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ABSTRACT

Measles virus (MeV) and canine distemper virus (CDV) possess tetrameric attachment proteins (H) and trimeric fusion proteins,
which cooperate with either SLAM or nectin 4 receptors to trigger membrane fusion for cell entry. While the MeV H-SLAM co-
crystal structure revealed the binding interface, two distinct oligomeric H assemblies were also determined. In one of the confor-
mations, two SLAM units were sandwiched between two discrete H head domains, thus spotlighting two binding interfaces
(“front” and “back”). Here, we investigated the functional relevance of both interfaces in activating the CDV membrane fusion
machinery. While alanine-scanning mutagenesis identified five critical regulatory residues in the front H-binding site of SLAM,
the replacement of a conserved glutamate residue (E at position 123, replaced with A [E123A]) led to the most pronounced im-
pact on fusion promotion. Intriguingly, while determination of the interaction of H with the receptor using soluble constructs
revealed reduced binding for the identified SLAM mutants, no effect was recorded when physical interaction was investigated
with the full-length counterparts of both molecules. Conversely, although mutagenesis of three strategically selected residues
within the back H-binding site of SLAM did not substantially affect fusion triggering, nevertheless, the mutants weakened the
H-SLAM interaction recorded with the membrane-anchored protein constructs. Collectively, our findings support a mode of
binding between the attachment protein and the V domain of SLAM that is common to all morbilliviruses and suggest a major
role of the SLAM residue E123, located at the front H-binding site, in triggering the fusion machinery. However, our data addi-
tionally support the hypothesis that other microdomain(s) of both glycoproteins (including the back H-binding site) might be
required to achieve fully productive H-SLAM interactions.

IMPORTANCE

A complete understanding of the measles virus and canine distemper virus (CDV) cell entry molecular framework is still lacking,
thus impeding the rational design of antivirals. Both viruses share many biological features that partially rely on the use of anal-
ogous Ig-like host cell receptors, namely, SLAM and nectin 4, for entering immune and epithelial cells, respectively. Here, we
provide evidence that the mode of binding between the membrane-distal V domain of SLAM and the attachment protein (H) of
morbilliviruses is very likely conserved. Moreover, although structural information revealed two discrete conformational states
of H, one of the structures displayed two H-SLAM binding interfaces (“front” and “back”). Our data not only spotlight the front
H-binding site of SLAM as the main determinant of membrane fusion promotion but suggest that the triggering efficiency of the
viral entry machinery may rely on a local conformational change within the front H-SLAM interactive site rather than the bind-
ing affinity.

easles virus (MeV) and canine distemper virus (CDV) be-

long to the Morbillivirus genus of the Paramyxoviridae fam-
ily that also includes Rinderpest virus (RPV), peste-de-petits-ru-
minants virus (PPRV), phocine distemper virus (PDV), and the
cetacean dolphin and porpoise morbilliviruses (DMV and PMV,
respectively). Among these, CDV exhibits a high potential to cross
species barriers, exemplified by major outbreaks in different non-
conventional hosts, including nonhuman primates (1-7). Al-
though this might raise concerns for humans, the cross immunity
provided by measles virus vaccination is likely to protect against a
potential CDV spillover in people (8).

Morbilliviruses share many biological features that partially
rely on the use of analogous host cell receptors, namely, SLAM (9,
10) and nectin 4 (11-16), for entering immune and epithelial cells,
respectively. The primary replication of MeV and, probably, all
morbilliviruses takes place in SLAM-positive immune cells (17,
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18). After massive amplification in lymphoid tissues (associated
with strong immunosuppression), the virus spreads through the
bloodstream to nectin 4-positive epithelial tissues, inducing skin,
respiratory, and gastrointestinal symptoms and viral shedding.
Hence, the interaction with SLAM receptor is essential to initiate
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the disease (19). Supporting this view, Leonard and colleagues
demonstrated that measles virus particles engineered to lack pro-
ductive interaction with nectin 4 receptor (nectin 4-blind viruses)
were still able to induce immunosuppression, while being defec-
tive in replicating in epithelia and, consequently, impaired in
shedding (20). Interestingly, both receptors are members of the
Ig-like superfamily, which consists of single-pass transmembrane
proteins harboring an extracellular region composed of C and V
domains. It has been reported that the V domain of both SLAM
and nectin 4 is involved in direct physical contacts with the viral
receptor-binding protein (13, 16, 21, 22).

Cell entry represents the initial critical step of viral infection
and, ultimately, of disease occurrence. Morbilliviruses have
evolved finely tuned entry machineries composed of two tightly
interacting surface glycoproteins, of which one is a tetrameric at-
tachment protein (H), whose ectodomain is composed of a mem-
brane-proximal helical F-contacting/activating stalk region sup-
porting a membrane-distal receptor-binding head domain, and
the other is a trimeric fusion protein (F) (23-26). It is proposed
that upon receptor engagement, H proteins undergo sequential
conformational changes that activate F trimers (27). In turn, pre-
fusion F structures undergo a series of irreversible structural rear-
rangements that lead to the merging of the viral envelope with the
host cell plasma membrane at neutral pH (24, 28). Our knowledge
on the molecular nature of the H-SLAM interaction made a major
leap forward based on the recently determined cocrystal structure
of the MeV H protein bound to the SLAM receptor (29). Unlike
other paramyxovirus attachment proteins, which bind to their
cognate receptors at the top of the conserved six-bladed beta-
propeller monomeric head domains (30-32), MeV H heads bind
to the receptor units in a much more sideways manner (29). More
specifically, the crystal structure revealed four main zones of con-
tact in the membrane-distal V. domain of SLAM, mediating short-
range interactions with the H head’s lateral region. On the oppo-
site side, multiple residues in blades 4, 5, and 6 of the H head
beta-propeller conformation were located at the SLAM binding
site (29).

Remarkably, crystallization of the soluble MeV H ectodomain
bound to the SLAM receptor additionally revealed two different
oligomeric arrangements (29). While in the first one, four H head
domains were assembled in a more planar configuration, with the
four receptors protruding at a distance from the tetrameric inter-
face (referred to as the “X shape”), the second conformation dis-
played a much more staggered overall organization, with two re-
ceptors facing externally and the two others sandwiched between
two discrete H head domains (referred to as the “V shape”). While
an identical interactive site between the V domain of SLAM and
the H heads is found in both conformations (referred to as the
“front” H-binding site), the V-shaped oligomeric configuration
highlighted a supplementary binding interface (referred to as the
“back” H-binding site). Although a recent study suggested that
both conformational states of MeV H might be relevant for trig-
gering the F protein and subsequent membrane fusion activity
(33), further functional and structural analyses must be con-
ducted to validate this important notion.

Interestingly, both MeV H conformations differed signifi-
cantly from recent crystal structures obtained from a related
paramyxovirus attachment protein’s soluble ectodomains. In-
deed, no tetrameric interface between two dimeric head units was
observed in the case of Newcastle disease virus soluble HN.
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Rather, both dimeric head modules were folded back onto the
C-terminal region of the stalk domain (referred to as the “4 heads
down” conformation) (34). An intriguing hybrid conformation
was also determined for the human parainfluenza virus type 5
(hPIV5) HN protein. In this structure, one head dimer was folded
back onto the stalk, whereas the other was stabilized in an upright
state (referred to as the “2 heads up and 2 heads down” confor-
mational state) (35). Importantly, these two structures, together
with a previously determined alternative hPIV5 HN conforma-
tion in which both dimeric head units assembled into tetramers
(30) (referred to as the “4 heads up” state), led to a different pro-
posal for the spatiotemporal activation of the F protein. HN and F
travel to the cell surface separately and, upon HN receptor engage-
ment, the HN heads may switch position from the down to the up
state, thereby exposing the F-binding/activation microdomain of
the stalks, leading in turn to productive F triggering (referred to as
the “stalk exposure/induced-fit” model) (26, 36).

