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ABSTRACT

The hemagglutinin (H) gene of canine distemper virus (CDV) encodes the receptor-binding protein. This protein, together with
the fusion (F) protein, is pivotal for infectivity since it contributes to the fusion of the viral envelope with the host cell mem-
brane. Of the two receptors currently known for CDV (nectin-4 and the signaling lymphocyte activation molecule [SLAM]),
SLAM is considered the most relevant for host susceptibility. To investigate how evolution might have impacted the host-CDV
interaction, we examined the functional properties of a series of missense single nucleotide polymorphisms (SNPs) naturally
accumulating within the H-gene sequences during the transition between two distinct but related strains. The two strains, a
wild-type strain and a consensus strain, were part of a single continental outbreak in European wildlife and occurred in distinct
geographical areas 2 years apart. The deduced amino acid sequence of the two H genes differed at 5 residues. A panel of mutants
carrying all the combinations of the SNPs was obtained by site-directed mutagenesis. The selected mutant, wild type, and con-
sensus H proteins were functionally evaluated according to their surface expression, SLAM binding, fusion protein interaction,
and cell fusion efficiencies. The results highlight that the most detrimental functional effects are associated with specific sets of
SNPs. Strikingly, an efficient compensational system driven by additional SNPs appears to come into play, virtually neutralizing
the negative functional effects. This system seems to contribute to the maintenance of the tightly regulated function of the H-
gene-encoded attachment protein.

IMPORTANCE

To investigate how evolution might have impacted the host-canine distemper virus (CDV) interaction, we examined the func-
tional properties of naturally occurring single nucleotide polymorphisms (SNPs) in the hemagglutinin gene of two related but
distinct strains of CDV. The hemagglutinin gene encodes the attachment protein, which is pivotal for infection. Our results show
that few SNPs have a relevant detrimental impact and they generally appear in specific combinations (molecular signatures).
These drastic negative changes are neutralized by compensatory mutations, which contribute to maintenance of an overall con-
stant bioactivity of the attachment protein. This compensational mechanism might reflect the reaction of the CDV machinery to
the changes occurring in the virus following antigenic variations critical for virulence.

Canine distemper virus (CDV) is an enveloped, negative-sense,
single-stranded RNA virus in the genus Morbillivirus within
the family Paramyxoviridae. CDV is considered one of the most
significant pathogens of carnivores (1). Of the structural proteins
encoded by its genome, the hemagglutinin (H; attachment pro-
tein) has been thoroughly investigated because of its key role as a
receptor-binding protein (2-5). Two receptors are currently
known to engage with H, i.e., nectin-4 and the signaling lympho-
cyte activation molecule (SLAM) (6-8). Of these, SLAM has been
shown to be critical for host susceptibility, whereas nectin-4 is
required for clinical disease (9).

The attachment protein H is multifunctional. H tetramers or
higher-molecular-weight oligomer complexes are believed to first
bind to trimeric fusion (F) proteins (F-protein binding activity)
within the endoplasmic reticulum and then travel toward the cell
surface as preformed hetero-oligomeric complexes (cell surface
expression). Upon engagement with a specific receptor expressed
on target cells (SLAM binding activity), it is thought that the H
protein subsequently undergoes conformational changes that
eventually lead to the activation of the F protein (10-15). Once
triggered, F-protein trimers in turn refold through a series of
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structural rearrangements that are associated with membrane
merging for viral entry into the cell and/or lateral spread (cell-cell
fusion activity).

Evolutionary forces are likely to drive the incessant remodeling
of the attachment protein of CDV by the naturally occurring mu-
tations (3, 16—-18). However, how and to what extent the func-
tional features of the H protein are affected, if any, by this process
and how the virus maintains its infectious efficiency through these
changes are, to the best of our knowledge, unknown.

In order to partially answer these questions, we selected two H
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genes from two distinct but related CDV strains that were part of
the same outbreak occurring in wild carnivores (red foxes [ Vulpes
vulpes] and Eurasian badgers [Meles meles]) and that were de-
tected 2 years apart in Germany (2008) and Switzerland (2010),
respectively (19, 20). We analyzed all the missense single nucleo-
tide polymorphisms (SNPs) that differentiated the two H genes of
the two strains, i.e., a wild type and a consensus strain, respec-
tively. All the single mutations and their combinations were gen-
erated by site-directed mutagenesis. All the single mutants along
with a selection of double, triple, and quadruple mutants were
then analyzed and compared with the wild type and the consensus
strain according to their efficiency of cell surface expression,
SLAM receptor binding, and cell-to-cell fusion. Finally, a panel of
the mutants showing among the most relevant functional changes
was selected to evaluate the interaction between the H and the F
proteins.

