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Summary. The Hemagglutinin-Neuraminidase (HN) from ‘La Piedad, Michoa-
can’ porcine rubulavirus (LPMV) interacts specifically with New&;3 lactose
residues on the target cell. In this work we report the secondary structure of this
protein, determined with five different theoretical algorithms. Results indicate that
the HN protein is organized in: anintracellular region (from amino acid 1 to 25); in
a-strand transmembrane region (residue 26 to 47), typically hydrophobic, rigid
and solvent inaccessible; and extracellular region (residue 48 to 576), which pos-
sesses hemagglutinating and neuraminidase activity. The secondary structure in
this region is organized in@:loop{3 alternated with feva-helices. Regions with
structural and functional implications were determined by pattern search and mul-
tiple alignment of the HN from LPM with 12 rubulaviruses and paramyxoviruses
HN sequences. The low diversity observed among the HN sequences evaluated
indicates thatin general the structural organization of the protein, and in particular
its sugar binding domain, is closely related among both genera, thus suggesting
that the sugar binding domain is well preserved through evolution.

Introduction

The porcine rubulavirus, La Piedad, Michoacan (LPMV), is responsible for the
blue eye syndrome in pigs. Itinduces reproductive alterations in adults and neural
alterations with high mortality rates in piglets [1]. This virus has the same struc-
tural organization as all rubula- and paramyxoviruses, and is composed of two
proteins: the Fusion protein (F), and the Hemagglutinin-Neuraminidase (HN). HN
is a tetrameric protein that recognizes and binds specifically saccharidic struc-
tures on the surface of the host cell [2, 3]. The agglutinating activity of LPMV
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is directed specifically ta2,3 sialyllactose containing structures, suggesting that
the pathogenicity of this virus is due to the capacity of HN to recognize specific
receptors on target organs, such as the respiratory tract, the nervous system and
the epididimus [4, 5]

The LPMV rubulavirus has recently been classified in the g&ulmilavirus
subfamilyParamyxovirinagfamily ParamyxoviridagorderMononegaviralef?]
and its HN protein has been characterized at the molecular level [6-7]. The geneis
1906 nucleotides long, and expresses a 576 amino acid sequence, with a molecular
weight of 63.3 kDa. This protein seemes to possess four potengglddsylation
sites and a major hydrophobic region near theeNminal, suggesting that thisis a
membrane anchor domain. Comparisons of the protein amino acid sequence with
that of other paramyxoviruses revealed great similarity with HN from Simian
virus 5 and mumps viruses [8].

Many efforts have been made to characterize the structure of paramyxovirus
and rubulavirus HN proteins taking advantage of techniques such as theoretical al-
gorithms [9], structural correlation with influenza neuraminidase [10], structural
evaluation using monoclonal antibodies [11-14], circular dichroism [15], and
protein crystallization for X-ray diffraction studies [16—18]. However, the struc-
ture and function of HN proteins from paramyxoviruses in general, and LPMV, in
particular, has not been completely elucidated. The aim of this work is to define
the structural organization and physicochemical properties of the HN protein from
the LPMV rubulavirus, and to find regions with potential sugar binding capacity,
in order to understand the specific interaction with target cells.

Materials and methods

Structural characterization

Five different theoretical algorithms were used to predict the secondary structure of the HN
protein of LPMV based on the reported amino acid sequence [7]:

1. Chou and Fasman [19] reported that their method based on the calculation of confor-
mational parameters from observed frequencies of amino acids in proteins with a well-known
structure, achieved 51% correct prediction.

2. Garnier [20], considered the parameters for the secondary from a subset of 26 proteins
with a well known three-dimensional structure.

I(k, i) = Ln[P(k/i)/ P(k)]

where:k = designates the given state ltelix, « sheet or turn coil)

P(k/i) = is the probability of thé& state for an amino acid (AA)

P(k) = the probability of thek state.

I(k, i) = is the information on how an AA(l) behaves on stateThe optimized decision
constants used were fixed according to the optimized set determined by the authors. The level
of correct prediction was 58-60%.

3. Deleage and Roux [21], developed an algorithm that allows the prediction of the
secondary structure in four step: a) prediction of the structural class of a protein from the
amino acid composition, b) preliminary estimation of the secondary structure with a sim-
ple algorithm; c) comparison between two independent predictions, and d) optimization of
parameters and re-prediction of the secondary structure. The parameters for secondary struc-
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ture prediction were determined from a set of 60 proteins with well-known three-dimensional
structures according to the formula:

P(k, i) = P(k/i)/ P(k).

where:k = designates the statel{elix, B sheet or turn coil)
P(k/i) = is the probability of the state for AA.