Although the stalk exposure/induced-fit mechanism has been
proposed to act as a general model for paramyxovirus F activation
(36), it not only challenged the structural data obtained for MeV
H (29) but, unfortunately, could not match some important func-
tional data recorded for MeV and CDV (23, 37, 38). Rather, our
recent mechanistic study was suggestive of a model where the H
proteins of morbilliviruses may initially assume a conformation
(putatively a “4 heads down-like” state) where the head units lock
the inherent F-triggering capacity of the stalk domain (referred to
as the “H-autorepressed state”) (27). Although we cannot exclude
that the V or X shape of MeV H defines the autorepressed confor-
mation, our model rather indicates that the crystal structure(s)
determined for MeV H are either not biologically relevant or do
not represent the initial pre-F-triggering state. Upon binding to its
cognate receptor, the putative autorepressed H structure would
experience a first conformational change characterized by move-
ments of the heads (perhaps at this stage reaching the V and/or X
shape configuration) that would result in unlocking the stalk do-
main, which in turn would be freed to undergo a second structural
rearrangement strictly required for productive F activation (re-
ferred to as the “safety catch” model) (27, 39).

Interestingly, two alternative mechanisms for F activation have
been described. According to the first model, the human parain-
fluenza virus type 3 HN protein may oligomerize into F-trigger-
ing-competent structures as a consequence of receptor binding
(40). In the second model, it is hypothesized that F trimers would
initially interact with the Nipah virus attachment protein (G) head
domains to prevent premature F activation of intracellularly pre-
formed G/F complexes. Receptor-induced sequential conforma-
tional changes of G (including a stalk exposure step) would then
switch this interaction from the heads to the F activation microdo-
main of the stalks (41). While highlighting clear differences, all of
the models are not mutually exclusive and deserve additional
work to clarify the mechanism of F activation for each member of
the paramyxovirus family. However, how the front and back H-
binding sites of the SLAM V domain can initiate the suggested
cascade of conformational changes in the morbillivirus H protein
remains largely unknown.

While residues regulating receptor-binding efficacy have been
identified in both MeV and CDV H proteins (42—44), much less
attention has been paid to similar residues in SLAM. The human
and mouse SLAM (mSLAM) molecules share only about 60%
identity, which precludes MeV entry in mSLAM-expressing cells.
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However, the replacement of amino acids 60, 61, and 63 in
mSLAM with the analogous residues of human SLAM enabled
MeV to efficiently infect cells expressing the mouse SLAM recep-
tor (45). Furthermore, bioinformatics-based studies highlighted a
putative role of residues 72, 76, 82, and 129 of carnivore SLAM
molecules in the affinity and sensitivity of interaction with CDV H
and, hence, a possible contribution by these residues to the species
barrier and/or the crossing thereof (46). Consistent with this hy-
pothesis, residues 70 and 71 in canine SLAM (cSLAM) were also
recently proposed to facilitate CDV-mediated cross-species infec-
tions (47).

In the present study, we investigated the relevance of the front
and back H-binding sites of cSLAM with regard to productive
triggering of morbillivirus membrane fusion machineries. Based
on structure-based alanine-scanning mutagenesis, a panel of ca-
nine SLAM mutants was generated and their phenotypes analyzed
with regard to cell surface expression, cell-cell fusion, and the
efficiency of the interaction with the CDV H protein. Collectively,
our data strongly support the notion that the front H-binding site
of the V domain of canine SLAM is the major molecular determi-
nant in the activation of the CDV membrane fusion machinery.
Furthermore, beyond mediating the efficiency of binding to CDV
H, the conserved glutamate residue of SLAM (E at position 123
[E123]) in the front H-binding site may convey an essential fu-
sion-triggering signal to the opposite conserved arginine residue
(R529) that resides at the top of the lateral side of the attachment
protein head domain.

MATERIALS AND METHODS

Cell cultures. 293T cells (ATCC CRL-11268), Vero cells (ATCC CCL-81),
and derivative Vero cells expressing the canine SLAM receptor (Vero-
c¢SLAM, kindly provided by Yusuke Yanagi, Kyushu University, Japan)
were grown in Dulbecco’s modified Eagle’s medium (Gibco; Invitrogen)
with 10% fetal calf serum at 37°C in the presence of 5% CO,.
Construction of expression plasmids and transfections. All single
(and multiple) substitutions performed in the pCI-HA-cSLAM construct
were obtained using the QuikChange lightning site-directed mutagenesis
kit (Stratagene). For the cysteine-based approach, we used the previously
described pCI-sH-expressing strain (derived from CDV strain A75/17,
residues 59 to 607). The construct additionally carries an N-terminal
GCN4 motif, a C-terminal FLAG tag (48), and pCI-sSLAM plasmids (43)
as a backbone for mutagenesis. Both proteins lack the transmembrane and
cytosolic tail regions, thus representing soluble forms of the protein (sH
and sSLAM, respectively). For transfection experiments, Vero cells at 90%
confluence were transfected with the various expression vectors (as indi-
cated in the figure legends) using TransIT-LT1 (Mirus) according to the
manufacturer’s instructions. All primers are available upon request.
Semiquantitative SLAM-H binding assay. The interaction between
either the canine SLAM (cSLAM) wild-type (wt) or mutant protein and a
recombinant soluble H protein (sH) was assessed through a semiquanti-
tative assay, as previously described by Ader and colleagues (48). Briefly,
the soluble form of FLAG-tagged H protein (sHp; o) was expressed in
293T cells. The sHp; o -containing supernatant was harvested 3 day post-
transfection and further concentrated using 30-kDa-cutoff filtration col-
umns (Millipore). sHy; o was then added for 1 h at 4°C to Vero cells that
had previously been transfected with either hemagglutinin (HA)-tagged
cSLAM or plasmids expressing cSLAM-derived mutants. Receptor-
bound soluble H proteins were stained with a mouse anti-FLAG mono-
clonal antibody (MADb) (1:500; Sigma, Switzerland) and then with a goat
anti-mouse Alexa Fluor 488-conjugated antibody (1:500; Invitrogen).
The occurrence of sHy; , binding to the HA-cSLAM proteins was then
monitored by flow cytometry analysis (BD LSRII; Becton Dickinson). The
semiquantitative assessment of the sH-cSLAM binding activity was calcu-
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lated as follows: all FLAG values were normalized according to the surface
expression of the given cSLAM protein (recorded by flow cytometry anal-
ysis using an anti-HA monoclonal antibody 16B12 [1:500; Covance]).
Finally, all ratios were standardized to the one obtained for the combina-
tion of wt sHy, , ; and wt cSLAM, which was arbitrarily set at 100%. The
experiments were repeated three times in triplicate.

Luciferase reporter gene-based cell content mixture assay. The
quantitative fusion assay was performed as described previously (49, 50),
with slight modifications. Briefly, one population of Vero cells were
cotransfected with the F (1.9 pg) and H (1 pg) expression plasmids and
0.1 g of pTM-Luc (kindly provided by Laurent Roux, University of Ge-
neva). In parallel, separate six-well plates containing another population
of Vero cells were infected with modified vaccinia virus Ankara expressing
T7 polymerase (MVA-T7) at a multiplicity of infection (MOI) of 1 and, 2
h later, were transfected with SLAM expression plasmids (2 pg). Four
hours posttransfection, the cells were detached and plated (1:2 dilution)
into new six-well plates. After overnight incubation, both cell populations
were mixed and incubated at 37°C. Five hours later, the cells were lysed
using Bright-Glo lysis buffer (Promega), and the luciferase activity was
determined using a luminescence counter (PerkinElmer Life Sciences)
and the Britelite reporter gene assay system (PerkinElmer Life Sciences).