Here we report the results suggesting the existence of an artic-
ulated combinatorial system of SNP selection in CDV-related
strains which appears to contribute to the maintenance of a tightly
regulated functional efficiency.

MATERIALS AND METHODS

Viruses and hemagglutinin genes. The wild-type H gene (H301F) was
amplified from CDV strain W10/301F (GenBank accession number
JE810106) that had been isolated from the lung of a naturally CDV-in-
fected red fox during an outbreak that occurred in Switzerland in 2009
and 2010 (19). The sequence of the second H gene was a consensus se-
quence obtained from four CDV strains detected during a CDV outbreak
that occurred in wild carnivores in Germany in 2008 (20). Three out of the
four strains that were selected to obtain the consensus sequence were
detected in red foxes, whereas the fourth one was from a Eurasian badger
(GenBank accession numbers FJ416336, FJ416337, FJ416338, and
FJ416339). The consensus sequence was obtained by considering all the
missense SNPs that were common to at least three of the four German
strains examined. Consequently, a missense SNP that was present in only
one of the four German strains (resulting in the amino acid change H61Q)
was not included in the final consensus sequence. The SNP leading to the
amino acid change M500L, which was present in three of the four German
strains, was included. The sequences of the wild-type H gene and the
consensus H gene (HCons) were compared, and the missense SNPs were
recorded.

Mutations and sequencing. Following the identification of the five
SNPs differentiating the H gene of Swiss strain W10/301F from that of the
consensus sequence obtained from the German strains, we designed 5
pairs of primers (available upon request) for site-directed mutagenesis
that was carried out according to the instructions provided by Stratagene
(LaJolla, CA) in the QuikChange site-directed mutagenesis kit. Whereas
H301F was previously cloned into an expression vector (pCl; Promega,
Madison, WI) carrying a FLAG tag located at the 3’ end of the gene
(pCI-H301F) (19), HCons was obtained through a series of additive site-
directed mutagenesis steps carried out on pCI-H301F. The first run of
mutagenesis aimed to obtain all the single mutations, i.e., N71S, V1591,
M195V, M500L, and R580Q. All the subsequent mutations were obtained
by sequential additive site-directed mutagenesis until the full mutant with
the N71S, V1591, M195V, M500L, and R580Q mutations (HCons) was
obtained. Every H mutant was sequenced to confirm the presence of the
desired mutation(s), cloned, and expanded as previously described (19).
Besides H301F, intermediate mutants, and HCons, the H gene from wild-
type CDV reference strain A75/17 (Hwt), which was already available as a
clone in the pCl vector, was used as an additional control in the functional
studies. Additionally, the F-protein gene from wild-type strain A75/17
(Fwt) strain previously cloned in the pCI vector was also available (19, 21).

The amino acid sequences of the H proteins of representative strains
belonging to each of the main CDV genotypes were also selected in order
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to assess if they carried the same substitutions present in H301F and
HCons, which are both members of the Europe 1 genotype (see Table 1).
The genotypes selected (along with their GenBank accession numbers in
parentheses) were as follows: Europe 1 (H301F, JF810106; HCons,
FJ4163336, FJ4163337, FJ4163338, FJ4163339), European wildlife
(DQ228166, Z47759), Arctic-like (X84998, Z47760, AF172411), Africa
(FJ461715, FJ461711), Asia 1 (AB329581, AB212963, EF445051,
EU379560), Asia 2 (AB040768, AB040767), Asia 3 (EU743935,
EU743934), America 1 (235493, D00758, ABI97484, AF259552), America
2 (ZA7763, 254166, 754156, AY498692, AY649446), phocine distemper
virus (PDV; AF479274, AJ224707), cetacean (dolphin) morbillivirus
(CAA85427), measles virus (MeV; NC_001498), rinderpest virus
(AAD25093), and peste des petits ruminants virus (PPRV; ACQ44671).

Cell cultures. Two established cell lines were used for the in vitro
experiments described below. More specifically, these included Vero cells
either constitutively expressing or not constitutively expressing the canine
SLAM (cSLAM) receptor (22) and 293T cells (21). All cells were grown in
Dulbecco modified Eagle medium (Life Technologies Europe, Zug, Swit-
zerland) and incubated at 37°C in a 5% CO, atmosphere unless otherwise
described.