P(k) = is the frequency of thé state.

P(k, i) = is the parameter of AAfor statek.

The percentage of correct prediction is 61-72%

4. Levin etal. report that their algorithm [22] allows the prediction of the secondary struc-
ture using similarities with proteins of known secondary structure. Each stretch of residues
is compared with all the stretches on the same longitude on all the proteins of the Kabsch
and Sander database [23]; this method leads to 62% correct predictions.

5. The Rost and Sanders, or PHD method, (version 5.94-317) which uses a three-layered
neural network approach (25-26), is based upon a jury decision that averages several in-
dependently trained networks before making the final assessment. This method groups the
eight secondary structure classes defined by DSSP [23] into three output classes: H, helix,
(o, 310, 7); E, extende@-strand; and C, turn, bend, coil, loop;bridge, and non-periodic
structures. This method has an average cross-validated successful prediction above 72% on a
set of 250 sequence-unique chains with known structures. This analysis was made by e-malil
server [27].

Utilising these prediction approaches a consensus was reached regarding the nature
of the secondary structure: 1. For a correct prediction at least three different algorithms
should be considered for each residue with the same structure. 2. For any predicted
helix, it was necessary to identify at least six sequentially consecutive residues assigned to
the helical conformation; the minimum length necessary for determpistyands was four
residues, while for loopsitwas three residues. 3. When doubts arose concerning allocation, the
influence of neighbor residues was considered. 4. Discrepancies between different methods
on the length of each-helix segment were corrected by manual inspection. Taking into
account amino acid preference for location at the ends of helical segment [28]. 5. A loop
structure was considered when three algorithms yielded the same residue with turn or coil
structure, or if many uncertainties arose in the allocation. The exact denotation of turn or coil
structure was excluded. The justification for using several algorithms to predict secondary
structures was to improve prediction by increasing accuracy [20, 29].

Protein folding recognition analysis

To confirm the validity of our predictions, a comparison was made with the TOPITS program.
This program which uses a set of new methods for predicting secondary structures, is based
on the observation that similar three-dimensional structures are often adopted by proteins,
even if no significant sequence homology is detected. The aim of this program is to optimally
combine a sequence with one structure, a process referred to ‘threading’. In practice, one
must use a database of known structures and a computer program with enough potential for
threading, sorting and ranking the possible solutions [30]. In our case the threading TOPITS
method was used by e-mail server service [31]; and the database was the PDB release # 77
(July 1996).

Physicochemical characterization

Three different theoretical algorithms were used to characterize some physicochemical as-
pects of the HN protein, 1) flexibility, determined by the method of Karplus and Schulz
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[32], based upon scales of known temperature factors oftbarbons from proteins with

a known structure, 2) hydropathy determined, as described by Kyte and Doolittle [33], by
averaging the hydrophobicity index for each individual amino acid; in both cases a window of
eleven residues was used, 3) solvent accessibility was calculated as described by Kabsch and
Sander [23].

Transmembrane regions analysis

Transmembrane regions were analyzed using three different and specific algorithms as defined
by Eisenberg et al. [34], Roa and Argos, [35] and Klein [36]. Only those regions with the
adequate physicochemical properties, defined by the three-algorithms, were considered as
transmembranal.

Detection of sites and signatures in the sequence (PROSITE-dictionary)

The Prosite dictionary release N021-1995 (37) was used to find signatures or residues with
potential biological significance.

Alignment process

Twelve HN sequences were aligned using the Clustal program [38], considering a gap
penalty of five in the pairwise similarity comparison and an open gap cost of 10 for the
final alignment: Rubulavirus LPMV (access number S77541, from the GenBank Data Base
1994); two mumps viruses MUMPM (P11235), MUMPI (P19762); two Simian viruses SV41
(P25180), SV5LN (P28885); three Newcastle disease viruses NDVH4 (P12559), NDVI
(P12556), and NDVU (P12558); one Parainfluenza 2 virus, PI2H (P25465); two Parain-
fluenza viruses, PI3B (P06167), PIS3HU (P12563), and one Sendai virus SENDZ (P04853)
from the paramyxovirus genus. Another alignment was carried out by increasing the database
to 25 HN sequences for consideration of the paramyxoviruses and rubulaviruses with the
same program and parameters. The new sequences were, one MUMPS virus: MUMPR
(P10866); six Newcastle disease viruses: NDVB (P32884), NDVC (P35740), NDVJ (P35742),
NDVM (P12557), NDVQ (P13850), and NDVTG (P12553); two Parainfluenzaviruses PI2HT
(P25466) and PI3HT (P12562); one Sendai virus SENDH (P03425), and three Simian
viruses, SV5 (P04850), SV5CM (P28883) and SV5CP (P28884). No manual modification
was made to the final alignments; all HN sequences were obtained from the Swiss-Prot
database 1994.

