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Abstract

A quartet of attachment proteins and a trio of fusion protein subunits play the cell entry concert of
parainfluenza viruses. While many of these viruses bind sialic acid to enter cells, wild type
measles binds exclusively two tissue-specific proteins, the lymphatic receptor signaling
lymphocytic activation molecule (SLAM), and the epithelial receptor nectin-4. SLAM binds near
the stalk-head junction of the hemagglutinin. Nectin-4 binds a hydrophobic groove located
between blades 4 and 5 of the hemagglutinin B-propeller head. The mutated vaccine strain
hemagglutinin binds in addition the ubiquitous protein CD46, which explains attenuation. The
measles virus entry concert has four movements. Andante misterioso: the virus takes over the
immune system. Allegro con brio: it rapidly spreads in the upper airway’s epithelia. “Targeting”
fugue: the versatile orchestra takes off. Presto furioso: the virus exits the host with thunder. Be
careful: music is contagious.

Theme: cell entry of Paramyxoviridae

Measles virus (MeV) [1] belongs to the Morbillivirus genus of the Paramyxoviridae family
of negative strand RNA viruses; a family that also includes deadly emerging zoonotic
viruses like Hendra and Nipah, as well as other prevalent human pathogens such as mumps,
parainfluenza and respiratory syncytial viruses [2]. Most Paramyxoviruses enter cells by
fusion at the plasma membrane at neutral pH [2-4]. This is unlike most other enveloped
viruses, which use either low pH or proteases in endosomal compartments to trigger fusion
[2,5].

Virus entry is mediated by the concerted action of a tetrameric attachment protein (the
“quartet”) and a fusion protein trimer (the “trio”). The attachment proteins are known as
hemagglutinin (H) for MeV and the other Morbilliviruses [6], glycoprotein (G) for the
Henipaviruses [3], and hemagglutinin-neuraminidase (HN) for those paramyxoviruses with
both hemagglutination and neuraminidase activities [2]. H and G bind protein receptors
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while HN binds sialic acid [3,7]. All are type Il transmembrane glycoproteins with a short
cytoplasmic tail, a membrane-spanning region, a membrane-proximal stalk and a
membrane-distal head domain [2]. All head domains fold into six-bladed p-propellers [8-15]
(Fig. 1). Most stalks form disulfide-linked dimers [16] which then further associate [17,18].
The only stalk structure available to date is that of HN, a four-helix bundle [14,19,20].
Receptors bind the heads, located above the F-trimers, triggering their refolding and
membrane fusion [21-24].

HN-heads bind sialic acid in a central pocket of the p-propeller (Fig. 1A) [10]. The active
sites in the HN-head dimers are tilted by 90° to each other. Henipavirus G-heads (Fig. 1B)
are structurally similar to HN but do not bind sialic acid and hence have neither
hemagglutination nor neuraminidase activity [25,26]. Instead, G binds different ephrins,
membrane anchored proteins involved in embryonic development [27-29]. While the
binding occurs on the same face of the molecule as does sialic acid, ephrins bind closer to
the top of the B-propeller [13,15,30] (Fig. 1B). Similar to HN, the G-protein’s receptor-
binding faces are tilted at 90° [26].

As Henipavirus G-, the MeV H-protein does not bind sialic acid and lacks neuraminidase
activity. The H-head is cuboidal (Fig. 1C-D) [11], in contrast to the more globular structures
of HN and G. The H-monomers are also tilted and somewhat twisted. N-linked
oligosaccharides cover the central pocket of the H-monomer, thus occluding the potential
sialic acid binding site [11]. Instead, H binds protein receptors on the side of the p-propeller
(Fig. 1D).

