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Introduction

J. J. Skehel and J. A. Melero



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 some 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 systems. For this reason, the Workshop sponsored by the Fundacién Juan March
brought together leading world experts with different backgrounds to discuss the mechanisms

of membrane fusion.

Several presentations faced the mechanism of viral and cell membrane fusion at the
initial stages of the infectious cycle in different enveloped viruses. In every 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 some 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
seems 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 of the 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 mémbrane 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 of the lipid composition at the sites where fusion pores are formed.

The unquestionable success of the meeting was greatly due to the kind hospitality of the
Fundacién Juan March and the efficient work of its personnel. The informal atmosphere of
the meeting, promoted 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



Session 1: Viral proteins that mediate
membrane fusion
Chair: Joshua Zimmerberg
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Viral entry and the mechanism of membrane fusion

Don C. Wiley, John L. Loeb Professor of Biochemistry and Biophysics and
Investigator, Howard Hughes Medical Institute

Department of Molecular & 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 of the 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 a-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 requ1red 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 of the central triple-stranded coiled coil and insertion of the 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-O-
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 of HEF1 preceding the posttranslational cleavage
site between HEF1 and HEF2, forms an independent fusion domain probably derived from an
ancestral membrane fusion protein.
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Structural organization of the flavivirus fusion machinery
Franz X. Heinz, Steven L. Allison, Karin Stiasny

Institute of Virology, University of Vienna, Vienna, Austria

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 amino-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 several significant aspects. They have a different oligomeric
organization in the virion envelope, priming of fusion activity requires 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 internal fusion
peptide. The envelope protein E of tick-borne encephalitis (TBE) virus (together with yellow
fever, Japanese encephalitis, Dengue, and West Nile virus one of the 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 form an 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
characterized by an extremely fast fusion rate (40% 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 internal flavivirus
fusion peptide. Using the X-ray structure as a guide we have 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 internal 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 same time
they share several of these distinguishing features with alphaviruses such as Sindbis, Semliki
Forest, and Ross River virus. Both groups of viruses have 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 have internal fusion peptides. It will be interesting
to see whether these fusion proteins also exhibit structural homologies such as those found in
class 1 viral fusion proteins.
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Paramyxovirus fusion (F) protein-mediated membrane fusion

Robert A. Lamb"?, Kent A. Baker”, Rebecca E. Dutch?, Ryan N. Hagglund’, Reay G.
Paterson’, Charles J. Russell' and Theodore S. Jardetzky2

'Howard Hughes Medical Institute and “Dept. of Biochemistry, Molecular Biology and Cell
Biology, Northwestern University, Evanston, IL 60208-3500

The paramyxovirus fusion (F) protein mediates membrane fusion. The biologically
active F protein consists of a membrane distal subunit F, and a membrane anchored subunit F.
We have identified a highly stable structure comprised of peptides derived from the F; heptad
repeat A, which abuts the hydrophobic fusion peptide (peptide N-1), and the F, heptad repeat
B, located 270 residues downstream 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 of the F protein that is either fusion
competent or forms after fusion has occurred. The crystal structure of the core trimer at 1.4 A
resolution revealed a 96 A long coiled coil 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 coil. Six amino 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 have found that whereas the F protein of the W3A strain of SVS5 causes syncytia
formation without coexpression of HN, the F protein of the WR strain of SV5 requires
coexpression of HN for fusion activity. The two strains differ by two amino acid residues at
residues 22 and 443. There is a complex interrelationship between the differing residues. A
mutational analysis indicates that some 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 37°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 SVS5 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 barrier for the conformational
change from the metastable state to the fusion active conformation is lower for some mutants
than for wt W3A. Conversely, the energy barrier 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
simplest explanation for the interaction of HN and F is that it causes a change in free energy to
activate the F protein
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To obtain reagents that should discriminate between internal and external 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 of F-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 F,, and that significant conformational changes occur subsequent to
cleavage of the F protein.
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Rabies virus-induced membrane fusion pathway
Yves Gaudin

Laboratoire de Génétique des Virus du CNRS, 91198 Gif sur Yvette Cedex, France
Email: yves.gaudin@gv.cnrs-gif fr

Rabies virus-induced membrane fusion is mediated by the viral transmembrane
glycoprotein G which is organized in trimers (three monomers of 65 kDa 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 of the 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 I 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. In 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 transition
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 minimal 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-shaped 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 of restricted hemifusion.

The cold-stabilized prefusion complex (1, 2) was also characterized. This intermediate
is at a well-advanced stage of the 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 glycoproteins. This
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 fusion machineries, membrane fusion probably
follows a similar pathway for both viruses suggesting that the mechanism of membrane
rearrangements leading to fusion is probably universal.

References:

1) Gaudin, Y., R. W. H. Ruigrok, M. Knossow, and A. Flamand. 1993. Low-pH conformational changes of rabics
virus glycoprotein and their role in membrane fusion. J. Virol, 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 membrane fusion pathway. J. Cell Biol. 150:601-611.

4) Chemomordik, L. V., V. A. Frolov, E. Leikina, P. Bronk, and J. Zimmerberg. 1998. The pathway of
membrane fusion catalyzed by influenza hemagglutinin: restriction of lipids, hemifusion, and lipidic fusion pore
formation. J. Cell Biol. 140:1369-1382.

5) Leikina, E, L. V. Chemnomordik. 2000. Reversible merger of membranes at the early stage of influenza
hemagglutinin-mediated fusion. Mol Biol Cell. 11:2359-71.
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Entry of vezicular stomatitis virus: Multiple regions of VSV G protain involved in cell fusion
and virus entry.

