytosis. Exposure to the low pH present in the lumen of late endosomes promotes fusion of 
virions with the membrane of these organelles following a yet unresolved mechanism. The 
putative fusogenic subdomain of the SFV El spike protein is an interna! peptide including 
residues 75DYQCKVYTGVYPFMWGGA YCFCD97. This sequence is predicted to partition 
into membranes and adopt a characteristic topology on the basis of the Wirnley-White scales of 
free energies oftransfer from water to membrane-interfaces and to octano! [Wirnley, W. C., and 
White, S. H. (1996) Nature Struct. Biol. 3, 842-848). A synthetic peptide representing this region 
penetrates into membranes and destabilizes them at acidic pH 5.5 but not at neutral pH 7.4. A 
recombinant fragment comprising El residues 1-151 also interacts with membranes depending 
on the pH. Synthetic fusion peptides and recombinant fragments containing the G91D 
substitution, known to abrogate El-induced fusion activity, lack the ability to interact with and 
perturb membranes. We conclude that the predicted SFV fusion peptide may spontaneously 
interact with membranes and that this ability may be indeed expressed within the context of the 
neighbouring El sequences. 
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The role of different signalling pathways in acetylcholine-induced 
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Secretion in rat pancreatic acinar cells induced by 6 min applications of acetylcholine 
(ACh) can be sub-divided into an initial burst, probably representing the fusion of docked 
vesicles, and a slower phase, that can result from the translocation of vesicles from an 
intracellular pool (Campos-Toimil et al., J. Physiol., in press). Here we investigate the effects of 
2,3-butanedione monoxime (BDM, a myosin ATPase inhibitor), SB 203580 (SB, a p38 MAP 
kinase inhibitor) and bisindolylmaleimide 1 hydrochloride (BIS, a PKC inhibitor) on ACh
evoked secretion. Quantification of zymogen granule exocytosis was done by time-differential 
analysis of digital images. Changes in [Ca2+]i were measured by imaging fura-2 fluorescence. 
We also investigated the effects of these drugs on the agonist-induced redistribution of actin 
filaments using FITC-phalloidin staining. BDM and SB inhibited the second phase of the 
exocytotic response to ACh, while BIS was without effect. Both SB and BIS reduced the plateau 
of ACh-induced changes in [Ca2+]i, but BDM had no effect. Interestingly, BDM both inhibited 
the redistribution of actin filaments after stimulation with ACh and slightly delayed the 
exocytotic burst. In conclusion, the results with BDM imply a direct role for myosin ATPase in 
the final stages of exocytosis in rat pancreatic acinar cells, while the effects of SB may support a 
role for p38 MAP kinase in the mobilization of a reserve pool of zymogen granules. In contrast, 
the lack of effect of BIS suggests that PKC plays no part in the final steps of the secretory 
pathway in these cells. 
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HIV -1 infection 
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HIV -1 infection triggers lateral membrane diffusion following interaction of the 
viral envelope with cell surface receptors. We show that these membrane changes are 
necessary for infection, as initial gp 120-CD4 engagement leads to redistribution and 
clustering of membrane microdomains, enabling subsequent interaction of this complex 
with HIV -1 coreceptors. Disruption of cell membrane rafts by cholesterol depletion before 
viral exposure inhibits entry by both X4- and R5 HIV-1 strains, although viral replication in 
infected cells is unaffected by this treatment. This inhibitory effect is fully reversed by 
cholesterol replenishment of the cell membrane. These results indicate a general 
mechanism for HIV-1 envelope glycoprotein-mediated fusion by reorganization of 
membrane microdomains in the target cell, and offer new strategies for preventing HIV -1 
infection. 
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rhabdovirus using synthetic combinatoria! peptide libraries 
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Universidad de Valencia. Spain 