Cell surface expression of SLAM proteins. Vero cells were transfected
with 1-pg amounts of various HA-tagged cSLAM-expressing plasmids.
One day posttransfection, unfixed and unpermeabilized cells were washed
twice with cold phosphate-buffered saline (PBS) and then stained with the
anti-HA MADb (1:500) (Covance) at 4°C. This was followed by washes with
cold PBS and incubation of the cells with Alexa Fluor 488-conjugated
secondary antibody (1:500) for 1 h at 4°C. The cells were subsequently
washed 2 times with cold PBS and detached from the wells by adding
PBS-EDTA (50 nM) for 20 min at 37°C. The mean fluorescence intensity
(MFI) of 10,000 cells was then measured by using a BD LSRII flow cytom-
eter (Becton Dickinson).

Western blotting. Western blot analyses were performed as previ-
ously described (49, 50). Briefly, the cells were lysed with radioimmuno-
precipitation assay (RIPA) buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1%
deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS]) con-
taining protease inhibitor (cOmplete mixture; Roche) and were cleared by
centrifugation for 20 min at 4°C. The supernatant was mixed with an
equal amount of 2X Laemmli sample buffer (Bio-Rad) containing 5%
B-mercaptoethanol, boiled at 95°C for 5 min, and fractionated on SDS-
PAGE or 3 to 8% Tris-acetate gels (Invitrogen) under reducing or nonre-
ducing conditions. The separated proteins were transferred to nitrocellu-
lose membranes by electroblotting. The membranes were then incubated
with the anti-CDV H polyclonal antibody (PAb) (1:1,000) (51) or an
anti-HA PAb (1:1,000) (Covance). Following incubation with a peroxi-
dase-conjugated secondary antibody, the membranes were subjected to
enhanced chemiluminescence (ECL) using an ECL kit (Amersham Phar-
macia Biotech) according to the manufacturer’s instructions.

SLAM-H coimmunoprecipitation (co-IP) assay. Vero cells in a six-
well-plate format were transfected with 2-pg amounts of canine SLAM-
expressing plasmids (wt or derived mutants) and 2 pg of wt pCI-H. At 24
h posttransfection, cells were lysed in RIPA buffer (10 mM Tris, pH 7.4,
150 mM NaCl, 1% deoxycholate, 1% Triton X-100, 0.1% SDS) containing
protease inhibitor (cOmplete mix; Roche). Lysates cleared by centrifuga-
tion (20,000 X g for 20 min at 4°C) were incubated for 2 h with anti-HA
monoclonal antibody 16B12 (1:1,000) (Covance), followed by overnight
incubation with immunoglobulin G-coupled Sepharose beads (GE
Healthcare) and then by 3 washes with RIPA buffer. The samples were
then subjected to Western blot analysis as described above using either an
anti-HA polyclonal antibody (Covance) or a rabbit anti-CDV H poly-
clonal antibody.

Immunoprecipitation of covalent SLAM/H complexes. 293T cells in
6-well plates were transfected with 2-pg amounts of plasmids encoding
cysteine variants of the soluble versions of SLAM and H (both constructs
additionally carried a hexahistidine tag). At 72 h posttransfection, the
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supernatant was harvested, and soluble proteins were immunoprecipi-
tated for 2 h with an anti-histidine MADb (AbD Serotec) (1:1,000). This was
followed by adding protein G-Sepharose beads overnight (GE Healthcare)
and then by fractionation in 10% SDS-PAGE or 3 to 8% Tris-acetate gels
under regular reducing or nonreducing conditions. Immunoprecipitated
SLAM/H complexes were finally revealed by Western blotting, as de-
scribed above, using an anti-H polyclonal antibody or the anti-SLAM
antibody (1:1,000).

Surface plasmon resonance (SPR). Binding analysis was performed
on a Biacore X100 instrument (GE Healthcare, Chalfont St. Giles, United
Kingdom) with HBS-EP+ running buffer (GE Healthcare) at a flow rate
0f 20 wl/min. CMD500m chips (XanTec Bioanalytics GmBH, Diisseldorf,
Germany) were used. The CDV H protein was immobilized on the chip
using a standard amine-coupling protocol, resulting in a coupling level of
about 2,000 response units. The biosensor surface was regenerated after
each cycle by injecting 25 mM NaOH. To measure the affinities of cSLAM
mutants, cSLAM G71A (mutated from G to A at position 71), N72A, and
E123A mutants and a quintuple mutant (H61A G71A N72A E123A
H130A; referred to as “5A”) in a 2-fold serial-dilution series (5 concen-
trations, starting at 2,000 nM) were injected over the CDV H-coupled
surface for 120 s, followed by a dissociation time of 400 s. The binding
affinities of the different cSLAMs at a concentration of 1,000 nM were
compared. Kinetic analyses were performed using the BIAevalution soft-
ware (GE Healthcare) by applying a 1:1 Langmuir binding model.

Purification of soluble proteins. The soluble CDV H construct car-
rying an N-terminal HA epitope tag (sH-HA) was expressed in 293T cells.
After 3 days, 1 ml of Pierce HA epitope-tagged antibody-agarose conju-
gate (Pierce) was loaded into an Econo-Column chromatography column
(1.0 by 5 cm; Bio-Rad). The column was packed and thoroughly rinsed
with equilibration buffer (20 mM Tris, 0.1 M NaCl, 0.1 mM EDTA, pH
7.5), and then the supernatant was loaded on the column at a flow rate of
0.7 ml/h. After complete loading of the supernatant, the column was
rinsed with 20 ml of wash buffer (20 mM Tris, 0.1 M NaCl, 0.1 mM EDTA,
pH 7.5, 0.05% Tween). The column was then detached from the pump,
and all the solution to the very top of the resin was run out by gravity flow.
Three subsequent elutions were done by adding 1 ml of elution buffer (HA
peptide reconstituted to 1 mg/ml in equilibration buffer) to the resin. The
properly closed column was then incubated for 15 min at 37°C, and the
eluate was collected by gravity flow. To purify soluble SLAM molecules,
the proteins were first expressed in 293T cells. After 3 days, the cell culture
supernatant was harvested and filtered with a 0.22-pm filter. Then, 10X
binding buffer (500 mM NaH,PO,, 1.5 M NaCl, 100 mM imidazole, pH
8.0) and 400 wl of the cOmplete His tag purification resin (Roche) were
added. The mixture was incubated for 20 h at 4°C on a shaking platform.
To pellet the beads, the tubes were centrifuged at 2,100 X gfor 15 min. The
supernatant was then carefully removed, and the beads containing the
bound proteins were resuspended in 1 ml wash buffer (50 mM NaH,PO,,
300 mM NaCl, 20 mM imidazole, 0.05% Tween 20, pH 8.0) and then
transferred to an Eppendorf tube. The beads were washed four more times
with 1 ml wash buffer. The proteins were eluted by the addition of 500 .l
elution buffer (50 mM NaH,PO,, 300 mM NaCl, 250 mM imidazole,
0.05% Tween 20, pH 8.0) and incubation on the rotor for 15 min at room
temperature. The agarose beads were then pelleted at 13,000 X g in the
centrifuge, and the resulting supernatant was used for further analysis.