Hare P. Ghosh
Dept. Biochemistry, McMaster University. Hamilton, Omtario,
Canada

The 'ransmembrane envelope glysoproteln G of the negarive-suanded RNA comalning
vesicilar stomaritis virus (VSV) is essential for the infectivity of the virus. Glycoprotein G
contzins & gingle transmembrane domain of 20 amino acids near the carboxy-terminus, 2
carbcxy-terminal cytoplaamic tail of 20 residues and an ectoplasmic dotmain of 461 amino
acids containing two N-linked oligosaccharide. Glycoprotein G expressed on the cell surface
can liduce membrane fusion at low pH and is essemial for the enuy of the virus into the host-
cell via an endocytotic pathway. G protein unlike other viral fugion proteins does not require
a po:t-translational cleavage event before becoming fusion active and the conformational
chan,ze involtved in figion is reversible

Stud es from our lsboratory have identified 2 highly conserved amino-terminal region (H2)
spaniing residues 123 to 137 of VSV G glycoprotein &5 an internal fusion peptide which,
unlike other viral fusion peptides is not hydropbobic. A carboxy-terminal H10 region
(resiifues 39S to 418), conserved in vesiculoviruses was identified as a domain controlling
low-3H induced conformational change. The fusogenic activity of the G protein required
mer brane anchoring by e hydrophobic peptide sequence but spesific amino acld sequence
Wwas 101 impoftant. Recent experiments demouastrated that a membrane proximal domain of
11 anino 2cids spanning residues 451 to 461, which is highly conserved in vesiculoviruses
and is unusually rich in tryptophan, is also required for fusion. Deleton or substitution of the
il ammno acids or mutegenesic of the conserved residues blocked the fusogenic activity
without affecting transport or membranc anchoring ability. Recently colled coil structures
have been shown to be involved in both lmrraceilular vesicle and viral membrane fusion
Anal yses of VSV G protein sequence by a mumber of secondary structure programs, such as
Cail, Multi-Coil, Pair-Coil or Learn-Cail, however, failed to predict the presence of any
coil¢d~coil structure. The mechanigm of membrane fusion induced by VSV G protein may,
then fore, involye now prinsiple(s).

Sup)yorted by MRC.
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Structure-function of pneumovirus fusion protein

José A. Melero', Luis Gonzalez-Reyes', M. Begofia Ruiz-Argiiello, Blanca Garcia-Barreno',
Leslie Calder & John J. Skehel®

'Centro Nacional de Biologia Fundamental, Instituto de Salud Carlos I1I, Majadahonda,
Madrid, Spain and *National Institute for Medical Research, The Ridgeway, Mill Hill,
London, United Kingdom

Full-length fusion (F) protein of human respiratory syncytial virus (HRSV) and a
truncated anchorless mutant (Fry) lacking the C-terminal 50 amino acids were expressed
from vaccinia recombinants and purified by immunoaffinity chromatography. Western blot of
F and Fry revealed three bands that contained the F; chain and that corresponded to the
uncleaved (Fi+2) precursor, a partially processed product (F 1+2) with the last 27 amino acids
of the F; chain covalently bound to F, and the fully processed F; chain. The proportions of the
three forms were Fi>F.2>F 2. Site-directed mutagenesis confirmed that Arg 108 and 109
were needed for generation of the Fj.y product. These results suggest that proteolytic
processing of the F protein precursor may involve cleavage at two different sites, eliminating
a C-terminal segment of the F, 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 Fy., and F.z, showed a transition from individual cone-shaped
rods to rosetted lollipop-shaped rods. A similar transition from cones 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. Complexes
of F protein with antibodies of known specificity provided information on the three-
dimensional organisation of both 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 of the 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 of virus 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 and/or amino acid sequence
substitutions. The virions in the cell supernatants 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 level of F is
required for SeV 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 of HN 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 signal (Takimoto et al., 1998).
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The fusion protein of Semliki forest virus

Félix A. Rey', Julien Lescar'?, Alain Roussel', Jorge Navaza', Michelle W. Wien', Gisella
Wengler® and Gerd Wengler®

'Laboratoire 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 Jules Horowitz, 38043 Grenoble Cedex,
France

*Institut fiir Virologie, Justus-Liebig Universitit Giessen, 35392 Giessen, Germany

Alphaviruses are enveloped viruses containing an external icosahedral T=4
glycoprotein shell which covers almost entirely the lipid bilayer. Glycoproteins E1 and E2
associate as trimers of a non-covalent E1/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, E1 has an
internal fusion peptide and is responsible for the low pH triggered membrane fusion step
during entry. Our preliminary crystallographic results on the ectodomain of E1 (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 E1 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 E1
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 of these 120 E1 dimers in the alphavirus surface is also similar to the T=3 model
(containing 90 dimers) proposed 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.
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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 haemagglutinin 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 37C.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 Medical Research, Mill Hill, London NW7 1AA, 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-terminus of the HA2
subunit toward the endosomal membrane. Subsequent interactions of this "fusion peptide"
domain with the target membrane are generally regarded as being critical 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 several interspersed glycine
residues. We have generated a large panel of HA mutants with changes to the first 10 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 several
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 10 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 Barnett and James M.Cunningham

Department of Medicine and Howard Hughes Medical Institute, Brigham and Women's
Hospital and Harvard Medical 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 leukemia 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 of RBD, indicating that this domain is not a suppressor of the fusion mechanism
that is inactivated by receptor binding. Fr-MLV that expresses an envelope protein in which
the hormone, erythropoietin (Epo), has been inserted in place of RBD 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 similarities in the organization and function of the 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 of the energy released
by the formation of the coiled coil to the energy needed to create and stabilize the high energy
intermediates 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 of Melikyan et al. (1995), for the kinetics of first 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 committed step in influenza HA
mediated fusion begins with an aggregate of at least 8 HAs, called the fusogenic aggregate.
The slow conformational change of 2 or 3 of these HAs yields the formation of the first fusion

pore.

It was proposed for the HAs in the fusogenic aggregate that some 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” of the committed step of fusion. The defect is stabilized by a “dam” of HAs, which are
inhibited from diffusing away by the rest of the HAs in the fusogenic aggregate. Recruitment
of lipids from the apposed target membrane can heal this hydrophobic defect, initiating lipid
mixing and fusion. '

We have probed the structure of the fusion site further using the data of Danieli et al.
(1996) for lipid mixing between HA expressing cells and R18 labeled RBCs using the kinetic
model described in Bentz (2000a). The results are compared with those of the first fusion
pore kinetics. The minimal fusion unit, i.e. the number of HA trimers at the fusion site which
must undergo the essential conformational change slowly, is 2-3 for both sets data. However,
the ratio of fusogenic aggregates for the same pair of cell lines was =10-fold less for the lipid
mixing 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 HA 1-sialate binding constant to estimate 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 minimal
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.