Synthetic peptides were previously shown to interfere infectivity and membrane fusion 
processes for different enveloped virus (Kliger et al, 2000; Ferrer M et al , 1999; Lambert et al , 
1996) but not yet for rhabdovirus. In this work, we tested the ability of a mixture-based 
combinatoria! peptide libraries ( 6 and 16-mer) in a positional scanning format to inhibít the 
entry/fusion of the VHS rhabdovirus. By the contrast, we found using a microneutralization 
assay (Lorenzo et al 1996), that two hexadecapeptides (p005 and p006) strongly enhanced the 
viral infectivity on susceptible cells (3-4 fold) . A similar viral infectivity enhancement caused by 
RANTES has al so reported for HIV -1 (Gordon et al, 1999; Trkola et al , 1999). Sin ce the 
infectivity enhanced capacity could be the result of direct interaction with specific viral or . 
cellular components, we investigated the possible mode ofinteraction ofthese peptides with lipid 
bilayers and with the G glicoprotein of the VHSV by biophysical and biochemical techniques. 
Preliminary results have shown that the peptide p006 destabilizes membranes as it was 
previously reported for an N-terminal region of G protein of VHSV (Fr#11, aa 56 to 110) 
(Estepa et al, submitted) and increases the viral-cell fusion, while the p005 seems to interact 
specifically with the surface glicoprotein of the virus. The present findings could be importan! 
theoretical and practica! implications. First, understanding the underlying mechanisms might 
throw light on fundamental · processes of early steps of viral infections, in particular for 
rhabdovirus. Second, opening perspectives for to obtain new recombinant rhabdovirus vectors 
with high rate of infection for displaying foreign antigens, delivering therapeutic genes, vaccines, 
etc. Furthermore, this enhancing effect induced by the peptides could be used to improve 
sensitivity ofrhabdovirus detection tests based on viral infectivity. 
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Role of the NH2-terminal B-hairpin of ribotoxins on its ability to degrade 
RNA and to interact with phospholipid membranes 
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Alpha-sarcin and restrictocin are two ribotoxins which sequences differ in only 19 
residues. The most significant changes are located in the loops and the amino-terrninal beta
hairpin. This amino-terrninal structure is absent in the other microbial non-toxic RNases. The 
three-dimensional structure of alpha-sarcin is well known (l) but, unfortunately, the restrictocin 
structure lacks electron density for this amino-terminal hairpin and therefore its conformation it 
is not known (2). Two of these residues of alpha-sarcin ha ve been substituted by the equivalent 
amino acids in restrictocin. Two single mutants (KllL and T20D) and the corresponding 
K 1 1 Lff20D variant have been produced in E. co/i and purified to electrophoretical homogeneity. 
The spectroscopical characterization of the purified proteins reveals that the original native 
alpha-sarcin structure is preserved. Indeed their ability to specifically inactivate ribosomes it is 
also retained. However, the activity of Kl IL against non-specific substrate analogs such as 
poly(A) is significantly reduced. Much smaller changes are observed when Thr 20 is the residue 
substituted. On the other hand, although the three mutants studied interact with DMPG vesicles, 
KllL showed a different behaviour when compared with the wild-type protein in terms of 
aggregation. lipid-mixing, and leakage of the model vesicles employed. The results obtained 
allow to propase that the amino-terrninal beta-hairpin is needed to maintain a ribonucleolytic 
competent conforrnation against non-specific substrates, such as poly(A) or ApA. More 
interestingly, this protruding structural element does participate in the protein-lipid interactions, 
including fusion of the lipid model systems, as minar conforrnational changes can alter the 
behaviour of ribotoxins when interacting with membranes. 
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Proteolytic processing of a truncated anchorless mutant form (FTM-) of the fusion 
protein (F) of Human Respiratory Syncytial Virus (HRSV) has been studied. FTM- lacks the 
C-terrninal 50 ami no acids of the F protein. FTM- was expressed from vaccinia recombinants 
and purified by inmunoaffinity chromatography. SDS-P AGE of F™- revealed three bands 
that contain the F 1 chain. Characterization of the three bands was done by westem blotting 
with a rabbit serum raised against a peptide of the F2 chain ( amino acids 1 04-117); N-terminal 
sequencing ofthe bands and mass spectrometry oftheir tryptic peptides. The results obtained 
demonstrated that the three bands corresponded to different products of proteolytic cleavage: 
i) the uncleaved precursor (F 1+2), ii) a partially processed product with the last 27 ami no acids 
ofthe F2 chain (starting at the ami no acid 110) covalently bound to F 1 (F l+2t), and iii) the fully 
processed F1 chain. In addition, mass spectrometry of the tryptic peptides of the F2 chain 
suggests that the mature forrn ofthis chain ends at amino acid 109. Site-directed mutagenesis 
at residues Arg 108 and Arg 109 indicated that both residues were needed for generation of 
F 1 +2t product. These results suggest that proteolytic processing of the FTM- protein precursor 
may involve the cleavage at two different sites, one after amino acid 109 and the other after 
the polybasic sequence (KKRKRR) after amino acid 137. 