RESULTS

Identification of a critical residue at the front H-binding site of
the canine SLAM V domain. The cocrystal structure of MeV H
bound to the SLAM receptor revealed four major sites within the
V domain that are responsible for physical interactions with the at-
tachment protein. To investigate whether canine SLAM (cSLAM)
may interact with CDV H in a similar manner, we initially targeted
SLAM residues located at the putative front cSLAM-H binding
interface. Forty-three residues located at (or nearby) the putative
four analogous binding sites in the ¢<SLAM V domain were re-
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placed with alanine, and the mutant proteins were subjected to a
previously reported semiquantitative SLAM-H binding assay (Fig.
1A and B) (48). While most of the cSLAM mutants returned wild-
type-like avidities of interaction, the cSLAM H61A, G71A, N72A,
E123A, E124A, and H130A mutants exhibited values below 50%
for interaction with soluble CDV H compared to the value for wt
c¢SLAM (Fig. 1C). When mapped in our 3-dimensional (3-D)
structural homology model (52), residues H61, E123, and E124
cluster in one side of SLAM, while amino acids G71 and N72 are
located on the opposite side. Residue H130 maps more centrally
(Fig. 1D). Because E124 is adjacent to E123 and shows only partial
reduction in CDV H-binding activity when replaced by alanine,
the following five residues were subjected to further analysis:
H61A, G71A, N72A, E123A, and H130A. The fusion-triggering
ability of the five selected mutants was next examined qualitatively
(cell-cell fusion assay) and quantitatively (reporter gene-based cell
content mixture assay). Interestingly, although some mutants dis-
played reduced membrane fusion triggering, bioactivity was never
entirely inhibited (Fig. 1E and F). Furthermore, while the cSLAM
N72A mutant exhibited a slight reduction in intracellular trans-
port competence, all of the others were properly surface expressed
(Fig. 1F). Of note, the cSLAM E123A mutant was characterized by
a clear increase in surface expression, which interestingly corre-
lated with the most dramatic loss-of-function phenotype (Fig. 1E
and F).

Opverall, our alanine-based mutagenesis screen identified five
residues in ¢cSLAM that affected (i) binding activity to a soluble
form of CDV H and (ii) fusion promotion through contacts with
standard H tetramers. Because analogous SLAM regions have pre-
viously been reported to contact MeV H, these results further
indicate a common mode of binding to the immune cell receptor
SLAM by different members of the Morbillivirus genus.

Cysteine-based substitution led to successful engineering of
covalent soluble cSSLAM/H complexes. To further validate the
presumptive mode of binding between CDV H and c¢SLAM, we
selected residues G71 and P541 in soluble constructs of cSLAM
and CDV H, respectively, for mutagenesis. Indeed, our homology
model indicates a close spatial positioning between these two
amino acids, with a putative distance between their alpha carbons
ofless than 7.5 A (Fig. 2A). We thus speculated that replacing these
two residues with cysteine might lead to the generation of covalent
CDV H/cSLAM complexes.

Unmodified or mutant soluble engineered constructs (addi-
tionally carrying hexahistidine tags) were expressed alone or in
different combinations for 3 days in 293T cells. Upon harvesting
of the cell supernatants, the soluble constructs were subjected to
immunoprecipitation (IP) using an anti-His monoclonal anti-
body (MAb) and fractionated on SDS-PAGE gels (reducing con-
ditions) or Tris-acetate gels (nonreducing conditions). Antigenic
materials were then detected using either an anti-CDV H (51) or
anti-cSLAM (53) polyclonal antibody (PAb). As expected from
our previous study, when membrane-anchored and soluble forms
of CDV H (expressed alone) were separated under nonreducing
conditions, a prominent band representing dimers was detected,
although a small proportion of resisting tetramers were also sys-
tematically observed (Fig. 2C, top) (48). In contrast, while un-
modified soluble ¢SLAM essentially ran as monomers under
nonreducing conditions, the G71C mutant generated one popu-
lation of monomers and a second one very likely representing
dimers (Fig. 2C, bottom). This finding is not completely unex-
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FIG 1 Identification of key regulatory residues in the front H-binding site of the V domain of canine SLAM. (A, B, and D) Structural homology model of the canine
SLAM V domain in complex with one CDV H head or alone (52). (A) The canine SLAM (cSLAM) V domain is color coded in green, and the H protein in red. (B) All
residues targeted for alanine-scanning mutagenesis are highlighted in blue. (D) Color coding identifies the residues whose mutation to alanine had a moderate (yellow)
or strong (red) effect on the binding activity to CDV H. (C) Results of the semiquantitative CDV H-cSLAM binding assay. Vero cells were transfected with wt SLAM or
one of its mutants (HA tagged) and treated 24 h later with the soluble form of CDV H (FLAG tagged). The cells were then stained with an anti-HA MAb and subjected
to flow cytometry to record quantitative values. The CDV H-cSLAM binding activities were calculated as the ratios of mean fluorescence intensities obtained with the
anti-FLAG MAD (reporting the binding activity of soluble H molecules to each of the membrane-anchored cSLAM variants) normalized to the levels obtained with the
anti-HA MAD (reporting the cell surface expression of each of the cSLAM variants). The ratio obtained for the unmodified CDV H-cSLAM combination was arbitrarily
set at 100%. Orange and red bars indicate interactions between CDV H and the selected cSLAM variant of less than 50% or less than 20%, respectively. (E) Results of
qualitative syncytium formation assays in Vero cells triggered by coexpression of CDV H (strain A75/17), CDV F (strain A75/17), and cSLAM or a cSLAM mutant. To
improve the sensitivity of the assay, the cells were additionally transfected with a plasmid encoding the red fluorescent protein. Images of fluorescence emissions from
induced cell-cell fusion in representative fields are shown. The pictures were taken 24 h posttransfection with a confocal microscope (Fluoroview FV1000; Olympus). (F)
Dark-gray bars show the results for cell surface expression of cSLAM and its mutants as determined by treating Vero cells at 24 h posttransfection with an anti-HA MAb.
After the addition of the secondary antibody, MFI values were recorded by flow cytometry. All values were normalized to the one recorded with the unmodified cSLAM
molecule. Means * standard deviations (SD) of data from three independent experiments performed in triplicate are shown. Light-gray bars show the results of the
quantitative cell-cell fusion assay. One population of Vero cells (target cells) were infected with MVA-T7 (MOI of 1) and transfected with DNA plasmids encoding the
various SLAM mutants. In parallel, another population of Vero cells (effector cells) was transfected with vectors expressing wt F and wt H and a plasmid containing
the luciferase reporter gene under the control of the T7 promoter. At 4 h posttransfection, the effector cells were split (1:2) and seeded into new wells. Fifteen hours later,
the target cells were detached and mixed with the effector cells. After 5 hat 37°C, fusion was quantified indirectly by using a commercial luciferase-measuring kit. For each
experiment, the value obtained for the unmodified F and H combination was set to 100%. Means = SD of data from three independent experiments performed in
duplicate are shown.
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FIG 2 Successful covalent CDV H-SLAM complex engineering. (A) Structural homology model of the cSLAM V domain in complex with one CDV H head. The
inset highlights the putative distances between residue P541of CDV H and amino acids G71 and N72 of cSLAM. (B) Atomic structure of the human SLAM V
domain homodimer. The two critical E71 residues are shown. (C and D) Biochemical assessment of the disulfide bond formation linking CDV H to ¢cSLAM.
His-tagged soluble versions of CDV H and ¢cSLAM were coexpressed in 293T cells, and the protein complex immunoprecipitated (IP) with an anti-His MAD.
Proteins were then run in Tris-acetate gels (nonreducing conditions) (C) or SDS-PAGE gels (reducing conditions) (D) and detected by immunoblotting (IB)
using either anti-H (top) or anti-SLAM (bottom) polyclonal antibodies. H, H monomers; H2, H dimers; H4, H tetramers; H2-SLAM (1X), H dimers bound to

one SLAM unit; H2-SLAM (2X), H dimers bound to two SLAM units.

pected, since residues 71 oppose each other in the SLAM-SLAM
homodimeric interface (Fig. 2B), as observed in a previously gen-
erated structural homology model (29). Consistent with a nonco-
valent CDV H-cSLAM interaction, coexpression of both unmod-
ified soluble constructs resulted in running profiles that were very
similar to those detected when expressed individually. In sharp
contrast, however, when both cysteine mutants were expressed
together, a single band of intermediate molecular weight was rec-
ognized by the anti-CDV H PAb (Fig. 2C, top). The latter most
likely represented H dimers covalently bound to two SLAM units,
since a band of similar size was also detected using the anti-cSLAM
PADb (Fig. 2C, bottom). All of the proteins’ migration profiles were
identical when they were run under reducing conditions, thereby
confirming the validity of the assay (Fig. 2D).