It is clear that both viral and intracellular membrane fusion proteins contain a minimal
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 F1, HIV gp120/41 and the neuronal SNARE core composed of synaptobrevin
(syn), syntaxin (stx) and the N- and C- termini 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 conformational changes can
produce a successful fusion event, i.e. communication of aqueous compartments.
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Membrane rearrangements and protein refolding in influenza
hemagglutinin mediated fusion

Leonid V. Chernomordik, Eugenia Leikina, Ingrid Markovic, Mikhail Zhukovsky, Helen
Pulyaeva, Joshua Zimmerberg
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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 Chernomordik, 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 of the transient restricted hemifusion sites
at physiological temperature was as fast as a fusion pore 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 pore.

Lipid flow between membranes in restricted hemifusion intermediates and in initial
fusion pores 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 pores, apparently
involves bending of membrane lipid monolayers within a ring-like complex of activated
fusion proteins.
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The formation of the six-helix bundle of HIV-1 gp41 requires membrane merger. Fredric
S. Cohen', Ruben M. Markosyan', Mary K. Delmedico?, Dennis M. Lambert’, Grigory B.
Melikyan'. 'Rush Medical College, Chicago, IL 60612; *Trimeris Inc., Durham, NC 27707.

Many viral fusion proteins exhibit six-helix bundles. There is little question that
these bundles are critical to the fusion process, but the precise role they play is not known.
The creation of the bundles could bring membranes into close 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. Alternatively, bundle formation
and fusion could occur virtually simultaneously. If this is the case, the movement of the
protein into the bundle would cause hemifusion and/or fusion. We are using Env of HIV-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 (TAS) of fusion was established by binding the effector and
target cells together for several hours at 23°C. Fusion was significantly faster when
temperature was raised to 37°C from TAS than when raised immediately 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 of the peptides T20 and T21 to Env prevent gp41 from forming a six-helix bundle
and that, for fusion systems in general, incorporation of lyso-phosphatidylcholine (LPC) in
outer leaflets prevents hemifusion. The six-helix bundle had not yet formed by TAS, 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 hemifusion, these results indicate that the
bundle cannot form without membrane merger. Independent experiments showed that if,
after creating TAS, 37°C was maintained for times too short to induce fusion, the addition
of T20 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 of the six-helix bundle are tightly coupled
processes, occurring simultaneously.
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A general principle 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 of the potential v-SNARESs 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 find 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”.
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SNARESs and exocytosis in the pancreatic acinar cell

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

Department of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge CB2
1QJ, UK.

In the pancreatic acinar cell, digestive enzymes are packaged in a condensed form into
zymogen granules (1). Secretagogue stimulation of the cell causes an elevation in intracellular
Ca®* concentration (2), which in turn triggers fusion of the 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, some
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 Ca’"-dependent,
although they have different Ca®*-sensitivities. By exploiting the ability of botulinum toxin
Cl 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
Ca’'-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 syncollin was
involved in the control of exocytotic membrane fusion in the pancreatic acinar cell. More
recently, we have shown that syncollin has an N-terminal signal 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 call 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-B-
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 of zymogen 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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reminiscent of structures found previously in the zymogen granule membrane by freeze-
fracture, which were proposed to represent pores. We tested the idea that syncollin has pore-
forming properties by adding purified syncollin 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. If this
is the case, then it may after all interact with syntaxin within the acinar cell.
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Membrane traffic between endosomes and the Golgi apparatus
Hugh R B. Pelham

MRC Laboratory of Molecular Biology
Hills Road, Cambridge CB2 2QH, UK

The small genome 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 have 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 have 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?
It 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 of two peripheral membrane proteins, Riclp and Rgplp, which
form a 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.
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Yeast exocytic SNAREs
Eric Grote, Chavela Carr, Misusu Baba*, Greg Vlacich, Marc Pypaert and Peter Novick
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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 sec18-1 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-terminal geranylgeranylation signal 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 Sec18p 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 SNARESs and the
GPI-HA mutant influenza virus fusion protein, we propose 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 signal in the cytoplasmic domain
of either Sncp inhibits Sncp endocytosis and prevents recycling of Sncp to the Golgi after
exocytosis. snc1-M43 A 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 several 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 ternary
complexes is thought to be a key event in intracellular membrane fusion. /n vifro, 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 of the ternary synaptic SNARE complex consists of an 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 form a “binary” complex consisting of
two syntaxins and one SNAP-25. This binary complex consists of a four-helix bundle similar
to the ternary 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 ternary SNARE
complex unfolds at temperatures above 80°C. In contrast, refolding occurs only below 65°C.
A similar hysteresis between ternary complex formation and unfolding was observed in the
presence of denaturant. Hence, it is likely that the pathways for ternary SNARE complex
formation and unfolding are different. Interestingly, the binary complex formed by SNAP-25
and syntaxin is less stable and reversibly unfolds at temperatures around 45 °C. In addition,
kinetic data imply that successful interaction of syntaxin and SNAP-25 must precede to allow
for ternary complex formation. Together, these data suggest that the binary complex is an
intermediate for ternary complex formation.
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Control of the terminal phase of vacuole fusion
Andreas Mayer

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

Fusion of intracellular membranes requires inital recognition and docking of the
membranes and subsequent bilayer mixing. Most components identified so far kinetically map
to the early binding and recognition events (1). Using in vitro fusion of yeast vacuoles as a
model reaction we have identified a Ser/Thr 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 mixing (2). It 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 SNARESs but contains calmodulin. Calmodulin serves as Ca2+ receptor for
an efflux 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 Ser/Thr phosphatase
are constituents of this apparatus. Further components of this complex are being identified
and will be presented.
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Do presynaptic pla2 neurotoxins promote the fusion of synaptic vesicles
at nerve terminals?

Cesare Montecucco and Ornella Rossetto

Centro CNR 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 of acetylcholine followed by blockade of the terminal,
which degenerates. carateristically, the entire plasma membrane of the terminal poisoned by
these neurotoxins is decorated with clathrin-coated omega-shaped invaginations. We propose 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 promotes the translocation of
fatty acids to the cytosolic monolayer, leaving lysophospholipids on the lumenal layer. Such
vesicles are highly fusogenic and release neurotransmitter 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.