QFA. The quantitative fusion assay (QFA) was performed as described
previously (19, 21). Briefly, 6 X 10> Vero cells that had been plated 24 h
prior to the experiment were transfected with a solution composed of 1 pg
of either the cloned wild-type gene or one of the cloned selected mutants
(including HCons) along with 1.8 pg of pCI-Fwt (from strain A75/17)
and 0.2 pg of pCI-Luc carrying the luciferase (Luc) gene driven by a T7
RNA polymerase-dependent promoter (21) and incubated for 24 h. pCI-
Hwt and pCI were also included as an additional reference and negative
control, respectively. Next, the transfected Vero cells were split and mixed
with Vero-cSLAM cells (at a 3:1 ratio) (22) that had previously been in-
fected with vaccinia virus MVA-T7 carrying the T7 RNA polymerase gene
at a multiplicity of infection of 0.1. After incubation for 2 h, cells were
visually assessed for the presence of syncytia and then lysed to allow the
measurement of the luciferase activity (dual-luciferase kit; Promega,
Madison, WI). The samples were assayed in three independent experi-
ments in triplicate. The quantitative fusion results, along with the stan-
dard deviation, were determined by calculating the mean of the values
obtained. All the values were first compared as raw values and then nor-
malized according to their FLAG expression (intrinsic normalization; see
below). Additionally, the values obtained for each mutant were further
normalized to the values for the wild type pCI-H301F (extrinsic normal-
ization), whose fusion efficiency was arbitrarily considered to be equal to
100%.

The F protein-H interaction is pivotal for fusion, and different F pro-
teins might result in different fusion efficiencies. In this test, we used a
single F protein derived from the A75/17 strain (Fwt). This is an F protein
that is heterologous to H301F and all the mutant attachment proteins
used in this assay, and because of this, it was considered to uniformly
impact them, partially compensating for the potential F-protein selection
bias.

Cell surface expression. The cell surface expression of each H mutant
and the wild-type strains that were evaluated in the QFA (see above) was
assessed according to an established protocol (19, 21). Briefly, 6 X 10°
Vero cells that had been inoculated in 6-well plates on the day prior to the
experiment were transfected with either 1 pg of the plasmid expressing the
wild-type H gene or one of the mutant genes (including HCons). Hwt and
pCI were also included as an additional reference and negative control,
respectively. The transfected Vero cells were incubated for 24 h and then
stained first with an anti-FLAG monoclonal antibody (F3 165; Sigma,
Buchs, Switzerland) diluted 1/1,000 in Opti-MEM medium (Life Tech-
nologies Europe, Zug, Switzerland) and then with a goat anti-mouse flu-
orescein isothiocyanate (FITC)-labeled secondary antibody diluted 1/500
(Sigma, Buchs, Switzerland) in Opti-MEM medium (Life Technologies
Europe, Zug, Switzerland). The surface expression of the wild-type and
mutant H genes was assessed by fluorescence-assisted cell sorting (FACS;
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FACSCalibur; BD, Basel, Switzerland). The FLAG values obtained for
each sample analyzed were normalized to the expression of H301F, which
was arbitrarily considered to be equal to 100%. Experiments were re-
peated three times in triplicate.

SLAM receptor-binding assay. The interaction between either the
H wild-type or mutant proteins with a recombinant soluble ¢cSLAM
(scSLAM) protein was assessed through a semiquantitative assay, as de-
scribed by Zipperle and colleagues (21). Briefly, a soluble form of the
N-terminally influenza virus hemagglutinin epitope (Ha)-tagged cSLAM
molecule (Ha-scSLAM) was expressed in 293T cells. Ha-scSLAM was then
added to Vero cells that had previously been transfected with either an H
mutant gene or the wild-type H gene cloned in pCI. Receptor-bound
wild-type and mutant H proteins were stained with an anti-H monoclonal
antibody (Sigma, Buchs, Switzerland) diluted 1/500 in Opti-MEM me-
dium (Life Technologies Europe, Zug, Switzerland) and subsequently
stained with a goat antimouse FITC-labeled (1/500) antibody (Sigma,
Buchs, Switzerland) in Opti-MEM medium (Life Technologies Europe,
Zug, Switzerland). The semiquantitative assessment of the occurrence of
Ha-scSLAM binding to the H protein was then performed by FACS anal-
ysis (FACSCalibur; BD, Basel, Switzerland). All the values were normal-
ized according to their FLAG expression (surface expression; intrinsic
normalization) and then to wild-type H301F gene expression (extrinsic
normalization), which was arbitrarily considered to be equal to 100%.
Experiments were repeated three times in triplicate. All the experiments
were carried out with a canine-derived SLAM receptor, whereas the H
proteins were derived from CDV strains isolated from or detected in red
foxes or, with a single exception, one of the German strains used to obtain
the consensus sequence that was detected in a badger. Consequently, it
was pivotal to demonstrate that the single amino acid change in the V
domain (H-binding site) (22) that differentiates the fox SLAM (fSLAM)
and ¢SLAM molecules (K54R) was not influential for the binding to H
proteins derived from fox strains. The fSLAM molecule was then gener-
ated as described for the soluble cSLAM molecule (21). The fSLAM bind-
ing assay with CDV H was performed as described above for soluble
¢SLAM and CDV H.