Most prediction and sequence analyses were made with the package Antheprot Version
5.5 [39], Windows version V2.3, on a 486 personal computer.

Variability analysis

Variability analysis was performed using the VIR program [40] and the algorithms of Wu
and Kabat, [41] and Jores et al. [42]. The calculation of variability indeces was performed in
each position of the 25 HN multiple alignment sequences previously obtained, according to
these definitions for each algorithm:

i) The Wu-Kabat Index Ywk):
VW = k/p1,

wherek is the number of different amino acid types that appear at a given positiom;and
is the frequency of the most common amino acid in that position.



Secondary structure of HN from porcine paramyxovirus 337

i) Jores index (1990),):
Vy = j/npa,

were; is the number of distinguishable amino acid pairs that appear at a given position, and
p1 is the frequency of the most common amino acid pair in that position.

A search of common physicochemical properties using hierarchies
of amino acid categorizations

This analysis was performed only with the residues from the potentially hemagglutinating
domain, considering the average amino acids in each position and its correlation with the
Jimenez-Montafio hierarchy of amino acid [43].

Results
Structural characterization

Table 1 shows the secondary structure of HN from LPMV, determined with each
algorithm. The consensus structure shows a low contenhefix (11.7%), and a
high content of3 strand (43.3%) and loop structure (turn and coil) (45%) (Table
1 and Fig. 1). It is important to note that the structy@gdbop-3 arrangement was
interrupted in a few cases layhelix segments in the middle and at the end of the
sequence (Figs. 1 and 2).

Physicochemical properties and transmembrane regions

Hydropathic and solvent accessible properties coincided with the structure in
their alternate tendency, although the flexibility did not show this tendency. The

three methods used for identification of the transmembrane region indicated the
presence of several regions; however, only a region close to the amino terminal
(residues 26—47) was defined by all the methods (Fig. 1). This region also showed
high rigidity, hydrophobicity, and solvent inaccessibility values.

Table 1. Comparison of the secondary structure content
(%) on the HN of LPMV determined by several methods

Method Alpha-Helix Beta-Strand Loop
Chou-Fasman 19.9 55.2 24.8
Levin 23.0 26.0 28.9
Garnier (1996) 16.3 23.9 59.6
Deleage-Roux 6.2 45.8 47.9
Rost 19.6 214 59.0
TOPITS 18.0 25.9 56.1
Consensiis 11.7 43.3 45.0

aThese values were obtained from Fig. 2
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Sites and signature analysis

The HN protein from LPMV showed seven potential phosphorylation residues
with a Protein Kinase C activity and eight Casein Kinase C activity, and also
twelve N-myristoylation sites, and four potential-glycosylation sites, which
correspond to the glycosylation sites suggested by Sundqvist et al. [8].

Homology score

The comparison of homology scores between HN LPMV and other HNs (Table 2)
revealed that the highest homology scores were with SV5LN and MUMPM HN’s
with 43 and 42% respectively, and that the lowest was with NDVI HN with a 30%
homology score. Table 2 also shows a clear differentiation between the genera an-
alyzed. Homology score of 30 to 95% were found in all the HN of the rubulavirus
genus, whereas a 48 to 77% score was obtained with the paramyxovirus HN’s.

Multiple alignment

The 12 and 25 HN aligned sequences from paramyxo- and rubulavirus, including
the LPMV, indicated the presence of common patterns previously reported for
the family, such as the NRKSCSI/V/L, FXXYGGL/V/M and GA/SEGRI/V/L
(Figs. 3:2, 3:3 and 3:4 respectively, only twelve HN aligned sequence are shown)
[44]. The Prosite analysis of the HN from LPMV showed an intracellular TXR
pattern, where the threonine 21 could be phosphorylable by a Protein Kinase C.
This pattern seems to be a new genus-specific one, since it is well conserved
in all rubulaviruses (Fig. 3:1), and is absent in the paramyxovirus genus. These
alignments led us to identify in the HN from rubulaviruses, a new pattern, which
seems to be species-specific. This pattern is situated between residues 16 to 25;
in the HN from LPMV it contains the sequence AIARRTWRLC, the P12H con-
tains the sequence SIPKRTCRII, the mumps viruses AADKKTFRTC, and the
sequence REAKNTWRLY in the Newcastle disease virus. This new pattern con-
tains a phosphorylation site and is delineated at the carboxyl region by two highly
conserved residues: phenylalanine and arginine (FR). The HN from LPMV shows
these residues at the beginning of the transmembrane region (Fig. 1 and 3:1).