F protein expressed from vaccinia recombinants and HRSV were also purified by 
inmunoaffinity chromatography. Both preparations of full-length F protein also contain the 
F1+21 product, as seen in westem blot. In addition, the size ofthe F2 chain ofthe F protein is 
the same as that of F™-· These results suggest that proteolytic cleavage of the full-length F 
protein is similar to that ofF™-· 

Electron microscopy ofthe full-length F protein in the absence of detergents revealed 
micelles (i.e., rosettes) containing two distinct types of rods, one cone-shaped and the other 
lollipop-shaped. Analysis of F™- molecules showed individual cone-shaped rods and a low 
proportion of rosetted lollipop-shaped rods. Limited trypsin digestion of FTM-. under 
conditions that cleaved F1+2 and F1+2t, showed a transition from individual cone-shaped rods 
to rosetted lollipop-shaped rods. A similar transition from eones to lollipops was observed in 
the micelles of full-length F after limited trypsin digestion. These results indicate that the rods 
and lollipops may represent different conforrnations of the F molecule and that proteolytic 
processing may trigger transition from one conforrnation to the other. 
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Ooning and expression of sprint, a DrosophiltJ homologue of RINl 
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Tbe small GTPasc Ras is critica} for rcgulation of growth and dífferentiation 

during dcvelopment. The mammalian protein RINI is a potential Ras effector protein, 

wbich can also interact with the Abelson tyrosine kinase. However, its biologieal function 

is unknown. We have identified the Drosophila homologue of RlNl, called sprint, for 

~. p.oly-proline containing Ras intera.ctor. The sprinJ Iocus is very large and contains at 

least two differcntially expressed isoforms (sprint -a and sprint -b). Both isoforms are 

expressed in the ovary and maternal mRNA is deposited into embryos. In addition, sprint 

is zygotically ex:pressed in the developing midgut, amnioserosa and in a specific subset of 

CNS neurons. In the embryo, the expression pattems of the two sprint isoforms are 

temporally distinct suggesting that the isoforms may have unique functions. 

The sprint locus encodcs a large, multidomain molecule witb no obvious catalytic 

activity. It consists of a¡i SH2 domain, a protine-rich region, a domain similar to the Rab5 

GDP/GTP exchange factors RABEX and VPS9, and a Ras-binding domain. In 

Drosophila Schneider cells overexpressed Sprint protein is localised to structures wbich 

may be vesicles. The structure and subcellular localisation of Sprint suggest that it might 

provide a link between tyrosíne kinase!Ras signating and Rab-mediated vesicle dynamics. 
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Coronavirus are enveloped positive-strand RNA viruses. Co-expression of the E and M 
proteins from transrnissible gastroenteritis virus (TGEV) leads to the formation of the virus 
membrane, releasing virus-like particles (VLPs) from the cells, indicating that these two proteins 
constitute the rninimal assembly machinery of virus envelope. Packaging cell lines stably 
espressing individual TGEV structural proteins (E, M, N, and 7) were established by using the 
non-cytopathic Sindbis virus replican expression vector pSINrep21 (Frolov, l., et al., 1996). The 
cell lines were generated by transfection of these constructs in BHK-21 cells that constitutively 
expressed porcine aminopeptidase-N, the major receptor for TGEV (Delmas, B. et al., 1992). 
The expression of TGEV proteins was detected by Westem blot and immunocitochemistry and 
could be mantained at 1east during ten passages in cell culture. The presence of the Sindbis virus 
replican did not interfere the production of infective TGEV viral particles in these celllines, as 
assessed by virus titration (108 p.f.u./ml). Knocked-out TGEV genomes are being generated 
from the cDNA generated in our laboratory (A1mazan, F. et al. , 2000) in order to produce 
defective viral particles that can be complemented in trans by the packaging cell lines. This 
system will be very helpful to understand coronavirus assembly and budding, and also the role of 
the viral proteins in TGEV morphogenesis. 
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The vaccinia virus H3L gene encodes for a 35 k.Da protein that is expressed late during 
infection and is inserted in the outer membrane of intracellular mature virus (IMV). This 
protein has been implicated in the increased viral infectivity after phosphatidyl-serine 
treatment and may be importat in the process of viral penetration. We have obtained 
monoclonal antibodies with a low capacity for virus neutralization and inhibition of virus
induced cell fusion. Although, repeated attemps to generate a deletion mutant by replacing 
most of the coding sequence by the xanthine guanine phosphoribosyl transferase gene were 
negative, we have obtained recombinant viruses with the H3L protein expression highly 
repressed by the Lacl repressor/operator system of E. coli. Analysis of these virus 
recombinants showed that under conditions ofmaximal repression ofH3L protein expression 
the plaque size was only slightly reduced. This result suggested that this gene is not essential 
for viral multiplication in vitro. However, the production of infectious IMV was reduced to 
less than a l 0%, but the EEV yield was almost similar to that obtained with wild type virus. 
The similar capacity ofthis mutant to induce cell fusion "from within" might support a correct 
virus release. The reduced infectivity of IMV was related with a reduced adsorption ability. 
The absence of the H3L protein On the surface of IMV made this virus more resistant to 
heparan sulfate-induced inhibition of vaccinia virus binding to cells. There is a transcript 
expressed early that initiates ,inside the H3L gene and encodes for the carboxi terminus of the 
35 k.Da protein. In light ofthe results obtained during the generation of deletion and inducible 
mutants, we suggest that the expression ofthis early transcript would be sufficient for correct 
viral dissemination in vitro. On the other hand, the amino terminus of the 35 k.Da protein 
would contain a region essential for IMV adsorption to cells, most likely via a heparan 
sulfate-containing receptor. 
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Steps involved in Paramyxovirus fusion mediated by 
the SVS fusion (F) protein 