No F protein was used in this assay, and consequently, no bias con-
cerning H-F protein interaction shall be considered.

F protein/H coimmunoprecipitation. F protein/H coimmunopre-
cipitations were performed as previously described (23, 24). Briefly, at 24
h posttransfection, Vero cells were washed with cold phosphate-buffered
saline and treated with 3,3-dithiobis-sulfosuccinimidyl propionate (final
concentration, 1 mM; Sigma-Aldrich), followed by addition of Tris, pH
7.5, to a final concentration of 20 mM for quenching. Subsequently, cells
were lysed in radioimmunoprecipitation assay buffer (10 mM Tris, pH
7.4, 150 mM NaCl, 1% deoxycholate, 1% Triton X-100, 0.1% SDS) con-
taining protease inhibitors (Complete, EDTA-free; Roche, Rotkreuz,
Switzerland). Cell lysates were cleared by centrifugation (20,000 X g, 20
min, 4°C) and then incubated with a mix of three anti-CDV H monoclo-
nal antibodies (monoclonal antibodies 1C42H11 [VMRD], 2267, and
3900) (25). Following overnight incubation with immunoglobulin
G-coupled Sepharose beads (GE Healthcare, Glattbrugg, Switzerland),
the samples were then subjected to Western blot analysis as described
previously (19) using either polyclonal anti-H or anti-F-protein antibod-
ies (26). The bands were quantified using the Aida software package (Ray-
test GmbH, Straubenhardt, Germany). For each F protein/H combina-
tion, the strength of the interaction was calculated using the following
formula: (co-IP F protein/total F protein)/(IP H/total H). The interaction
avidity obtained with the wild-type H301F protein was considered to be
equal to 100%, and the values of all the other samples tested in the assay
were normalized accordingly.

Statistical analysis. The analysis of variance (ANOVA) test was used
to analyze the results of the QFA, cell surface expression, and semiquan-
titative analysis of SLAM binding efficiency. Post hoc pairwise comparison
analysis (the Tukey-Kramer test) was performed when the statistical anal-
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TABLE 1 Distribution of H301F-specific amino acid changes in other
CDV genotypes and PDV

Ami id ch
CDV genotype or mino acid change(s)

virus

Europe 1 (H301F)
Europe 1 (HCons)
European wildlife
Africa

Asia 1

Asia 2

Asia 3

Arctic-like
America 1
America 2

PDV

Cetacean M.”
Measles virus
Rinderpest virus
PPRV*

“ Numbers in parentheses indicate the number of occurrences of the specific amino acid
residue in the viral strains considered.

b Cetacean M., cetacean (dolphin) morbillivirus.

€ PPRYV, peste des petits ruminants virus.

V1591  M195V M500L R580Q

(3)/M (1)*

1)/M (1)

3)/R (1)
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ysis showed a significant difference between the examined recombinant
attachment proteins (P < 0.05).

RESULTS

The glutamine (Q) at position 580 of CDV H is rarely selected
among morbilliviruses. A total of 31 mutants, including HCons
and all the intermediate combinatorial sets of mutants (data not
shown), were successfully generated.

The amino acid substitutions differentiating the attachment
protein of H301F and HCons were compared with the residues
present in the homologous positions of the protein sequences of
representative CDV strains from the widely accepted CDV geno-
types, PDV, and other morbilliviruses. None of the amino acid
substitutions differentiating H301F from HCons were unique to
the Swiss strain (Table 1). More specifically, at position 580, the R
residue that was present in H301F was shared by all the CDV
strains evaluated as well as PDV. In contrast, the homologous
HCons residue (Q) could be found only in four South American
strains (GenBank accession numbers ABW77321, AER29007,
AER29009, and AER29011) and not in any of the other genotypes
considered, including PDV and the other morbilliviruses (Table
1). Similarly, at position 195, the M residue was carried only by
H301F, one of the two African strains considered, and PDV. All
the other CDV genotypes instead carried the V residue, similar to
all the German strains used to obtain HCons. At position 500, the
M residue, which was carried by H301F and by one of the four
German CDV strains that were used to derive HCons, was shared
by all but one of the other CDV genotypes (Table 1). At position
159, the residue carried by H301F (V) was shared by three other
CDV genotypes, while that carried by HCons (I) was also present
in five other genotypes. At position 71, the N residue present in the
H301F protein was observed only in PDV, while the most com-
mon residue at this position in CDV genotypes was that carried by
HCons (S). Finally, among the CDV genotypes considered, the V
and G residues at positions 159 and 71, respectively, were predom-
inantly detected in Asian genotypes (Table 1).
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Recombinant Hemagglutinins