Identification of the potential hemagglutinin domain

The potential hemagglutinin domain has been excluded in previous comparative
analysis [10]; however, the multiple alignment of 25 HN sequences performed
in this work led us to identify one region, from residues 314 to 404 (Figs. 3:3
and 4, and 7), that seems to contain the hemagglutinin domain. It possesses two
highly conserved patterns at their extremities, which could mark the beginning
and the end of the hemagglutinating domain. One pattern, from residues 314 to
320 346—437alignment numbering), contains the sequence FXXYGGV/L/M
(Fig. 3:3 and 7); and is found insideBastrand as part of a loop in the HN from
LPMV (Fig. 2). The other, from residues 398 to 4@81-437 with the sequence
GA/SEGRI/VIL, is found inside &-strand and as part of a loop in the HN from
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Fig. 2. Secondary structure of the HN of LPMV H-Helix, B-Beta Strand, L-Loop (Coil or

Turn) see text for details
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Table 2. Homology scores for the HN from LPMV, versus eight HN's from rubulavirus and three HN's

from the paramyxovirus genus

Rubulavirus genus

Paramyxovirus genus

LPMVV SV5LN MUMPM SV41 MUMP1 P12H NDVH4 NDVU NDVI P13B P13HU SENDZ

LPMVV — 43 42 42 41 39 31 30 30 28 | 27 26
SV5LN - 44 52 43 46 32 32 32 28| 24 26
MUMPM - 42 95 41 32 33 32 26 | 25 24
Sv4l - 42 62 35 35 35 28 | 28 27
MUMP1 - 40 31 31 31 25 | 27 25
PI2H - 32 32 32 25 | 26 26
NDVH4 - 94 91 26 | 24 26
NDVU - 95 25 |24 26
NDVI - 28 |25 26
PI3B - 77 49
PI3HU - 48
SENDZ -

LPMV (Fig. 2). The relevance of this fragment is indicated by point mutations in
the GA/SEGRI/V/L pattern which lead to little or no mature protein, affect the
intracellular processing and produce a mature protein with altered antigenicity

[45].

Protein folding recognition analysis TOPITS

Comparison between the TOPITS prediction and the prediction we obtained,
concerning the secondary structure of the HN from LPMYV, in percentage terms
(Table 1) as well as in a more detailed comparison (Fig. 2), show great similarities;
however, the main differences were found in the transmembranal region, and other
segments as in the 79-100 and the 375-420 (Fig. 2).

Variability analysis

The two-variability indeces, led us to analyze the variability of a multiple align-
ment from 25 HN sequences from different species. Figure 4 shows the variability
of the HN sequences determined according to the Wu-Kabat index [41]. The re-
sults obtained with this method indicated a widely spread variability of HNs;
however, it was possible to find three regions with high levels of variability: the
first with the highest values from residues 80-110, was very close to the potential
transmembrane of the HN from LPMV (Fig. 4:1), the second was located be-
tween residues 125-160 (Fig. 4:2), and the third lay between residues 300-340;
(Fig. 4:3) very close to the potential hemagglutinin domain [46]. Fig. 5 shows the
variability determined by the Jores method [42], indicating the three variable re-
gions mentioned above (Fig. 5:1,2 and 3); and two other variable regions, located
after the potential hemagglutinating domain on residues 470-510 (Fig. 5:4) and
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Fig. 4. Variability plot for HN sequences using VK index. Variable regions are boxed and
numbered, the HA domain is delineated by a black box

540-550 (Fig. 5:5). It was interesting to note that the profile of the variability,
obtained with this index, had a much better resolution than the variability profile
obtained with the Wu-Kabat index.