Session 4: Protein-lipid and lipid-lipid interactions
Chair: Don C. Wiley



45

Poly(ethylene glycol)-mediated vesicle fusion: A mechanism in common with
exocytotic and viral fusion

Barry R. Lentz

Program in Molecular & Cellular Biophysics
Department of Biochemistry & Biophysics
University of North Carolina at Chapel Hill

Protein machines and lipid bilayers both play central roles in cell membrane
fusion, a process crucial to life. My lab models the role of lipids in fusion by examining
the behavior of model membrane vesicles brought into close inter-vesicle contact by
poly(ethylene glycol) [PEG] (3). I summarize key observations and propose a common
mechanism by which very different fusion machines (from lipid-enveloped viruses and
synaptic vesicles) may function to produce compartment-joining pores. 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
pore 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 mix 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 turns 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 mixing 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 (/, 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 forms 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 due to induction of curvature
in osmotically distorted vesicles. Hydrophobic perturbants largely overcame the
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inhibition due to a positive 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
probes to detect interstices and have used one of these to follow interstice build-up and
disappearance during the fusion process.
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Membrane fusion induced by phospholipases C
Félix M. Goiii
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Pais Vasco, Aptdo. 644, 48080 Bilbao -Spain-

In the past years we have described the fusion of lipid vesicles induced by: bacterial
PC-preferring phospholipase C (1), sphingomyelinase (2), a combination of phospholipase C
and sphingomyelinase (3), and, more recently, by PI-specific phospholipase C (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 (c) to put these findings in the context
of the physiological processes of membrane fusion.
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Target-membrane partitioning regions within ectodomains of viral
fusogenic envelope glycoproteins

José L. Nieva.

Unidad de Biofisica (C.S.1.C.-U.P.V./E.H.U.) and Departamento de Bioquimica,
Universidad del Pais Vasco, 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 order 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).

Interfacial hydrophobicity analysis of the primary structure of several 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 of Molecular and Cellular Physiology, Stanford University School of Medicine,
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 (Séllner et al., 1993; Bennett and
Scheller, 1993). If this hypothesis is true, several 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 this
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 several 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 important
in vesicle trafficking between the ER and the Golgi (Hay et al., 1997). Another approach has
been to define potentially new 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). This does not rule out a role for the SNARESs
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 of the 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, NICHD, NIH, 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 of the heterotrimeric SNARE protein complex that
is present in the cortical vesicle system. SNARE proteins have multiple trypsin cleavage
sites, we can test whether trypsin-specfic loss of one or more of the SNARES correlates with
the loss of Ca®" sensitivity or fusion. Increasing concentrations of trypsin produced a
progressive rightward shift in the curve of the Ca®* sensitivity of fusion and a gradual decline
in the extent of fusion, eventually resulting in a complete block of triggered 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 Ca?* 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
m 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 of both membranes (~10-130
nm 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 of these contact sites. Finally,
the transmembrane domain of HA is needed to complete membrane fusion for
macromolecular content mixing.
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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 internal peptide including
residues 7SDYQCKVYTGVYPFMWGGAYCFCD97. This sequence is predicted to partition
into membranes and adopt a characteristic topology on the basis of the Wimley-White scales of
free energies of transfer from water to membrane-interfaces and to octanol [Wimley, 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 E1 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 E1 sequences.
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The role of different signalling pathways in acetylcholine-induced
zymogen granule exocytosis

Manuel Campos-Toimil, J. Michael Edwardson and Paul Thomas

Department of Pharmacology, University of Cambridge, Tennis Court Road,
Cambridge, CB2 1QJ, United Kingdom

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 I 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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Membrane raft microdomains mediate lateral assemblies required for
HIV-1 infection

Gustavo del Real*1, Santos Mafies*1, Rosa Ana Lacallel, Pilar Lucasl, Concepcidn
Goémez-Mouténl, Sonsoles Sanchez-Palomino2, José Alcami2 , Rafael Delgado3,Emilia
Miral and Carlos Martinez-A1l

1Department of Immunology and Oncology, Centro Nacional de Biotecnologia/CSIC,
UAM Campus de Cantoblanco, E-28049 Madrid. 2Department of Immunopatology, Centro
Nacional de Biologia Fundamental, Instituto de Salud CarloslII, Madrid; 3Molecular
Microbiology, Hospital 12 de Octubre, Madrid, Spain

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 gp120-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 RS 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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Modification of the infectivity and membrane fusion properties of the VHS
rhabdovirus using synthetic combinatorial peptide libraries

Mas, V*.; Pérez, L*; Encinar, J.A* ; Pastor, M].; Perez, Ef ; Ferrer-Montiel*, A.: Gonzalez Ros,
JM*; Coll, J. Mt. and Estepa, A*

*Centro de Biologia Molecular y Celular, Universidad Miguel Hernandez, Alicante. Spain.
TINIA SGIT - AgroBiotecnologia - Crt. Coruiia Km 7 Madrid, Spain. Dpto. de Bioquimica.
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
combinatorial peptide libraries ( 6 and 16-mer) in a positional scanning format to inhibit 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 also reported for HIV-1 (Gordon et al, 1999; Trkola et al , 1999). Since the
infectivity enhanced capacity could be the result of direct interaction with specific viral or
cellular components, we investigated the possible mode of interaction of these 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 important
theoretical and practical 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 of rhabdovirus 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

Lucia Garcia-Ortega, Javier Lacadena, José M. Manchefio, M. Ofiaderra, A. Martinez del Pozo
and José G. Gavilanes

Departamento de Bioquimica y Biologia Molecular I, Facultad de Quimica, Universidad
Complutense, 28040 Madrid, Spain