Opverall, the successful engineering of covalent soluble CDV
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H/cSLAM complexes strongly argues in favor of an overall similar
mode of binding between morbillivirus attachment proteins and
their respective immune cell-specific receptor SLAMs.
Combined mutations at the front H-binding interface are re-
quired to fully abrogate fusion triggering. Having demonstrated
that mutants with single alanine mutations at the front H-binding
interface of cSLAM nevertheless remained partially functional, we
next examined whether other types of substitutions or combined
mutations might lead to complete membrane fusion-triggering
inhibition. Because it was recently reported that both glycopro-
teins of CDV strain A75/17 induced membrane fusion in Vero
cells expressing the lion SLAM receptor inefficiently (54), we mu-
tated residues G71, N72,and H130 (H61 and E123 are conserved)
into the corresponding amino acids found in the lion SLAM pre-
dicted amino acid sequence. Interestingly, the derived mutants
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FIG 3 Investigation of the ability of the identified SLAM mutants to trigger the CDV membrane fusion machinery. (A to C) Cell-cell fusion activity in Vero cells
triggered by coexpression of CDV H, CDV F, and ¢SLAM (or cSLAM mutants). To improve the sensitivity of the assay, the cells were additionally transfected with
a plasmid encoding the red fluorescent protein. Images of fluorescence emissions from induced cell-cell fusion in representative fields are shown. The pictures
were taken 24 h posttransfection with a confocal microscope (Fluoroview FV1000; Olympus). (D and E) Dark-gray bars show the results for cell surface
expression of the wt SLAM and SLAM mutants, determined by treating Vero cells 24 h posttransfection with an anti-HA MAb. After the addition of the secondary
antibody, MFI values were recorded by flow cytometry. All values were normalized to the one recorded with the unmodified cSLAM molecule. Means = SD of
data from three independent experiments performed in triplicates are shown. Light-gray bars show the results for quantitative cell-cell fusion assay performed

as described in the legend to Fig. 1F.

(G71Q, N72K, G71Q N72K, and H130Q) were not deficient in
either intracellular transport competence or cell-cell fusion trig-
gering, although bioactivity was slightly reduced for the G71Q
N72K and G71Q ¢SLAM mutants (Fig. 3A and D).

Thus, because very similar results were obtained regardless of
the nature of the side chains of the selected SLAM positions, we
generated mutants with sets of combinatorial alanine mutations
as follows: double mutations G71A N72A, H61A E123A, and
E123A H130A, a triple mutation (H61A E123A H130A; referred
to as “3A”), a quadruple mutation (G71A N72A E123A H130A;
referred to as “4A”), and a quintuple mutation (H61A G71A
N72A E123A H130A; referred to as “5A”). The effects of the latter
SLAM mutants on membrane fusion triggering were next assessed
in Vero cells expressing CDV F and H. Strikingly, while the G71A
N72A double mutant preserved substantial fusion-triggering
competency (Fig. 3B and E), the other two double mutants and
the further combinatorial variants (3A, 4A, and 5A) exhibited
strong inhibition of bioactivity (Fig. 3B, C, and E). Impor-
tantly, the latter loss-of-function results were not due to gross
protein misfolding, since all mutants were properly surface ex-
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pressed (Fig. 3E). Of note, as observed in the case of the E123A
single alanine mutant, all combinatorial variants carrying the
E123A substitution exhibited a clear enhancement of cell sur-
face transport efficacy (Fig. 3E).

Taken together, these data suggest that, although single alanine
mutations of the five critical residues identified in the front H-
binding site of SLAM lead to severe impairments in physical in-
teraction, a combination of mutations is strictly required to
achieve complete lack of bioactivity. The results thus indicate that
only subtle binding affinity between CDV H and ¢SLAM is suffi-
cient to trigger plasma membrane fusion activity.

Residue E123A in the front H-binding site of SLAM is essen-
tial in supporting CDV H-F fusion activity. Among the panel of
single alanine mutants that we generated, the replacement of res-
idue E123 led to the most significant reduction of membrane fu-
sion triggering. To determine the effect of residue E123 in the
context of the combinatorial alanine mutations, we mutated that
position back to the parental residue (E) or to a nonconserved
amino acid (R or S). The mutations were introduced in the genetic
background of the SLAM mutants 3A, 4A, and 5A, thereby pro-
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FIG 4 Investigation of the impact of residue E123 of SLAM in triggering fusion. (A, C, E, and G) Cell-cell fusion activity in Vero cells triggered by coexpression
of CDV H, CDV F, and ¢SLAM or a ¢cSLAM mutant. To improve the sensitivity of the assay, the cells were additionally transfected with a plasmid encoding the
red fluorescent protein. Images of fluorescence emissions from induced cell-cell fusion in representative fields are shown. The pictures were taken 24 h
posttransfection with a confocal microscope (Fluoroview FV1000; Olympus). (B, D, F, and H) Dark-gray bars show the results for cell surface expression of the
wt SLAM and SLAM mutants as determined by treating Vero cells 24 h posttransfection with an anti-HA MADb. After the addition of the secondary antibody, MFI
values were recorded by flow cytometry. All values were normalized to the one recorded with the unmodified cSLAM molecule. Means * SD of data from three
independent experiments performed in triplicate are shown. Light-gray bars show the results for quantitative cell-cell fusion assay performed as described in the
legend to Fig. 1F.

ducing three additional variants, referred to as 2-A’+E123, nine mutations, mutating the cSLAM alanine residue at position
3-A’+E123, and 4-A’+E123, respectively. For controls, SLAM 123 back to the original amino acid (A123E) led to substantial
E123R and E123S single mutants were also generated. restoration of membrane fusion triggering (Fig. 4A to F), whereas

Remarkably, regardless of the number of combinatorial ala-  the E123R- and E123S-carrying combinatorial mutants remained
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SLAM mutants and the lion SLAM molecule.

fully inactive (Fig. 4A to F). In addition, while the cSLAM mutant
harboring the single E123S substitution was characterized by an
intermediate triggering efficacy of the CDV membrane fusion ma-
chinery, SLAM E123R exhibited strong inhibition of bioactivity
(Fig. 4G and H). Cell surface expression determination revealed
that all of the mutants generated were intracellular transport com-
petent. As described above, all SLAM variants carrying a mutation
at position 123 exhibited higher cell surface expression (Fig. 4B, D,
F,and H). It should be emphasized that the ability of SLAM E123S
to substantially trigger the CDV fusion machinery, while being
expressed at the cell surface with improved efficiency compared to
that of wt SLAM, argued against the possibility that the fusion-
triggering deficiency exhibited by some specific SLAM mutants
resulted from an increased amount of molecules at the plasma
membrane. Consistent with this idea, reducing the amounts of wt
and mutant SLAM proteins expressed at the cell surface by de-
creasing the amount of DNA transfected invariably led to a down-
regulation of the bioactivity (data not shown).