Charles J. Russell 

While only differing by three amino acids, the Fusion (F) proteins of the SVS WR and 
W3A strains either do or do not require, respectively, their homotypic binding proteins (HN) to 
promete fusion. Mutations at the three differing residues show native prolines contribute to faster 
fusion kinetics, lower activation temperatures, and HN-independent fusion. WR F did not require 
coexpression ofHN for fusion at elevated temperature. For paramyxoviruses, the requirement for 
a homotypic binding protein for fusion may be circumvented by either thermal activation or 
destabilizing mutations which overcome energetic barriers of presumptive metastable native 
states of F. Peptides from heptad repeat regions of the W3A F ectodomain were used for 
inhibition studies. The N-1 peptide inhibited fusion after target cell binding at a temperature
arrested stage only when F was coexpressed with HN, suggesting specific interactions between 
HN and F lead to a conformational change in F in the absence of thermal activation. The C-1 
peptide only inhibited fusion transiently after thermal activation. Reversible lipidic fusion 
inhibitors were used to show that C-1, but not N-1 , inhibits fusion until the actual membrane 
merger. The results suggest the peptide-binding regions of F undergo changes in accessibility 
and conformation during target cell binding, fusion activation, and membrane merger. 
Apparently, 6-helix bundle formation is directly coupled to fusion . The coupling of he! ix-bundle 
formation and membrane merger may be similar for fusion by HIV gp41 and SNARE complexes 
but different for fusion by influenza HA. 
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characterization of the sequence proximal to the transmembrane anchor 
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We report here the detection and characterization of a membrane-interacting domain 
located preceding the transmembrane anchor of GP2, the fusogenic subunit of Ebola 
glycoprotein. Detection has been carried out using a new method consisting in the analysis ofthe 
interfacial affinity displayed by the polypeptide sequence (Wimley-White). Experimental 
characterization, including intrinsic fluorescence changes, leakage of aqueous contents from 
vesicles and penetration into lipid monolayers, showed that the Ebola GP pretransmembrane 
sequence partitioned into membranes of different lipid compositions, but required the presence 
of phosphatidylinositol to perturb them and induce efficient permeabilization. Structural analysis 
by infrared spectroscopy confirmed that: i) the sequence in solution was partially folded; ii) 
partitioning into membranes stabilized an a-helical conformation. Evaluation of the exclusion 
surface pressure for insertion demonstrated that penetration was more effective into lipid 
monolayers containing phosphatidylinositol. We conclude that the Ebola GP2 ectodomain 
contains two main membrane-partitioning domains, the fusion peptide and the pretransmembrane 
sequen ce. 
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A small cysteine-flanked hydrophobic region and a conserved region within 
the 40 residue ectodomain of PIO are essential for fusion activity 
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We have identified two novel proteins (plO) encoded by non-enveloped reoviruses 
capable of inducing cell-to-cell fusion from within. PIO is an extremely small (IOKda) non
structural accessory protein, not essential for viral entry and replication. These unique 
characteristics suggest that unlike the fusion proteins of enveloped viruses, plO may not 
require mechanisms that regulate the fusion activity and may contain the mínima! 
determinants required to direct membrane localization, destabilization and fusion. PIO is a 
surface localized integral membrane protein with an N-terminal out topology. The direct 
involvement of the ectodomain in fusion is supported by the inhibitory action of N-terminal 
specific antibodies on the fusion activity of p10. The 40 residue ectodomain lacks an 
extended heptad repeat and therefore it is unlikely that in plO-mediated fusion, extensive 
conformational changes (such as those that accompany membrane fusion induced by certain 
enveloped viruses) provide the energy to overcome the thermodynamic barriers to membrane 
fusion . Sequence comparison between the p 1 O proteins of avían and N el son Bay reoviruses 
revealed two conserved regions within the pi O ectodomain. Nine residues downstream ofthe 
N-terminus is a moderately hydrophobic !l-amino acid sequence flanked by conserved 
cysteines. Mutational analysis shows that both cysteines are absolutely essential for p 10-