Andante misterioso: measles virus takes over the immune system

MeV biological niche is defined by the receptors. Wild-type MeV uses two proteins to enter
cells, the signaling lymphocyte activation molecule SLAM/CD150 [31] and nectin-4, a cell
junction organizer also named PVVRLA4 for poliovirus receptor-like 4 [32,33]. SLAM is
expressed on activated immune cells [34] while nectin-4 is expressed at the basolateral
surface of airway epithelial cells [35]. SLAM is the primary receptor and accounts for the
immunosuppressive activity of MeV. It supports infection of alveolar macrophages
patrolling the airway lumen and of dendritic cells [36,37]. These cells transfer the infection
to lymphocytes including memory T-cells, hence causing temporary loss of immunity to
other pathogens [38-40]. Circulating lymphatic cells then transmit the infection to the
basolateral side of nectin-4 expressing cells in the upper respiratory epithelium [41,42].
After epithelial spread MeV is aerosolized by coughing and sneezing, promoting efficient
contagion [43]. Both SLAM and nectin-4 are type | transmembrane proteins from the
immunoglobulin superfamily that bind H with their membrane-distal VV domains [32,44]. A
ubiquitous regulator of complement activation, named membrane cofactor protein or CD46,
is used as receptor only by the vaccine strain [45,46].

SLAM binding defines the first movement of the MeV entry concert. While avoiding
recognition, the virus takes over the immune system. Figure 2 shows the MeV H protein
alone (panels A-F, surface representation) or in complex with the three receptors (panels G-
I, ribbon representation). Residues important for SLAM-dependent entry are shown in blue
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[47-49]. Residues D530 and R533 in the p5-blade (Fig. 2C, top right) are necessary for cell
entry through SLAM [49] and the residue 1194 in the p6-blade (Fig. 2C, bottom right) is
necessary for SLAM binding as demonstrated by surface plasmon resonance [48]. In the H/
SLAM co-crystal, the orientation of R533 is slightly modified compared to the unbound
form in order to accommaodate one loop of SLAM (compare panels G and D to panel C). In
addition, the P191-R195 B-strand gets closer to R533 in the SLAM bound form to lock-on to
the receptor. Whereas the SLAM-H co-structure indicates that residues Y541 and Y543 can
form a hydrophobic interaction with SLAM [50], mutating these residues does not block
SLAM usage in functional assays [51-53].

Allegro con brio: the virus rapidly spreads in the upper airway’s epithelia

Brisk multiplication in the upper airways defines the second movement. Infected lymphatic
cells spread the virus in the whole body, but the infection is transmitted only to nectin-4
expressing cells [41,42]. In Figure 2 residues important for nectin-4 dependent entry are
shown in green and orange; orange indicates that the residue is also functionally relevant for
entry through CD46 binding. About 20 residues in the B3, p4 and B5 blades are in close
contact with MeV H in the complex [54]. Functionally important residues include L464,
L482, F483, Y541 and Y543 (Fig. 2C). Interestingly Y541 and Y543 in the B5-blade delimit
a hydrophobic groove along with residues L464 and F483 in the p4 blade (Fig. 2E, center).
This groove is wider in the unbound (Fig. 2C) and SLAM-bound (Fig. 2G) forms of H. In
the structure of the epithelial receptor bound complex, a nectin-4 loop protrudes deep into
the groove (Fig. 2H), which may contribute to the high affinity interaction with H (about 20
nM versus 80-100 nM for SLAM and CD46) [32]. In addition, residue L482 located at the
bottom edge of the groove (Fig. 2, green residue) gives some specificity for nectin-4 as its
mutation modulates nectin-4-specific cell-to-cell fusion [52].

For illustrative purposes, this variation ends with a morendo (dying): binding CD46 causes
entry into non-target cells that alert the immune system, which tries to eliminate the
infection. In truth, only the vaccine strain H protein binds CD46 [48]. Hemagglutination of
simian erythrocytes, which express CD46 [45,46], is restricted to the vaccine strain. Thus,
“H” is a misnomer for the MeV attachment protein because wild type strains do not
hemagglutinate. Moreover, CD46 has no discernible role in wild type infections [55], and its
interactions with the live-attenuated vaccine strain may contribute to its outstanding safety
record [1]. CD46 can be considered a “decoy” receptor that successfully misleads the
vaccine strain, but not wild type MeV.