Altogether, these findings underline the critical effect of the
SLAM residue E123 in supporting the membrane fusion process.

Membrane-anchored SLAM mutants and CDV H proteins
exhibit physical interactions. We next conducted coimmuno-
precipitation (co-IP) experiments to biochemically confirm the
notion that fusion modulation by mutations residing in the front
H-binding site of SLAM resulted from impaired physical interac-
tions. Toward this aim, we coexpressed the full-length versions of
c¢SLAM and CDV H proteins in Vero cells and pulled down the
potential complexes using an anti-HA MADb that targeted cSLAM.
Finally, bound H proteins were detected using an anti-H PAb.
Unexpectedly, as shown by the results in Fig. 5A, wt cSLAM, to-
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gether with all of the cSLAM single mutants tested, could very
efficiently bind to full-length CDV H protein. Likewise, all of the
combined alanine mutants, as well as the variants with selected
residues mutated into their lion SLAM amino acid counterparts,
also exhibited significant physical interaction with CDV H (Fig.
5B and C). Conversely, the lion SLAM molecule appeared to bind
to CDV H with very weak affinity. Indeed, only trace amounts of
CDV H were detected by co-IP (Fig. 5B and C), despite efficient
intracellular expression and cell surface targeting of the lion
SLAM molecule (Fig. 3D). Hence, this finding argued against the
hypothesis that the CDV H-SLAM interaction being monitored
resulted from the experimental settings of the co-IP assay. As ex-
pected from the increased intracellular and surface expression
profiles exhibited by SLAM variants harboring the E123A substi-
tution, enhanced amounts of co-IP H materials were detected
from coexpressing Vero cells (Fig. 5A and B). Interestingly, the
SLAM variants carrying E123A also generated a second band with
slower gel mobility, which may correspond to SDS-PAGE-resis-
tant noncovalent homodimers.

Opverall, with the exception of the lion SLAM receptor, our
co-IP assays revealed unperturbed CDV H-SLAM interactions
when both molecules were coexpressed as full-length constructs in
the identical cells. Furthermore, SLAM variants carrying the
E123A substitution may also display stronger SLAM-SLAM ho-
mophilic interactions.

Binding kinetics and affinities of soluble CDV H and cSLAM
constructs. The discrepancies in the CDV H-SLAM interactions
recorded using our flow cytometry-based cellular assay or our
co-IP experiments prompted us to employ surface plasmon reso-
nance (SPR) analyses to further investigate in detail the binding
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FIG 6 Lack of binding of the soluble cSLAM mutants to CDV H. (A) Surface
plasmon resonance was employed to determine the binding kinetics of soluble
CDV H to different concentrations of unmodified soluble cSLAM molecules.
(B) Surface plasmon resonance was employed to determine the binding affin-
ity of soluble CDV H to soluble cSLAM and ¢SLAM mutants (at the same
concentration, 1,000 nM).

kinetics and affinities of the attachment protein with its receptor
and mutants of the receptor. In this experimental setting (where
the soluble forms of both CDV H and c¢SLAM are required), wt
CDV H and ¢SLAM exhibited a substantial equilibrium of the
dissociation constant (K},), although it was relatively weaker than
the one previously recorded for the related MeV H-human SLAM
(hSLAM) interaction (Fig. 6A) (29, 55). Variations of the experi-
mental settings and/or specific values monitored with the H pro-
tein of the neurovirulent CDV strain A75/17 may explain the re-
corded differences in receptor-binding affinities. Interestingly,
under these conditions, all cSLAM variants tested (G71A, N72A,
E123A, and 5A) returned values translating to substantially re-
duced binding affinities (Fig. 6B and Table 1). Although they de-
fined very low binding affinities (at the limit of the SPR sensitiv-
ity), these values nevertheless may still represent some relevant
physical interactions between the two molecules, since they are
within the range of values previously determined for the produc-
tive homophilic SLAM-SLAM binding affinity (29).

Taken together, when using at least one soluble molecule (of
SLAM or CDV H) in the experimental setting, both glycoproteins
exhibited limited (wt CDV H and wt SLAM; SPR) or very weak (wt
CDV H and SLAM mutants; flow cytometry based and SPR) bind-
ing affinities. Conversely, when using the full-length, membrane-
anchored versions of the SLAM and H proteins (which were addi-
tionally coexpressed in the same cell), strong physical interaction
could be demonstrated regardless of the mutation introduced into
the V domain of SLAM.

Investigation of the putative back H-binding site of the
SLAM V domain. A high-resolution structure of MeV H in
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complex with the receptor SLAM revealed two tetrameric or-
ganizations (29). Interestingly, in one of these conformational
states (the V shape), the V domain of two SLAM units was
found to be sandwiched between two globular heads of two
different H dimers, thereby illustrating a front and a back H-
binding site (Fig. 7A and B). To investigate the functional rel-
evance of the back H-binding site of cSSLAM, we selected three
critical residues (P33, P36, and K38) that map to this region
and are potentially involved in direct interaction with the H
head (Fig. 7C). Three SLAM variants with nonconservative
substitutions were generated, bE (carrying all three residues
mutated into E), bN (carrying all three residues mutated into
N), and bRKN (carrying the three amino acids mutated into R,
K, and N, respectively). The results in Fig. 7D and F illustrate
that none of the three mutations had a substantial effect on the
fusion-triggering ability of SLAM, while the mutants were ex-
pressed at the cell surface in a wild-type-like manner (Fig. 7F).
In addition, all three mutants retained wild-type-like binding
efficacy to CDV H, as determined by semiquantitative SLAM-H
binding and co-IP assays (Fig. 7E and G).

Overall, these results suggest that either the V-shaped confor-
mation of H tetramers is not biologically relevant or the putative
back H-binding site of SLAM is not required to control the trig-
gering of the CDV fusion machinery. Alternatively, we cannot rule
out the hypothesis that additional mutations should be intro-
duced at (or near) the back binding site to achieve a recordable
loss-of-function phenotype.

Combined front and back mutations in SLAM did not signif-
icantly alter the activation of the CDV fusion machinery. Al-
though introducing mutations at three critical positions in the
putative back H-binding site of cSSLAM did not significantly mod-
ulate its capacity to trigger the CDV membrane fusion machinery,
we thought to further investigate the effects of these substitutions
in SLAM variants characterized by partial impairments in fusion
triggering. To this aim, we replaced the three key residues in
the genetic background of the SLAM mutants 4-A’+E123,
4-A’+EI123R, and 4-A’' +E123S. As expected from the results of
our previous experiments, qualitative and quantitative cell-cell
fusion assays revealed that only the variant bE+4-A"+E123 ex-
hibited residual bioactivity (Fig. 8A and B). Importantly, com-
pared to the 4-A’+E123 variant, the SLAM mutant additionally
harboring the back-site mutations (bE+4-A’+E123) did not dis-
play a further reduction in fusion triggering (Fig. 4E and 8A and
B). Consistent with our previous results, co-IP assays performed
with full-length versions of CDV H and the selected SLAM mu-
tants invariably returned efficient physical interactions (Fig. 8C
and D). Correlating with increased intracellular (Fig. 8C and D)
and cell surface expression (Fig. 8B, E, and F), SLAM mutants

TABLE 1 Binding kinetics of soluble CDV H ectodomain to soluble
SLAM ectodomains

Ligand k, (1/s) k, (1/s) Kp, (M)
cSLAM 2.5 X 10* 20X 107" 8.0
cSLAM G71A 6.3 X 10° 5.9 X 107! 93.7
cSLAM N72A 2.1 X 10* 57X 107! 27.1
cSLAM E123A 2.6 X 10* 6.4x10"" 24.6
cSLAM 5A 1.2 X 10* 5.7 X 107! 47.5

Journal of Virology

“k,» association constant (on rate); k,, dissociation constant (off rate); K, equilibrium
dissociation constant.
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CDV H, CDV F, and ¢SLAM or a cSLAM mutant. To improve the sensitivity of the assay, the cells were additionally transfected with a plasmid encoding
the red fluorescent protein. Images of fluorescence emissions from induced cell-cell fusion in representative fields are shown. The pictures were taken 24
h posttransfection with a confocal microscope (Fluoroview FV1000; Olympus). (E) Semiquantitative CDV H-cSLAM binding assay performed as
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performed in triplicates are shown. Light-gray bars show the results for quantitative cell-cell fusion assay performed as described in the legend to Fig. 1F.