FIG 1 Combined results of fusion efficiency, cell surface expression, and SLAM binding efficiency of the recombinant H proteins. The combined results of fusion
efficiency (both normalized and not normalized to that of wild-type H301F), cell surface expression efficiency, and SLAM binding efficiency are shown. The
wild-type, mutant, and control CDV attachment proteins are indicated on the x axis. Efficiency values are expressed as a percentage of the value for wild-type
H301F (for which the efficiency was arbitrarily considered to equal 100%) and are shown on the y axis. The values shown here represent the means of triplicate
measurements derived from three independent experiments. The error bars show the standard deviations determined for each of the mutant and control
attachment proteins. Statistical analysis revealed the presence of significant differences in cell surface expression among the recombinant attachment proteins
investigated. Statistical analysis did not reveal statistically significant differences among the mutants when assessed for fusion efficiency (both normalized and not
normalized to cell surface expression efficiency), although the P value was relatively low (P = 0.055 for both tests). Similarly, no statistically significant differences
were observed (P = 0.1848) among the mutants when their SLAM binding efficiencies were compared. The bars at the top show the statistically significant
differences between the recombinant CDV H proteins. Black stars are placed on top of the recombinant that the others mutants are compared to. The asterisks
indicate the magnitude of the statistically significant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

The loss of cell fusion efficiency caused by R580Q in CDV H
is compensated for by three physically distant amino acid
changes. To quantitatively monitor the capacity of each H mutant
to promote membrane fusion, we performed a standard gene re-
porter-based quantitative fusion assay (QFA) (21).

The first round of quantitative fusion was carried out on the
single mutants in order to assess which of them had the most
impact. The H301F wild-type H gene, HCons, and the reference
gene Hwt (from CDV strain A75/17) were also included in the
assay. For each mutant, the amino acid residue on the right side of
the position number is that carried by the consensus German
strain from 2008, while the one on the left side is that of strain
W10/301F from 2010.

The most striking functional change was observed with CDV H
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mutant R580Q, which showed a 50% reduction of fusion effi-
ciency compared to that of wild-type H301F, which was arbitrarily
set equal to 100%. The other single mutants also showed de-
creased fusion efficiency, though it was less pronounced, ranging
from 69% (V159I) to 87% (M500L) of that of H301F (Fig. 1).
However, HCons, which carried all five substitutions, exhib-
ited bioactivity overlapping that of H301F (102%) (Table 2).
Based on these findings, we were interested in determining
which of the other mutations might have compensated for the
monitored defect in cell-to-cell fusion induction of CDV H
R580Q. To this aim, a panel of double, triple, and quadruple mu-
tants bearing the R580Q substitution was selected and the mu-
tants were assessed for their ability to induce cell-to-cell fusion;
these comprised recombinant mutant H proteins with the follow-
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TABLE 2 Amino acid change-associated effects on attachment protein
functions

Effect”
Amino acid change(s) Reducing Restoring MS relevance
R580Q SE CF
V1591-R580Q FE FE
N71S-M195V-R580Q SLAM B SLAM B
N71§-M195V-M500L-R580Q SLAM B
V1591 SLAM B
N71S-M195V-M500L FE
All but R580Q SE

@ SE, surface expression; FE, fusion efficiency; SLAM B, SLAM binding; CF, correct
folding; MS, molecular signature.

ing substitutions: M195V-R580Q, M500L-R580Q), V159I-R580Q,
N71§-R580Q, N71S-M195V-R580Q, V159I-M195V-R580Q,
V159I-M500L-R580Q, V159I-M195V-M500L-R580Q, N71S-
M195V-M500L-R580Q, and N71S-V1591-M500L-R580Q. Eight
out of these 10 selected CDV H mutants still showed a reduction in
cell-to-cell fusion, and this was particularly accentuated for the
V159I-R580Q mutant (which had approximately 60% of the fu-
sion efficiency of H301F), although the difference was not statis-
tically significant (Fig. 1). In contrast, two of them (the N71S-
R580Q and M195V-R580Q mutants) showed a clear restoration
of bioactivity and had fusion values that overlapped or that were
slightly higher than the fusion value of H301F. For Hwt, the fusion
efficiency was 86% of that of H301F. A complete summary of the
statistical results is reported in Fig. 1.

Overall, our results indicate that the R580Q amino acid substi-
tution severely impaired CDV H’s bioactivity. However, this neg-
ative impact could be efficiently compensated for by the N718,
M500L, and M195V combination of amino acid substitutions.