Like the nectin-4 interaction, one CD46 loop inserts in the B4-p5 hydrophobic groove (Fig.
21). Substitution N481Y is the main determinant of CD46 adaptation [56,57], but at least 10
other residues interact in the co-crystal [58]. These residues include four forming the
nectin-4 binding hydrophobic groove (Fig. 2C and 2F, orange residues L464, F483, Y541
and Y543). Y481 is located at the bottom edge of the groove (Fig. 21, red residue) and does
not move after receptor binding (compare Fig. 2C and 2F). At the top of the groove, L500
(red) also contributes to CD46 docking [52] (Fig. 2C, 2F, 21). The CD46 binding surface
may have evolved from the nectin-4 binding surface based on minimal changes.
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“Targeting” fugue: the versatile orchestra takes off

The “targeting” fugue was recently added to the entry concert. The orchestra now plays on
new stages, operating mainly with cancer marker proteins as designated receptors. We
explain how this became possible. All receptors bind between H B-propeller blades 3 and 6.
Nectin-4 and CD46 bind a p4-p5 hydrophobic groove, while residues important for SLAM
binding map mainly to the B5-p6 blades. Thus, receptor binding to adjacent H-head
locations can trigger fusion. But can binding anywhere on the H-head do it? This question
was addressed by adding hexahistidine “handles” to surface-exposed loops of the H-head.
These hexahistidines are recognized by a membrane-linked anti-His pseudoreceptor. The
pseudoreceptor triggered fusion only when the “handles” were located close to the natural
receptor binding sites or at the H carboxyl-terminus (Fig. 1D, yellow residues) [59].

Thus, targeted cell entry can be achieved simply by adding specificity domains to the H
carboxyl-terminus (Fig. 1D). Indeed, membrane fusion through designated receptors was
shown first with small domains [60], then with single chain antibodies that can be
engineered to have any desired specificity [61-64]. Smaller and stackable specificity
domains named DARPins were recently displayed on H to achieve double targeting [65,66].
Re-targeted H proteins and F-trimers inserted in the membrane of lentiviruses in place of
their own envelope protein do re-target cell entry of these gene delivery vectors [67,68].
Thus, the MeV glycoprotein complex has become a widely used tool for targeted cell entry
[67,69,70]: it can accept many input signals and convert these into the same output that
triggers membrane fusion.

Presto furioso: the virus exits the host with thunder

The final movement illustrates MeV exit from the host, resulting in efficient contagion.
Before coming to it, we note that two processes can trigger membrane fusion. First, binding
the nectin-4 site while inserting a loop in the p4-p5 hydrophobic groove, as done by nectin-4
and CD46. Second, binding the SLAM site, which maps near the head-stalk junction: since
specificity domains added to the H carboxyl-terminus are located close to this site, they may
operate through the latter process.

But what activates membrane fusion? We know that natural, decoy, and designated
receptors can trigger it. These are all membrane-bound proteins that may simply “pull” on
H-tetramers. It is possible that the receptor’s cytoplasmic tails are connected with the
cytoskeleton; in this case, binding to multiple receptor molecules would be followed by
“pulling” the viral envelope in different directions, destabilizing ordered viral glycoprotein
arrays [71] and triggering membrane fusion.

And how do H-tetramers integrate these triggering signals and activate F-trimers? Through
the central segment of the H-stalk that changes conformation and hits the F-trimer, possibly
at its base, separating the subunits [23,24,72,73]. This process is conserved among different
genera of the Paramyxoviridae family [74]: provided that the H-stalk to F-trimer interaction
is maintained, chimeric attachment proteins are functional [75-78]. Moreover, under certain
conditions attachment protein stalks alone can trigger F-trimer refolding and membrane
fusion [79,80]. On the other hand, the H-dependent triggering process differs from the HN-

Curr Opin Virol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mateo et al.

Page 5

process in at least two aspects. First, while the HN-and F-oligomers interact only at the cell
surface [2], the H- and F-oligomers associate early in their biogenesis [81]. Second, the HN-
dimer interface [82], but not the H-dimer interface [59] must open at triggering.