mediated fusion despite continued p10 surface expression. The cysteines are not involved in 
intermolecular disulphide bonds, but may forma disulfide-bonded loop. An amphipathic loop 
structure has been proposed for severa! interna! fusion peptides of enveloped viruses in 
addition to sorne antibacterial peptides and lipid exchange and lipase proteins, perhaps 
indicating a new common motif for lipid interactions. Severa! methods are presently 
underway to demonstrate the presence of a loop. The overall hydrophobicity of this motif is 
considerably less than that of N-terminal fusion peptides of enveloped viral fusion proteins 
according to the normalized consensus scale of Eisenberg. Mutations that alter the 
hydrophobic distribution within this region destroy fusogenic activity of p 10 and will be 
discussed. The second motif within the ectodomain of p 1 O, a linear sequen ce of 1 O residues 
with absolute conservation, is also essential for p 1 0-mediated fusion as demonstrated by 
severa! site-specific mutations. P10 ectodomain-lipid interactions are presently under 
investigation in attempt to designate roles to the hydrophobic and conserved domains. The 
ectodomain of p 1 O may reflect the mini mal requirements for destabilization of, and fusion 
with, acceptor membranes, devoid of complex conformational changes necessary for 
regulation and specificity of fusion. 
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We have identified a region within the ectodomain ofthe fusogenic HIV-1 gp41, different 
from the fusion peptide, that interacts strongly with membranes (1,2) . This conserved sequence, 
that immediate1y precedes the transmembrane anchor, is not highly hydrophobic according to the 
Kyte-Doolittle hydropathy prediction algorithm, yet it shows a high tendency to partition into the 
membrane interface as revealed by the Wimley-White interfacial hydrophobicity scale (3). We 
have investigated here the membrane effects induced by NH2-
DKWASLWNWFNITNWLWYIK-CONH2 (HIVc) the membrane interface-partitioning region 
at the C-terrninus of gp41 ectodomain, in comparison to those caused by NH2-
A VGIGALFLGFLGAAGSTMGARS-CONH2 (HIVn) the fusion peptide at the N-terminus of 
the subunit. Both HIVc and HIVn were seen to induce membrane fusion and permeabilization, 
although lower doses ofHIVc were required for a comparable effect to be detected. Experiments 
in which equimolar mixtures ofHIVc and HIVn were used, indicated that both peptides may act 
in a cooperative way. Peptide-membrane and peptide-peptide interactions underlying those 
effects were further confirmed by analyzing the changes in fluorescence of peptide Trp residues. 
Substitution of the first three Trp residues by Ala, known to render a defective gp41 phenotype 
unable to mediate both cell-cell fusioil and virus entry, also abrogated the HIVc ability to induce 
membrane fusion or form complexes with HIVn but not its ability to associate with vesicles. 
Hydropathy analysis indicated that the presence of two membrane-partitioning stretches 
separated by a collapsible inte;_,ening sequence is a common structural motif among other viral 
envelope proteins. According to our experimental results, such a feature rnight be related to their 
fusogenic function . 
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El and E2 and their involvement in the virus-cell fusion 
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The hepatitis C virus (HCV) glycoproteins (gps), El and E2, existas a heterodimer and 
are believed to be responsible for initiating viral attachment to the cell surface via specific 
receptors and mediating fusion of the virus and cell membranes (2). A truncated forrn of E2 
interacts with CD81 which has been postulated to be a putative receptor for HCV attachment (4, 
6, 7). A stretch ofhydrophobic arnino acids within El displays similarity to flavi- and paramyxo
virus fusion peptides and may therefore mediate fusion post E2-CD81 mediated attachment (3). 
However, both El and E2 gps are retained in the endoplasrnic reticulum (ER), via independent 
signals within their transmembrane and cytoplasrnic regions (1, 5). In order to study cellular 
interactions a number of chirneric proteins were constructed where the predicited El and E2 
ectodomains were fused to the transmembrane and cytoplasrnic domains of either influenza HA 
or vesicular stomatitis G protein. Chimeric gps were analysed for: oligomerisation; antigenic 
conforrnation; affinity for CD81; sensitivity to low pH and for their ability to mediate cell-cell 
fusion. We will discuss the irnplication ofE2-CD81 interaction and heterodirnerization ofEl and 
E2 for HCV attachment and entry. 
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Hall. 