The CDV H mutant with the R580Q substitution exhibits
impaired surface expression that is compensated for by any of
the other four coexisting amino acid changes. It was previously
reported that the amount of the H and F proteins expressed at the
cell surface also impacted the extent of cell-to-cell fusion (27). We
therefore assessed the cell surface expression of the selected panel
of H mutants as a measure of a significant step of the whole-cell
fusion process (Fig. 1).

Strikingly, among the single mutants, cell surface expression
was significantly influenced by CDV H R580Q only, with the effi-
ciency being as low as 46% compared to that for the wild type
(H301F) (P < 0.001) (Fig. 1). The other four single mutants did
not show any significant variation in cell surface expression.

Of the remaining 10 mutants with multiple substitutions, the
substitutions in 7 were associated with a mild increase of cell sur-
face expression (up to 113% for the V159I-R580Q mutant),
whereas 3 exhibited a slight reduction, with the reduction being as
low as 92% of that for H301F for the N71S-R580Q mutant. While
the full mutant (HCons) showed a negligible overexpression
(107%), Hwt was characterized by a moderate reduction in intra-
cellular transport competence as low as 77% of that for H301F
(Fig. 1).

Taken together, our results suggest that R580Q impacts the
overall structure of the attachment protein that translates into
folding deficiencies and, consequently, into improper intracellu-
lar transport competence. Furthermore, our findings also indicate
that folding and, ultimately, transport efficiency could be restored
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to different extents by any of the additional amino acid changes
physically distant from R580Q (Fig. 1; Table 2).

The molecular signature R580Q-V159I of CDV H is detri-
mental for cell fusion but is fully neutralized by the other three
coexisting amino acid changes. In order to assess if any of the
impairment of the fusion support function of the H mutants de-
scribed above was due only to its deficiency in cell surface expres-
sion or was due also to an intrinsic lack of fusion efficiency, the
results of the QFA were normalized according to cell surface ex-
pression for the respective mutants.

Interestingly, the results shown in Fig. 1 indicate that the fusion
support activity of CDV H R580Q was actually almost comparable
to that of H301F (107%), consistent with the lack of a direct im-
pact of the R580Q substitution on the intrinsic overall bioactivity
of CDV H. Conversely, and of particular interest, the V159I-
R580Q mutant exhibited the most defective activity in fusion pro-
motion (56% of that for H301F). Overall, of the five mutants with
multiple substitutions and a fusion efficiency lower than 80% of
that for H301 (V159I-R580Q, 56%; M500L-R580Q, 72.7%; N71S-
M195V-R580Q, 67%; VI1591-M195V-R580Q, 75.2%; V159I-
M195V-M500L-R580Q, 69.7%), three carried the molecular sig-
nature V159I-R580Q, further supporting a direct negative effect
of this molecular pattern on the membrane fusion process. Re-
markably, the negative functional impact of the molecular signa-
ture V159I-R580Q was neutralized to different extents by any of
the other three additional amino acid changes and fully neutral-
ized by all of them, when they were present together. Summarized
results are shown in Fig. 1.

The loss of SLAM binding efficiency associated with the mo-
lecular signature N71S-M195V-R580Q of CDV H is compen-
sated for by an additional amino acid change. We then investi-
gated the intrinsic ability of the selected H mutants to physically
interact with the cSLAM receptor. To test this, we used a previ-
ously described semiquantitative receptor-binding assay, where a
soluble form of the receptor (scSLAM) is added to the top of
H-expressing receptor-negative Vero cells (Fig. 1).

All the single mutants showed an overall H301F-like SLAM
binding efficiency. Of the mutants with multiple substitutions
(n = 10), two impacted the SLAM binding efficiency of the H
proteins in a negative manner, although not statistically signifi-
cantly (Fig. 1) (59% of the H301F binding efficiency for the N71S-
M195V-R580Q mutant and 74% for the N71S-M195V-M500L-
R580Q mutant), whereas the remaining eight mutants showed
only a mild to negligible influence. Interestingly, residue 1194 in
MeV H has been shown to play a critical role in SLAM binding
activity (28), thereby suggesting that the M195V substitution,
when present in association with N71S and R580Q), may be sub-
optimal for receptor binding. Interestingly, when the V1591 sub-
stitution was added to the quadruple H mutant carrying the latter
receptor-binding-defective molecular signature, the SLAM bind-
ing ability was fully restored (Fig. 1; Table 2). Furthermore, the
most relevant increment in binding efficiency was observed in
association with two mutants carrying, among other substitu-
tions, the V1591 residue (the N71S-V1591-M500L-R580Q mutant
had 125.8% of the binding efficiency of H301F, and the V1591-
M195V-M500L-R580Q mutant had 123.01% of the binding effi-
ciency of H301F). None of the other mutants with multiple sub-
stitutions carrying the V1591 residue had a SLAM binding
efficiency lower than 97% of that for H301F, and none of the other
SNPs could similarly compensate for H’s receptor-binding activ-
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FIG 2 H-F protein coimmunoprecipitation. (A) Western blot. Results for the immunoprecipitated (IP) wild-type and mutant H proteins, along with the
coimmunoprecipitated (co-IP) F protein, are shown. As a control, the total H and F proteins present in the lysates were also revealed by immunoblotting (TL).
H, H monomers; FO, uncleaved F precursors; F1, cleaved F precursors. (B) Graphic analysis of the Western blotting results. The bars in the histogram express the
avidity of the F-H protein interaction. The avidity values were obtained through the following formula: (co-IP F/total F)/(IP H/total H). All the values were
normalized to the value for the interaction between H301F and the F protein, which was arbitrarily considered to equal 100%.