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-terminal beta-
hairpin. This amino-terminal structure is absent in the other microbial non-toxic RNases. The
three-dimensional structure of alpha-sarcin is well known (1) 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 have been substituted by the equivalent
amino acids in restrictocin. Two single mutants (K11L and T20D) and the corresponding
K11L/T20D variant have been produced in E. coli 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 K11L 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,
K11L 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 propose that the amino-terminal beta-hairpin is needed to maintain a ribonucleolytic
competent conformation 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 minor conformational changes can alter the
behaviour of ribotoxins when interacting with membranes.
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Maturation of human respiratory syncytial virus fusion protein involves a
complex proteolytic processing
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Proteolytic processing of a truncated anchorless mutant form (Fru-) of the fusion
protein (F) of Human Respiratory Syncytial Virus (HRSV) has been studied. Fu- lacks the
C-terminal 50 amino acids of the F protein. Fry- was expressed from vaccinia recombinants
and purified by inmunoaffinity chromatography. SDS-PAGE of Fry- revealed three bands
that contain the F; chain. Characterization of the three bands was done by western blotting
with a rabbit serum raised against a peptide of the F; chain (amino acids 104-117); N-terminal
sequencing of the bands and mass spectrometry of their tryptic peptides. The results obtained
demonstrated that the three bands corresponded to different products of proteolytic cleavage:
i) the uncleaved precursor (Fi+2), ii) a partially processed product with the last 27 amino acids
of the F; chain (starting at the amino acid 110) covalently bound to F, (F1+2t), and iii) the fully
processed F; chain. In addition, mass spectrometry of the tryptic peptides of the F, chain
suggests that the mature form of this 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
Fra2 product. These results suggest that proteolytic processing of the Fny- 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
Fi42 product, as seen in western blot. In addition, the size of the F, chain of the F protein is
the same as that of Fru-. These results suggest that proteolytic cleavage of the full-length F
protein is similar to that of Fry-.

Electron microscopy of the 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 Fri- molecules showed individual cone-shaped rods and a low
proportion of rosetted lollipop-shaped rods. Limited trypsin digestion of Fry- under
conditions that cleaved Fy.; and Fy.z, showed a transition from individual cone-shaped rods
to rosetted lollipop-shaped rods. A similar transition from cones 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.
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Cloning and expression of sprint, a Drosophilz homologue of RIN1
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The small GTPase Ras is critical for regulation of growth and differentiation
during development. The mammalian protein RIN1 is a potential Ras effector protein,
which can also interact with the Abelson tyrosine kinase. However, its biological function
is unknown. We have identified the Drosophila homologue of RIN1, called sprint, for
SH2, poly-proline containing Ras interactor, The sprint locus is very large and contains at
least two differentially 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 expressed in the developing midgut, amnioserosa and in a specific subset of
CNS neurons. In the embryo, the expression patterns of the two sprint isoforms are
temporally distinct suggesting that the isoforms may have unique functions.

The sprint locus encodes a large, multidomain molecule with no obvious catalytic
activity. It consists of a SH2 domain, a proline-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 which
may be vesicles. The structure and subcellular localisation of Sprint suggest that it might
provide a link between tyrosine kinase/Ras signaling 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 transmissible 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 minimal 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 replicon 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 Western blot and immunocitochemistry and
could be mantained at least during ten passages in cell culture. The presence of the Sindbis virus
replicon did not interfere the production of infective TGEV viral particles in these cell lines, as
assessed by virus titration (108 p.fu./ml). Knocked-out TGEV genomes are being generated
from the cDNA generated in our laboratory (Almazan, 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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Role of the vaccinia virus H3L protein in viral infectivity and virus-
induced cell fusion
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The vaccinia virus H3L gene encodes for a 35 kDa 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 of maximal repression of H3L 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 10%, but the EEV yield was almost similar to that obtained with wild type virus.
The similar capacity of this 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 kDa protein. In light of the results obtained during the generation of deletion and inducible
mutants, we suggest that the expression of this early transcript would be sufficient for correct
viral dissemination in vitro. On the other hand, the amino terminus of the 35 kDa 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 SVS5 fusion (F) protein

Charles J. Russell

While only differing by three amino acids, the Fusion (F) proteins of the SV5 WR and
W3A strains either do or do not require, respectively, their homotypic binding proteins (HN) to
promote 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 of HN 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 helix-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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Membrane-partitioning domains of ebola fusion protein: detection and
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 of the
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
sequence.
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A small cysteine-flanked hydrophobic region and a conserved region within
the 40 residue ectodomain of P10 are essential for fusion activity

Shmulevitz M, Duncan R.

Dept. Microbiology and Immunology, Dalhousie University, Halifax, Canada, B3H 4H7

We have identified two novel proteins (p10) encoded by non-enveloped reoviruses
capable of inducing cell-to-cell fusion from within. P10 is an extremely small (10Kda) non-
structural accessory protein, not essential for viral entry and replication. These unique
characteristics suggest that unlike the fusion proteins of enveloped viruses, pl10 may not
require mechanisms that regulate the fusion activity and may contain the minimal
determinants required to direct membrane localization, destabilization and fusion. P10 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 pl0. The 40 residue ectodomain lacks an
extended heptad repeat and therefore it is unlikely that in pl10-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 p10 proteins of avian and Nelson Bay reoviruses
revealed two conserved regions within the p10 ectodomain. Nine residues downstream of the
N-terminus is a moderately hydrophobic 11-amino acid sequence flanked by conserved
cysteines. Mutational analysis shows that both cysteines are absolutely essential for p10-
mediated fusion despite continued p10 surface expression. The cysteines are not involved in
intermolecular disulphide bonds, but may form a disulfide-bonded loop. An amphipathic loop
structure has been proposed for several internal fusion peptides of enveloped viruses in
addition to some antibacterial peptides and lipid exchange and lipase proteins, perhaps
indicating a new common motif for lipid interactions. Several 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 pl10 and will be
discussed. The second motif within the ectodomain of p10, a linear sequence of 10 residues
with absolute conservation, is also essential for pl0-mediated fusion as demonstrated by
several 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 pl0 may reflect the minimal 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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Membrane interface-interacting sequences within the ectodomain of the HIV-
1 envelope glycoprotein: putative role during viral fusion

Tatiana Suarez, William R. Gallaher, Aitziber Agirre, Felix M. Gofi and J. L. Nieva
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Vasco, 48080 Bilbao, Spain, and Department of Microbiology, Immunology and Parasitology,
Louisiana State University Health Sciences Center, New Orleans, Louisiana 70112