100 Workshop on the Interface Between 
Transcription and DNA Repair, Recom
bination and Chromatin Remodelling. 
Organizers: A. Aguilera and J. H. J . Hoeij
makers. 

101 Workshop on Dynamics of the Plant 
Extracellular Matrix. 
Organizers: K. Roberts and P. Vera. 

102 Workshop on Helicases as Molecular 
Motora in Nucleic Acid Strand Separa
tion. 
Organizers: E. Lanka and J . M. Garazo. 

103 Workshop on the Neural Mechanisms 
of Addiction. 
Organizers: R. C. Malenka, E. J. Nestler 
and F. Rodríguez de Fonseca. 
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105 Workshop on the Molecules of Pain: 
Molecular Approaches to Pain Research. 
Organizers: F. Cervero and S. P. Hunt. 

106 Workshop on Control of Signalling by 
Protein Phosphorylation. 
Organizers: J . S«hlessinger, G. Thomas, 
F. de Pablo and J . Moscat. 

107 Workshop on Biochemistry and Mole
cular Biology of Gibberellins. 
Organizers: P. Hedden and J . L. García
Martínez. 

108 Workshop on lntegration of Transcrip
tional Regulation and Chromatin 
Structure. 
Organizers: J. T. Kadonaga, J . Ausió and 
E. Palacián. 

109 Workshop on Tumor Suppressor Net
works. 
Orgimizers: J . Massagué and M. Serrano. 

11 O Workshop on Regulated Exocytosis 
and the Vesicle Cycle. 
Organizers: R. D. Burgoyne and G. Álva
rez de Toledo. 

111 Workshop on Dendrltes. 
Organizers: R. Yuste and S. A. Siegel
baum. 

112 Workshop on the Myc Network: Regu
lation of Cell Proliferation, Differen
tiation and Death. 
Organizers: R. N. Eisenman and J. León. 

113 Workshop on Regulation of Messenger 
RNA Processing. 
Organizers: W. Keller, J . Ortín and J . 
Valcárcel. 

114 Workshop on Genetic Factors that 
Control Cell Birth, Cell Allocation and 
Migration in the Developing Forebrain. 
Organizers: P. Rakic, E. Soriano and A. 
Álvarez-Buylla. 

Instituto Juan March (Madrid)



115 Workshop on the Chaperonins: Struc

ture and Function. 

Organizers: W. Baumeister, J . L. Garras
cosa and J . M. Valpuesta. 

Out of Stock. 
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The Centre for Intemational Meetings on Biology 

was created within the 

Instituto Juan March de Estudios e Investigaciones, 

a prívate foundation specialized in scientific activities 

which complements the cultural work 

of the Fundación Juan March. 

The Centre endeavours to actively and 

sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 

through the organization of Workshops, Lecture 

and Experimental Courses, Seminars, 

Symposia and the Juan March Lectures on Biology. 

From 1989 through 1999, a 

total of 136 meetings and JI 

Juan March Lecture Cycles, all 

dealing with a wide range of 

subjects of biological interest, 

were organized within the 

scope of the Centre. 
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Th e lectures summarized in this publication 

were prese111ed by their authors al a workshop 

held on the 271
/¡ through the 291

/¡ of November, 2000, 

at the In stituto Juan March. 

Al/ published articles are exact 

reproduction of author's text. 

There is a limited edilion of 400 copies 

of this volurrt.e, available free of charge. 