ity. Hence, while M195V in combination with N71S and R580Q
may directly affect receptor binding, the V1591 amino acid substi-
tution might restore receptor binding presumably through along-
range effect. Compared to the binding efficiency of H301F, the full
mutant (HCons) and Hwt showed only a minimal increase in
binding efficiency (106% and 102%, respectively).

Since the receptor-binding efficiency was assessed with a
SLAM molecule of canine origin and because both parental H
proteins were derived from CDV strains isolated or detected in
foxes, we considered it to be critical to assess the effect of the single
amino acid that differs between the fox and canine SLAM se-
quences (located within the V domain). Both fox and canine
SLAM receptors were shown to bind with overlapping efficiency
to the two different H proteins, supporting the relevance of our
results (data not shown).

The R580Q substitution of the CDV attachment protein im-
pacts the H-F protein interaction but not cell fusion. The avidity
of the interaction between the H and F proteins was assessed
through a coimmunoprecipitation assay for the wild-type H pro-
tein and for a selected panel of H mutant proteins shown to have
altered functional parameters in the experiments described above
(HCons and the R580Q, V1591-R580Q, and N71S-V1591-M500L-
R580Q mutants).

Opverall, the N71S-V1591-M195V-M500L-R580Q full mutant
(HCons) and the N71S-V1591-M500L-R580Q quadruple mutant
showed similar avidities for interaction with F protein. However,
the V159I-R580Q and R580Q mutants showed reductions in F-
protein binding. Intriguingly, although the V1591-R580Q mutant
bound F protein with values similar to those for Hwt (about 50%
of that for H301F), its fusion efficiency was remarkably lower (Fig.
1 and 2). This finding is consistent with a loss of fusion efficiency
(putatively caused by receptor-induced conformational changes
of H leading to triggering of F protein), which would be impaired
by the presence of the V1591 substitution.

As expected for a folding-deficient H mutant, the R580Q mu-
tant showed the lowest avidity for F protein (Fig. 2). Strikingly, the
extent of this loss of avidity for F protein did not appear to trans-
late into detrimental fusion promotion, further supporting the
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finding that the R580Q substitution does not directly affect the
intrinsic bioactivity of CDV H (Fig. 1).

Structural mapping of the identified residues reveals re-
markable CDV H plasticity though long-range effects. We fi-
nally sought to investigate whether the amino acid changes de-
scribed in our study were mapping to known functional domains
encompassed within the H structure. To this aim, we generated a
structural homology model based on the recently solved measles
virus H/SLAM cocrystal structure (29). In this model, residues
195, 500, and 580 are located in the head domain (Fig. 3). Posi-
tions 195 and 500 are mostly solvent exposed and are approxi-
mately located at the boundary of the ¢cSLAM binding site,
whereas amino acid 580 is buried within the beta-propeller at the
C-terminal end of the head at the top of sheet 6 (Fig. 3A). Con-
versely, residue 71 maps to the section of the stalk domain proxi-
mal to the membrane, in a region that was not visible in the
H/SLAM cocrystal structure, and, hence, is not visible in our
model. Although the residue at position 159 was also absent from

CDVH

MeV H

FIG 3 Attachment (H) proteins bound to their receptor molecules. (A) Struc-
tural homology model of the steric arrangement of one monomeric head do-
main of CDV H (light blue globular structure) bound to the immune cell
receptor (SLAM; light tan globular structure). The amino acid changes iden-
tified in this study are highlighted in red (M195V, R580Q, M500L). Note that
residues V1591 and N71S are not visible in the model. (B) Crystal structure of
the measles virus H protein (light blue globular structure) bound to its epithe-
lial cell receptor (nectin-4; light tan globular structure). Note that in this
atomic structure, residue V1591 is visible, whereas N718S is not. Figures were
generated using the PYMOL (v0.99) program.
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the H/SLAM complex (29), it was nevertheless visible in the re-
cently determined atomic structure of MeV H bound to nectin-4
(30). Because the stalk is well conserved among morbilliviruses,
we used these atomic coordinates to highlight the putative posi-
tion 159 in CDV H. In this configuration, residue 159 lies in a
short alpha-helix making contact with the beta-propeller in a re-
gion that links the head domain distant from the membrane to the
stalk domain proximal to the membrane (Fig. 3B).