In Figure 3 we consider two poses of the H-tetramer, in analogy with poses observed in HN-
ectodomain crystals [14,19,20]. The first pose (Fig. 3A) locates the H-head dimers parallel
to the sides of the tetrameric stalk. The second (Fig. 3B) puts them above the stalk. Our
analyses of the H-stalk tetramer-forming propensity [73] suggest that in the pre-triggering
conformation the Cys139-Cys154 segment bifurcates into two dimers, as in Figure 3A.
Upon receptor binding, an extended tetrameric stalk may form where the four Cys154
converge at the top of the stalk [50], as in Figure 3B. An intermediate one-head-dimer-up
and one-head-dimer-down pose [20] (not shown in Figure 3) may allow association of H-
tetramers with F-trimers in the endoplasmic reticulum and co-transport of the glycoprotein
complex to the cell surface [81]. Receptors would trigger fusion by pulling on this
intermediate pose, rather than on that shown in Figure 3A.

The MeV entry concert comes to its final movement, host exit. About two weeks after
contagion the sick host coughs and sneezes, spreading the virus. Be careful: music is highly
contagious. Vaccinate!
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Figure 1.
Structures of paramyxovirus attachement protein heads and modes of receptor binding. (A)

Structure of PIV5 HN. Residues contacting the sialic acid are shown in orange. (B) Structure
of Nipah G. Residues contacting ephrin B2 are colored purple. (C) Structure of MeV H.
Each blade in the 6-bladed B-propeller head is represented in a different color. (D) MeV H
showing the most important residues binding CD46/nectin-4 (orange), those most important
for binding SLAM (blue), the positions of hexahistidine tags supporting fusion (yellow), and
C-terminal addition of specificity domains (green). In A, B and C, the N-terminal residue
and the C-terminal residues are in spherical representation grey and black, respectively. The
structures were aligned using PyMOL (www.pymol.org).
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Figure 2.
Surface representation of the MeV H head unbound (A-C) [11], after SLAM binding (D)

[50], after nectin-4 binding (E) [54] or after CD46 binding (F) [58]. With the exception of
the H-nectin-4 co-crystal obtained with a wild-type H protein, all other structures were
based on vaccine-lineage H proteins. In panel A, MV H has the same orientation as in
Figure 1C, as shown also in the upper left black ribbon backbone representation, and is
rotated according to the indicated angles in B and C. D, E and F panels are oriented as in C.
G, H and I show also the receptors in ribbon representation: SLAM (light blue), nectin-4
(green) and CD46 (red), respectively. The MeV H residues important for function through
CD46, nectin-4 and SLAM are colored red, green and blue, respectively. Residues shared by
the CD46 and nectin-4 binding sites are colored orange. Stalk-connecting residues are
colored black. Certain parts of the H protein structures were not resolved, also accounting
for part of the visible differences between the structures. For example, the upper stalk
residues 156 to 166 are only visible in the H/nectin-4 and unbound structures (panels C, E
and H, black residues). Minor differences in structure noted upon binding to different
receptors are mainly due to the orientation of the amino acid side chains (see main text).
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Figure 3.
Two possible poses of the MV H-head dimers on the stalk. A) The H-head dimers are

depicted in a 4-heads-down orientation similar to that seen for HN [14]. One monomer in
each H-dimer is colored such that each B-propeller blade is shaded differently, as in Fig. 1A.
The other monomer is shaded grey. Cysteine (Cys) 154 at the top of the stalk is shown in a
space-filling representation and shaded yellow. A large gap in the crystal structure which
corresponds to a flexible loop in the head-connecting segment is shown as a purple wavy
line. Each horizontal line represents a residue in the stalk which was systematically
substituted with Cys [73]. Numbering between the panels refers to MV H-stalk residues.
Length of the horizontal line is proportional to the covalent tetramer trapping propensity of
the Cys substitution at that position. The color of the line indicates the fusion support
efficiency of the Cys substitutions: green, wild type levels of fusion; blue, intermediate
fusion; orange, greatly reduced fusion; and red, no fusion. B) The H-head dimers are
depicted in the form | arrangement [50]. Since a mutated H-head construct lacking the head-
connecting segment was used to crystallize the form | tetramer, the head connecting segment
of the original H-head dimer structure [11] was modeled into the form | structure. While
modeling revealed some steric clash issues, all four Cys154 residues come together at the
top of the stalk in this H-head conformation.
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