We have identified a region within the ectodomain of the fusogenic HIV-1 gp41, different
from the fusion peptide, that interacts strongly with membranes (1,2) . This conserved sequence,
that immediately 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-terminus of gp4l ectodomain, in comparison to those caused by NH2-
AVGIGALFLGFLGAAGSTMGARS-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 of HIVc were required for a comparable effect to be detected. Experiments
in which equimolar mixtures of HIVc 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 fusion 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 intervening sequence is a common structural motif among other viral
envelope proteins. According to our experimental results, such a feature might be related to their
fusogenic function.
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Functional analysis of cell surface-expressed hepatitis C Virus glycoproteins
E1 and E2 and their involvement in the virus-cell fusion

Jie Zhangl, Mike Flint2, Shoshana Levy2, Charles M.Ricel and Jane A. McKeating]
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The hepatitis C virus (HCV) glycoproteins (gps), E1 and E2, exist as 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 form of E2
interacts with CD81 which has been postulated to be a putative receptor for HCV attachment (4,
6, 7). A stretch of hydrophobic amino acids within E1 displays similarity to flavi- and paramyxo-
virus fusion peptides and may therefore mediate fusion post E2-CD81 mediated attachment 3).
However, both E1 and E2 gps are retained in the endoplasmic reticulum (ER), via independent
signals within their transmembrane and cytoplasmic regions (1, 5). In order to study cellular
interactions a number of chimeric proteins were constructed where the predicited E1 and E2
ectodomains were fused to the transmembrane and cytoplasmic domains of either influenza HA
or vesicular stomatitis G protein. Chimeric gps were analysed for: oligomerisation; antigenic
conformation; affinity for CD81; sensitivity to low pH and for their ability to mediate cell-cell
fusion. We will discuss the implication of E2-CD81 interaction and heterodimerization of E1 and
E2 for HCV attachment and entry.
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Organizers: N. Sonenberg and L.
Carrasco.

Lecture Course on the Polymerase
Chain Reaction.

Organizers: M. Perucho and E.
Martinez-Salas.

Workshop on Yeast Transport and
Energetics.
Organizers: A. Rodriguez-Navarro and
R. Lagunas.

Workshop on Adhesion Receptors in
the Immune System.

Organizers: T. A. Springer and F.
Sanchez-Madrid.

Workshop on Innovations in Pro-
teases and Their Inhibitors: Funda-
mental and Applied Aspects.
Organizer: F. X. Avilés.



267 Workshop on Role of Glycosyl-

Phosphatidylinositol in Cell Signalling.
Organizers: J. M. Mato and J. Larner.

268 Workshop on Salt Tolerance in

Microorganisms and Plants: Physio-
logical and Molecular Aspects.

269

Organizers: R. Serrano and J. A. Pintor-
Toro.

Workshop on Neural Control of
Movement in Vertebrates.

Organizers: R. Baker and J. M. Delgado-
Garcia.
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<7

8

Workshop on What do Nociceptors
Tell the Brain?
Organizers: C. Belmonte and F. Cerverd.

Workshop on DNA Structure and
Protein Recognition.
Organizers: A. Klug and J. A. Subirana.

Lecture Course on Palaeobiology: Pre-
paring for the Twenty-First Century.
Organizers: F. Alvarez and S. Conway
Morris.

Workshop on the Past and the Future
of Zea Mays.

Organizers: B. Burr, L. Herrera-Estrella
and P. Puigdomeénech.

Workshop on Structure of the Major
Histocompatibility Complex.
Organizers: A. Arnaiz-Villena and P.
Parham.

Workshop on Behavioural Mech-
anisms in Evolutionary Perspective.
Organizers: P. Bateson and M. Gomendio.

Workshop on Transcription Initiation
in Prokaryotes

Organizers: M. Salas and L. B. Rothman-
Denes.

Workshop on the Diversity of the
Immunoglobulin Superfamily.
Organizers: A. N. Barclay and J. Vives.

Workshop on Control of Gene Ex-
pression in Yeast.

Organizers: C. Gancedo and J. M.
Gancedo.

*10

1

12

*13

*14

*15

16

*17

Workshop on Engineering Plants
Against Pests and Pathogens.
Organizers: G. Bruening, F. Garcia-
Olmedo and F. Ponz.

Lecture Course on Conservation and
Use of Genetic Resources.

Organizers: N. Jouve and M. Pérez de la
Vega.

Workshop on Reverse Genetics of
Negative Stranded RNA Viruses.
Organizers: G. W. Wertz and J. A.
Melero.

Workshop on Approaches to Plant
Hormone Action
Organizers: J. Carbonell and R. L. Jones.

Workshop on Frontiers of Alzheimer
Disease. )
Organizers: B. Frangione and J. Avila.

Workshop on Signal Transduction by
Growth Factor Receptors with Tyro-
sine Kinase Activity.

Organizers: J. M. Mato and A. Ullrich.

Workshop on Intra- and Extra-Cellular
Signalling in Hematopoiesis.
Organizers: E. Donnall Thomas and A.
Granena.

Workshop on Cell Recognition During
Neuronal Development.

Organizers: C. S. Goodman and F.
Jiménez.
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21

22

23

24

25

26

*27

28

*29

Workshop on Molecular Mechanisms
of Macrophage Activation.
Organizers: C. Nathan and A. Celada.

Workshop on Viral Evasion of Host
Defense Mechanisms.

Organizers: M. B. Mathews and M.
Esteban.

Workshop on Genomic Fingerprinting.
Organizers: M. McClelland and X. Estivill.

Workshop on DNA-Drug Interactions.
Organizers: K. R. Fox and J. Portugal.

Workshop on Molecular Bases of lon
Channel Function.

Organizers: R. W. Aldrich and J. Lopez-
Barneo.

Workshop on Molecular Biology and
Ecology of Gene Transfer and Propa-
gation Promoted by Plasmids.
Organizers: C. M. Thomas, E. M. H.
Willington, M. Espinosa and R. Diaz
Orejas.

Workshop on Deterioration, Stability
and Regeneration of the Brain During
Normal Aging.