DISCUSSION

The attachment protein of CDV has been shown to be under ma-
jor evolutionary pressure, resulting in frequent naturally occur-
ring mutations (3, 16-18). The impact of these mutations on the
different functions of this protein is unclear. In an attempt to
partially address this question, we investigated the nature of a
series of missense SNPs naturally accumulating within the H-gene
sequences during the transition between two distinct, yet related,
CDV strains. Furthermore, we investigated the effect of these
SNPs on the functional properties of the CDV attachment protein.
For this purpose, fusion efficiency was dissected into three of its
major determinants, i.e., cell surface expression, SLAM binding,
and the H-F protein binding necessary for triggering of the F pro-
tein.

Despite the theoretically unlimited numbers of amino acid
combinations that might have occurred at the five evolutionarily
selected positions of the attachment protein of the CDV strains
described in this study, our results highlight that the majority of
the amino acid substitutions are redundant among the distinct
CDV genotypes and to a certain extent also within the other mor-
billiviruses (Table 1). The only exception to this rule appears to be
R580Q, which, with the HCons-specific residue (Q), was observed
only in the consensus sequence and in four South American
strains but in none of the sequences of the other most well char-
acterized CDV genotypes or of other morbilliviruses (Table 1).
This finding is consistent with our experimental results that
showed how this substitution severely impaired the attachment
protein surface expression, fusion efficiency, and H-F protein in-
teraction efficiency when present as a single amino acid change
(Fig. 1 and 2). The nature of the in vitro systems that we used for
the assays described in this article did not allow us to conclusively
determine if these effects are indeed detrimental to the fitness of
CDV. As a matter of fact, for human parainfluenza virus, another
paramyxovirus, it has been shown that a loss of fusion efficiency
translated into an increase of viral fitness (31). However, here we
demonstrated that an overall overlapping functional efficiency is
maintained in the attachment protein of related, yet distinct, CDV
strains, despite the presence of 5 relevant amino acid changes. This
observation suggests that the consensus sequence that emerges
among the myriad possible combinations within the quasispecies
environment is selected according to functional standards, which
remain constant through time, hosts, and geography, similar to
what occurs for other viral functions, such as the fidelity of RNA-
dependent RNA polymerases, which is fixed within a narrow
range (32). It appears, then, that the loss of function secondary to
the R580Q substitution would indeed be detrimental to viral fit-
ness.

The selection of a destabilizing change, such as that primed by
R580Q, either alone or in combination, which does not appear to
contribute positively to viral fitness, would be unlikely to occur if
it is not associated with any advantage for the virus. In the case of
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influenza virus, it was shown that the introduction of an amino
acid residue relevant for immune escape had a detrimental effect
on viral fitness. A compensatory SNP was shown to occur and
partially restored viral fitness (33). Although in our investigation
we could not provide a direct line of evidence in this direction, we
have shown the existence of a positively selected amino acid
change with detrimental functional effects on the attachment pro-
tein of CDV that was compensated for by a number of additional
amino acid substitutions (Table 2).

Besides the possible antigenic relevance of these changes, we
speculate that outcomes from these changes might also be at the
base of the molecular plasticity that has allowed CDV to become
such a successful viral agent with a continuously growing host
range (19, 34-36).

It is not clear in which sequence the selected SNPs would occur
in the CDV attachment protein and, more specifically, if the com-
pensatory changes would precede or follow the selection of the
destabilizing change. However, it is known that destabilizing mo-
lecular changes such as 580Q have been described to be selected
only after the occurrence of other compensatory ones, according
to the theory of stability-mediated epistasis (37). In this scenario,
the negligible functional effect observed for the majority of the
amino acid changes investigated might instead represent a critical
compensatory platform for the occurrence of destabilizing
changes. In this system, specific amino acid combinations would
influence the different functional aspects of the attachment pro-
tein, with each amino acid change possibly having pleiotropic ef-
fects, either functional or structural. The final outcome of such an
articulated system may translate into the overall preservation of
the biological activity of the attachment protein while allowing the
selection of major destabilizing changes likely to be critical for
CDV virulence and infectivity. This is the first time, to the best of
our knowledge, that a similar finding has been described in CDV.
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