(G) Co-IP assays were performed as described in the legend to Fig. 5.

carrying a substitution at position 123 displayed larger amounts of
co-IP H materials, regardless of the presence or absence of the
back mutations (Fig. 8C and D). Very similar results were ob-
tained independently of whether the back H-binding site was mu-
tated into glutamic acid (E) or asparagine (N) (Fig. 8D). An ex-
ception was that enhanced amounts of H proteins were copurified
from SLAM 4-A" +E123 pulldown experiments, while this mutant
exhibited wild-type-like intracellular and cell surface expression
(Fig. 8C to F), thereby suggesting an increased binding affinity of
this specific SLAM mutant with CDV H. Strikingly, additional
substitutions of either three E or three N residues in the putative
back H-binding site of SLAM 4-A’+E123 generated variants
(bE+4-A’'+E123 and bN+4-A'+E123) that lost the enhanced
binding affinity that was observed with the parental version (4-
A’+E123) (Fig. 8D).

Collectively, while these results support the notion that the
back H-binding site of SLAM does not significantly affect its bio-
activity, physical interactions with CDV H might, however, be
influenced.

The back H-binding site of SLAM interferes slightly with
CDV H binding. The above-described findings tend to argue for a
putative effect of the back H-binding site of SLAM in modulating
physical interactions with the membrane-anchored version of
CDV H. Itis important, however, to note that the latter phenotype
was recorded in a SLAM mutant (4-A’ +E123) that initially exhib-
ited an increased interaction with CDV H, which therefore com-
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plicated the interpretation of the results. To overcome this prob-
lem, we introduced the back-site mutations (E, N, or RKN) in the
genetic background of the G71A N72A SLAM variant. Indeed, the
latter mutant was selected for three main reasons: (i) it displays
near wild-type-like ability to trigger the CDV membrane fusion
machinery, (ii) it interacts with CDV H in a manner similar to that
of the original canine SLAM molecule, and (iii) it has good surface
expression. The results in Fig. 9B show that the three newly gen-
erated SLAM variants did not exhibit any significant reduction in
cell surface expression. However, co-IP experiments using these
SLAM variants indicated slightly reduced interaction affinities to
CDV H compared to those detected for the SLAM G71A N72A
and 3-A’ front-only H-binding site mutants. Furthermore, the
efficiency of binding exhibited by the double binding-site mutants
might be even more pronounced, since the intracellular expres-
sion rate of the SLAM G71A N72A variant was limited in this
experiment (Fig. 9C). While any differences in bioactivity between
the three mutants could hardly be detected based on the qualita-
tive assay (Fig. 9A), slight reductions compared to the results for
the parental G71A N72A SLAM variant were observed when as-
sessed using the quantitative fusion assay (Fig. 9B). Although this
discrepancy may rely on different sensitivities for the two assays,
they could also emerge from the different times of incubation used
between the qualitative and quantitative fusion assays (overnight
versus 5 h, respectively).
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FIG 8 Determination of the functional impact of SLAM variants harboring front and back mutations. (A) Cell-cell fusion activity in Vero cells triggered by
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DISCUSSION

Cell entry of morbilliviruses relies on the concerted action of two
surface glycoproteins (H and F) that undergo conformational
changes upon the binding of H to a host cell receptor, resulting in
membrane fusion (26, 27, 48, 56-59). In this study, we aimed at

February 2016 Volume 90 Number 3

Journal of Virology

improving our fundamental understanding of the first step that
triggers the CDV membrane fusion machinery. The atomic struc-
ture of MeV H in complex with its immune cell receptor SLAM
not only revealed the precise binding interface but, interestingly,
indicated two discrete tetrameric conformations assumed by H
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FIG 9 Determination of the functional impact of back substitutions in the
background of the front SLAM mutant G71A/N72A. (A) Cell-cell fusion ac-
tivity in Vero cells triggered by coexpression of CDV H, CDV F and ¢SLAM (or
derivative mutants). To improve the sensitivity of the assay, the cells were
additionally transfected with a plasmid encoding the red fluorescent protein.
Images of fluorescence emissions from induced cell-cell fusion representative
fields are shown. The pictures were taken 24 h posttransfection with a confocal
microscope (Fluoroview FV1000; Olympus). (B) Dark-gray bars show the re-
sults for cell surface expression of the wt SLAM- and SLAM mutants, deter-
mined by treating Vero cells 24 h posttransfection with an anti-HA MAb. After
the addition of the secondary antibody, MFI values were recorded by flow
cytometry. All values were normalized to the one recorded with the unmodi-
fied cSLAM molecule. Means * SD of data from three independent experi-
ments performed in triplicates are shown. Light-gray bars show the results for
quantitative cell-cell fusion assay performed as described in the legend to Fig.
1F. (C) Co-IPs were performed as described in the legend to Fig. 5.
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(29). Importantly, in one of these, the V shape, it appeared that
two regions of the V domain of SLAM (referred to as the front and
back H-binding sites) were involved in short-range interactions
with two monomeric H head domains of two discrete H dimers.
Pending the determination of the crystal structure of CDV H in
complex with the canine SLAM receptor to definitely spotlight the
binding interface, we used alanine-scanning and structure-guided
mutagenesis to shed light on the initial cSLAM and CDV H inter-
action in the work presented here.

Using a previously described semiquantitative flow cytometry-
based cellular assay and surface plasmon resonance experiments,
we could identify five critical residues clustering at the front H-
binding site of the SLAM V domain that are very likely involved in
short-range interaction with CDV H. Indeed, the replacement of
SLAM residues H61, G71, N72, E123, and H130 with alanine led
to severe impairments in these physical interactions. Since all of
the corresponding five amino acids are located at, or in the case of
G71, adjacent to, the binding interface of the MeV H/SLAM com-
plex, our findings strongly suggest that the overall mode of bind-
ing between the attachment protein and SLAM is conserved
among all members of the Morbillivirus genus. Consistent with
this idea, using bioinformatics analyses of 3-D homology models
of SLAM, Ohishi and colleagues recently hypothesized that these
amino acids (among others) could be involved in productive in-
teraction between the morbillivirus H protein and the immune
receptor SLAM (46).

Interestingly, although even a single alanine substitution at one
of these five critical positions located at the front H-binding site of
c¢SLAM led to severe impairment in physical interaction with CDV
H (as observed using flow cytometry-based and surface plasmon
resonance assays), the cell-cell fusion-triggering capacity never-
theless remained substantial, being most affected by mutation of
residue E123. When this residue was replaced with alanine, the
resulting SLAM E123A variant required at least two additional
mutations (among the five regulatory residues identified) to
achieve complete inhibition of its fusion promotion ability. These
findings led to the assumptions that (i) some kind of interaction
must have nevertheless occurred between membrane-anchored
versions of CDV H and the selected individual ¢SLAM variants
and (ii) weak interaction between CDV H and ¢SLAM is sufficient
to retain, at least partially, the biological function. In support of
the first hypothesis, we could indeed readily detect physical inter-
action between CDV H and the SLAM variants using our co-IP
assay, which was based on the coexpression of full-length versions
of CDV H and c¢SLAM in the same cells. It is also noteworthy that
we could record by SPR slight interactions between CDV H and
the SLAM single mutants. Moreover, consistent with the second
hypothesis, our data illustrated efficient triggering of the CDV
membrane fusion machinery by the lion SLAM molecule, al-
though the binding activity between CDV H and lion SLAM re-
mained almost undetectable biochemically.