Organizers: P. D. Coleman, F. Mora and
M. Nieto-Sampedro. .

Workshop on Genetic Recombination
and Defective Interfering Particles in
RNA Viruses.

Organizers: J. J. Bujarski, S. Schlesinger
and J. Romero.

Workshop on Cellular Interactions in
the Early Development of the Nervous
System of Drosophila.

Organizers: J. Modolell and P. Simpson.

Workshop on Ras, Differentiation and
Development.

Organizers: J. Downward, E. Santos and
D. Martin-Zanca.

Workshop on Human and Experi-
mental Skin Carcinogenesis.
Organizers: A. J. P. Klein-Szanto and M.
Quintanilla.

Workshop on the Biochemistry and
Regulation of Programmed Cell Death.
Organizers: J. A. Cidlowski, R. H. Horvitz,
A. Lopez-Rivas and C. Martinez-A.

*30

31

32

*33

*34

35

36

*37

38

39

*40

Workshop on Resistance to Viral
Infection. )

Organizers: L. Enjuanes and M. M. C.
Lai.

Workshop on Roles of Growth and
Cell Survival Factors in Vertebrate
Development.

Organizers: M. C. Raff and F. de Pablo.

Workshop on Chromatin Structure
and Gene Expression.

Organizers: F. Azorin, M. Beato and A. P.
Wolffe.

Workshop on Molecular Mechanisms
of Synaptic Function.
Organizers: J. Lerma and P. H. Seeburg.

Workshop on Computational Approa-
ches in the Analysis and Engineering
of Proteins.

Organizers: F. S. Avilés, M. Billeter and
E. Querol.

Workshop on Signal Transduction
Pathways Essential for Yeast Morpho-
genesis and Cell Integrity.

Organizers: M. Snyder and C. Nombela.

Workshop on Flower Development.
Organizers: E. Coen, Zs. Schwarz-
Sommer and J. P. Beltran.

Workshop on Cellular and Molecular
Mechanism in Behaviour.

Organizers: M. Heisenberg and A.
Ferrus.

Workshop on Immunodeficiencies of
Genetic Origin.

Organizers: A. Fischer and A. Arnaiz-
Villena.

Workshop on Molecular Basis for
Biodegradation of Pollutants.
Organizers: K. N. Timmis and J. L.
Ramos.

Workshop on Nuclear Oncogenes and
Transcription Factors in Hemato-
poietic Cells.

Organizers: J. Leén and R. Eisenman.
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*43

“44

45

46

47

48

*49

50

51

Workshop on Three-Dimensional
Structure of Biological Macromole-
cules.

Organizers: T. L Blundell, M. Martinez-
Ripoll, M. Rico and J. M. Mato.

Workshop on Structure, Function and
Controls in Microbial Division.
Organizers: M. Vicente, L. Rothfield and J.
A. Ayala.

Workshop on Molecular Biology and
Pathophysiology of Nitric Oxide.
Organizers: S. Lamas and T. Michel.

Workshop on Selective Gene Activa-
tion by Cell Type Specific Transcription
Factors.

Organizers: M. Karin, R. Di Lauro, P.
Santisteban and J. L. Castrillo.

Workshop on NK Cell Receptors and
Recognition of the Major Histo-
compatibility Complex Antigens.
Organizers: J. Strominger, L. Moretta and
M. Lopez-Botet.

Workshop on Molecular Mechanisms
Involved in Epithelial Cell Differentiation.
Organizers: H. Beug, A. Zweibaum and F.
X. Real.

Workshop on Switching Transcription
in Development.

Organizers: B. Lewin, M. Beato and J.
Modolell.

Workshop on G-Proteins: Structural
Features and Their Involvement in the
Regulation of Cell Growth.

Organizers: B. F. C. Clark and J. C. Lacal.

Workshop on Transcriptional Regula-
tion at a Distance.

Organizers: W. Schaffner, V. de Lorenzo
and J. Pérez-Martin.

Workshop on From Transcript to
Protein: mRNA Processing, Transport
and Translation.

Organizers: |. W. Mattaj, J. Ortin and J.
Valcarcel.

Workshop on Mechanisms of Ex-
pression and Function of MHC Class Il
Molecules.

Organizers: B. Mach and A. Celada.

52

53

54

55

56

57

58

59

60

61

62
63

64

Workshop on Enzymology of DNA-
Strand Transfer Mechanisms.
Organizers: E. Lanka and F. de la Cruz.

Workshop on Vascular Endothelium
and Regulation of Leukocyte Traffic.
Organizers: T. A. Springer and M. O. de
Landazuri.

Workshop on Cytokines in Infectious
Diseases.

Organizers: A. Sher, M. Fresno and L.
Rivas.

Workshop on Molecular Biology of
Skin and Skin Diseases.
Organizers: D. R. Roop and J. L. Jorcano.

Workshop on Programmed Cell Death
in the Developing Nervous System.
Organizers: R. W. Oppenheim, E. M.
Johnson and J. X. Comella.

Workshop on NF-xB/IkB Proteins. Their
Role in Cell Growth, Differentiation and
Development.

Organizers: R. Bravo and P. S. Lazo.

Workshop on Chromosome Behaviour:
The Structure and Function of Telo-
meres and Centromeres.

Organizers: B. J. Trask, C. Tyler-Smith, F.
Azorin and A. Villasante.

Workshop on RNA Viral Quasispecies.
Organizers: S. Wain-Hobson, E. Domingo
and C. Lépez Galindez.

Workshop on Abscisic Acid Signal
Transduction in Plants.

Organizers: R. S. Quatrano and M.
Pages.

Workshop on Oxygen Regulation of
lon Channels and Gene Expression.
Organizers: E. K. Weir and J. Lopez-
Barneo.

1996 Annual Report

Workshop on TGF-p Signalling in
Development and Cell Cycle Control.
Organizers: J. Massagué and C. Bemabéu.

Workshop on Novel Biocatalysts.
Organizers: S. J. Benkovic and A. Ba-
llesteros.
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67

68

69

70

71

72

73

*74

75
76

77

Workshop on Signal Transduction in
Neuronal Development and Recogni-
tion.