It is thus tempting to speculate that productive interactions
between CDV H and ¢SLAM may depend on a more complex
mode of binding, perhaps involving additional domains of the
receptor and/or the attachment protein, as suggested in the V
shape conformation of the MeV H and SLAM cocrystal structure
(29). Therefore, investigation of the interaction based on purified
truncated constructs of H and/or SLAM, while being relevant to
study the front binding interface, may lack the necessary domains
and/or specific conformational states that might be required to
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mimic physical binding of full-length, membrane-anchored
forms of the two molecules. Alternatively, it cannot be excluded
that (i) the experimental settings of our biochemical CDV H-
c¢SLAM co-IP assay generated unspecific interactions or (ii) an
unknown cellular factor assembled with the full-length H and
SLAM proteins to form a tripartite functional complex. Future
studies are therefore necessary to discriminate between these dif-
ferent possibilities.

If interactions between the front H-binding site of SLAM and
H are nonetheless considered to be (at least partially) maintained
even with SLAM variants harboring combined mutations at the
interactive site, then the regulatory residues identified may not
merely affect fusion triggering by modulating the binding affinity
with CDV H. In this case, we can speculate that, beyond regulating
the SLAM-H affinity of interaction, some of these key residues
may additionally contribute to the transmission of a critical fu-
sion-triggering signal to the CDV H head domains. Strikingly,
alignment of various species-specific SLAM sequences illustrates
that the glutamate residue at position 123 of SLAM (E123) is the
only amino acid of the front H-binding site (among the five iden-
tified positions) that is completely conserved (not shown). Fur-
thermore, as stated above, the replacement of residue E123 led to
the most pronounced detrimental effect on fusion-triggering ac-
tivity, thereby strengthening its potentially essential role in regu-
lating SLAM’s bioactivity. Interestingly, based on the MeV H-
SLAM atomic structure, E123 is involved in short-range contacts
with residue R533 of MeV H (29). Strikingly, recombinant mea-
sles viruses harboring the R533A mutation in their receptor-bind-
ing protein exhibit a selective deficiency of cell entry in SLAM-
expressing cells (19, 42). Likewise, and consistent with our
hypothesis, Navaratnarajah and colleagues proposed a putative
role of residue R533 of MeV H in transmitting an essential signal
necessary to support the membrane fusion process, rather than
merely engaging physical interactions with SLAM (55). We thus
hypothesize that, besides the essential proper positioning of the H
head’s lateral region with the front H-binding site of the V domain
of SLAM, productive triggering of the morbillivirus membrane
fusion machinery may rely not only on proper affinity and binding
between the two partners but also on a local conformational
change. With regard to the recently proposed safety catch model
of morbillivirus F activation (27, 39), this local structural modifi-
cation may involve a repositioning of the side chains of residues
SLAM E123 and H R533 (or the analogous R529 residue of CDV
H) that will translate into the initiation of the large-scale move-
ments of the heads (putatively reaching conformational interme-
diates, such as the X and/or V shapes), ultimatelyleading to structural
rearrangements of the H stalk. Although structural information ar-
gues against large-scale conformational changes occurring within the
paramyxovirus attachment protein monomeric head unit as a con-
sequence of receptor binding (22, 29-31, 60-64), subtle local
modifications cannot be excluded in all models proposed for F
activation (26, 27, 36, 40). In fact, recent functional data obtained
with henipaviruses are consistent with this idea (41). However,
although the latest mechanistic data obtained with morbilliviruses
support the safety catch model for F activation (39, 65, 66), we
cannot formally exclude at this stage that the proposed productive
SLAM-H interactions translate into membrane fusion triggering
by one of the alternative mechanisms (stalk exposure/induced fit
[36], attachment protein oligomerization [40], and bidentate at-
tachment protein-F interaction [41] models).
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Regulation of Productive SLAM-H Interaction

However, as stated above, H-SLAM interactions may be more
complex than just relying on the front H-binding interface. In-
deed, the tetrameric V shape conformation of MeV H in complex
with four units of SLAM revealed a second binding interface for
two receptor molecules in the back. Since Hashiguchi and col-
leagues proposed that fusion triggering might rely on a conforma-
tional shift between the X- and V-shaped tetramers (thus poten-
tially involving the back H-binding site in fusion triggering) (29),
we mutated three selected residues that mapped to the putative
back H-binding site of cSLAM to evaluate their effects on the
activation of the CDV membrane fusion machinery. Regardless of
whether the mutations were introduced into SLAM molecules ad-
ditionally harboring substitutions in the front H-binding site or
not, no substantial functional effect could be recorded. Rather, the
back-site SLAM variants bE+G71A N72A and bE+4A-A"+E123
were the only mutants generated in this study that were character-
ized by weakened interaction with membrane-anchored CDV H
proteins, as determined in our co-IP assays. It should be noted,
however, that the recorded weaker H-binding activity of these
mutants nevertheless remained stronger than that recorded with
the lion SLAM receptor (essentially not detectable), which could
nevertheless trigger membrane fusion to a substantial extent.
Therefore, although selective deletions and/or additional substi-
tutions at (or near) the back H-binding site might be required to
achieve a noticeable functional impact, the finding that mutations
in the back H-binding site weakened the cSLAM-H interaction
but did not substantially weaken fusion efficacy supports a major
role of the front H-binding site in triggering fusion. Taken to-
gether, while the back H-binding site of cSLAM might indeed
contribute to short-range (or long-range) interaction with a spe-
cific structural state of CDV H, further experiments are required
in order to determine the biological relevance of the back H-bind-
ing site with regard to the activation of the CDV cell entry machin-
ery. Alternatively, we cannot yet formally exclude the hypothesis
that, when studied in the context of membrane-anchored pro-
teins, another domain of SLAM may contribute to physical inter-
action with a discrete H conformation.

Collectively, our findings advanced our general mechanistic
understanding of the initial steps that are required to activate the
membrane fusion complex of CDV. First, they highlighta mode of
binding between the morbillivirus attachment protein and the
immune receptor SLAM which may be common to all members of
the genus, whereby functional interactions rely on the proper
alignment of the H head’s lateral region (blades 4, 5, and 6 of the
beta-propeller) with the front site of the V. domain of SLAM. Sec-
ond, they spotlight a putative key role of the highly conserved
residue E123, which is located within the front site of SLAM and
may transmit a productive fusion-triggering signal to the H head
domains. Third, they support the hypothesis that the entire mo-
lecular framework supporting functional interactions between
membrane-anchored versions of CDV H and canine SLAM may
depend either on additional microdomains of one (or both) pro-
tein(s) or on putative, yet-to-be-determined supplementary host
cellular factor(s), which may assemble with the H/receptor com-
plex. Finally, they provide further evidence that membrane fusion
activity in morbillivirus infections appears to be finely tuned by a
range of subtle molecular interactions between cell-specific recep-
tors and the viral glycoproteins. This may translate into important
variations in viral transmission and the ensuing cellular pathol-
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ogy, as well as immune responses, both of which determine the
clinical course and outcome of the infection.
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