Organizers: M. Barbacid and D. Pulido.

Workshop on 100th Meeting: Biology at
the Edge of the Next Century.
Organizer: Centre for International
Meetings on Biology, Madrid.

Workshop on Membrane Fusion.
Organizers: V. Malhotra and A. Velasco.

Workshop on DNA Repair and Genome
Instability.
Organizers: T. Lindahl and C. Pueyo.

Advanced course on Biochemistry and
Molecular Biology of Non-Conventional
Yeasts.

Organizers: C. Gancedo, J. M. Siverio and
J. M. Cregg.

Workshop on Principles of Neural
Integration.

Organizers: C. D. Gilbert, G. Gasic and C.
Acuna.

Workshop on Programmed Gene
Rearrangement: Site-Specific Recom-
bination.
Organizers: J. C. Alonso and N. D. F.
Grindley.

Workshop on Plant Morphogenesis.
Organizers: M. Van Montagu and J. L.
Micol.

Workshop on Development and Evo-
lution.
Organizers: G. Morata and W. J. Gehring.

Workshop on Plant Viroids and Viroid-
Like Satellite RNAs from Plants,
Animals and Fungi.

Organizers: R. Flores and H. L. Sanger.

1997 Annual Report.

Workshop on Initiation of Replication
in Prokaryotic Extrachromosomal
Elements.

Organizers: M. Espinosa, R. Diaz-Orejas,
D. K. Chattoraj and E. G. H. Wagner.

Workshop on Mechanisms Involved in
Visual Perception.
Organizers: J. Cudeiro and A. M. Sillito.

78

79

80

81

82

83

84

85

86

87

88

89

Workshop on Notch/Lin-12 Signalling.
Organizers: A. Martinez Arias, J. Modolell
and S. Campuzano.

Workshop on Membrane Protein
Insertion, Folding and Dynamics.
Organizers: J. L. R. Arrondo, F. M. Goiii,
B. De Kruijff and B. A. Wallace.

Workshop on Plasmodesmata and
Transport of Plant Viruses and Plant
Macromolecules.

Organizers: F. Garcia-Arenal, K. J.
Oparka and P.Palukaitis.

Workshop on Cellular Regulatory
Mechanisms: Choices, Time and Space.
Organizers: P. Nurse and S. Moreno.

Workshop on Wiring the Brain: Mecha-
nisms that Control the Generation of
Neural Specificity.

Organizers: C. S. Goodman and R.
Gallego.

Workshop on Bacterial Transcription
Factors Involved in Global Regulation.
Organizers: A. Ishihama, R. Kolter and M.
Vicente.

Workshop on Nitric Oxide: From Disco-
very to the Clinic.
Organizers: S. Moncada and S. Lamas.

Workshop on Chromatin and DNA
Modification: Plant Gene Expression
and Silencing.

Organizers: T. C. Hall, A. P. Wolffe, R. J.
Ferl and M. A. Vega-Palas.

Workshop on Transcription Factors in
Lymphocyte Development and Function.
Organizers: J. M. Redondo, P. Matthias
and S. Pettersson.

Workshop on Novel Approaches to
Study Plant Growth Factors.
Organizers: J. Schell and A. F. Tiburcio.

Workshop on Structure and Mecha-
nisms of lon Channels.

Organizers: J. Lerma, N. Unwin and R.
MacKinnon.

Workshop on Protein Folding.
Organizers: A. R. Fersht, M. Rico and L.
Serrano.



90 1998 Annual Report.

91 Workshop on Eukaryotic Antibiotic
Peptides.
Organizers: J. A. Hoffmann, F. Garcia-
Olmedo and L. Rivas.

92 Workshop on Regulation of Protein
Synthesis in Eukaryotes.
Organizers: M. W. Hentze, N. Sonenberg
and C. de Haro.

93 Workshop on Cell Cycle Regulation
and Cytoskeleton in Plants.
Organizers: N.-H. Chua and C. Gutiérrez.

94 Workshop on Mechanisms of Homo-
logous Recombination and Genetic
Rearrangements.

Organizers: J. C. Alonso, J. Casadesus,
S. Kowalczykowski and S. C. West.

95 Workshop on Neutrophil Development
and Function.
Organizers: F. Mollinedo and L. A. Boxer.

96 Workshop on Molecular Clocks.
Organizers: P. Sassone-Corsi and J. R.
Naranjo.

97 Workshop on Molecular Nature of the
Gastrula Organizing Center: 75 years
after Spemann and Mangold.
Organizers: E. M. De Robertis and J.
Aréchaga.

98 Workshop on Telomeres and Telome-
rase: Cancer, Aging and Genetic
Instability.

Organizer: M. A. Blasco.

99 Workshop on Specificity in Ras and
Rho-Mediated Signalling Events.
Organizers: J. L. Bos, J. C. Lacal and A.
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
Motors in Nucleic Acid Strand Separa-
tion.

Organizers: E. Lanka and J. M. Carazo.

103 Workshop on the Neural Mechanisms
of Addiction.
Organizers: R. C. Malenka, E. J. Nestler
and F. Rodriguez de Fonseca.

104 1999 Annual Report.

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. Schlessinger, G. Thomas,
F. de Pablo and J. Moscat.

107 Workshop on Biochemistry and Mole-
cular Biology of Gibberellins.
Organizers: P. Hedden and J. L. Garcia-
Martinez.

108 Workshop on Integration of Transcrip-
tional Regulation and Chromatin
Structure.

Organizers: J. T. Kadonaga, J. Ausié and
E. Palacian.

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

110 Workshop on Regulated Exocytosis
and the Vesicle Cycle.
Organizers: R. D. Burgoyne and G. Alva-
rez de Toledo.

111 Workshop on Dendrites.
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. Le6n.

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

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



115 Workshop on the Chaperonins: Struc-
ture and Function.
Organizers: W. Baumeister, J. L. Carras-
cosa and J. M. Valpuesta.

*: Out of Stock.



The Centre for International Meetings on Biology
was created within the
Instituto Juan March de Estudios e Investigaciones,
a private foundation specialized in scientific activities
which complements the cultural work
of the Fundacién 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 11
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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