Variability of the potential hemagglutinin domain

The analysis of the variability of the potential hemagglutinating domain with
the 25 multiple alignment HN sequence (Fig. 7), performed with the Wu-Kabat
index (Fig. 6a), did not lead us to see positions of high variability in the domain;
however, the use of the Jores index showed a better resolution for variable and

ag. 3 (p. 342f.) Multiple alignment of 12 paramyxoviruses and rubulavirus HN amino acid

sequences, italic numbers indicate the alignment numeration for the 25 alignment sequence

and inferior numbers indicate the sequence numeration (Fig. 2), the numbers on the bottom

show the highly conserved patterrsthe species-specific pattern, (*) on the top indicates

the highly conserved threoning;the pattern with the neuraminidase function NRKSCS;

3 the pattern at the beginning of the potential Hemagglutinating domain, FXXGGV/L/M;

4 the pattern at the end of the potential hemagglutinating domain and with activity func-

tion, GA/SEGR/V/L and5 a new very long pattern CPXXCI/V/LS/T/KGVYXD without
known function
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Fig. 5. Variability plot for HN sequences using VJ index; variable regions are boxed and
numbered 1, 2, 3, 4, and 5, the HA domain is delineated by a black box

conserved positions; moreover, two stretches of residues with high variability
values, from 358 to 369 from 409 to 424 (Fig. 6b:6 and 6b:7), were defined.

Common physicochemical properties at each position of the potential
hemagglutinin domain

From the positions 314 to 40846-437 (Fig. 3:3, 4 and 7), considered as the
potential hemagglutinin domain, only 12 positioB53, 361, 363, 374, 379, 386,
388, 412, 413, 416, 419nd422show no common physicochemical properties,
despite their high diversity and variability values (Figs. 2 and 6b). Only five po-
sitions showed high variability values and common physicochemical properties,
these were the positior857, 364, 375and 394 where 76%, 64%, 76% and
76% of these amino acids were hydrophilic, and posiditid where 96% of the
residues were polar amino acids.

We also observed seven highly conserved positions, devoid of common phy-
sicochemical properties: positidd60, with 36% hydrophobic, and 40% polar
residues; positioB91, with 52% hydrophobic residues; positid09, with 44%
hydrophilic and 40% non polar residues; posit&t8 with 44% hydrophobic
residues and 36% proline, positid@1, with 44% hydrophobic residues; position
423 where 52% of the amino acids were hydrophobic and finally, position 428,
with 52% of hydrophilic amino acids.
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Discussion

The structuraB-loop{3 arrangement, as well as the hydropathic and accessibil-
ity alternated design, observed in this study of the hemagglutinin-neuraminidase
from the porcine paramyxovirus LPMYV, indicates that the HN is organized in an
anti-parallelg strand fold. According to our results, the interpretation of the HN
structure for LPMV is more complex than in previous structural reports for the
HNs from other paramyxoviruses [10]. Discrepancies could be due to the interfer-
ence of 90 to 100 amino acids, containing the hemagglutinin domain, this segment
could induce an alteration in the three-dimensional structural organization. For
this reason we consider that the structural organization of these proteins should
be explained in terms of their particular dual functions. The results obtained with
our prediction, indicate that the transmembrane region of the HN \Bastiand,;
although this is an uncommon structure for a transmembrane domain, X-ray
crystallography of OmpF and PhoE froln coli [47] and of the proaerolysin
toxin from Aeromona si48], shows a similar transmembrafestrand domain.
Moreover, as the HN from rubulavirus LPMV these proteins show a high tendency
to form tetramers and trimers.

The multiple alignment permitted us to see in the HN'’s from the rubulavirus
genus, a new species-specific pattern between residues 16 to 25 (Fig. 3:1), which
contains the phosphorylable residue threonine 21. The exclusivity of the se-
guences observed in each viral species, could be due to the interaction with a
particular host cell element or with other specific viral components such as the fu-
sion protein [49]. Alternatively this species-specific sequence could be explained
in terms of the interaction with the Protein Kinase C or other activation proteins
on infected cells. The relevance of the Protein Kinase C in the infection process
has been suggested by experiments performed with measles virus, which clearly
show that Kinase activity increased in the infection; moreover when antibodies
directed against the hemagglutinating protein were added, the viral activity and
protein Kinase C activity diminished to basal levels [50]. No similar information
has been described for other members of the paramyxovirus family.

Our alignments allowed us to identify some patterns reported as highly con-
served in HN proteins [44]; which possess structural and enzymatic functions.
One of these patterns is the NRKSCSI/V/L segment from residues 233 to 239
(Fig. 3:2), found inside a loop (perhapsBaturn) and aB-strand segment in
the HN from LPM. It has been proved that this pattern generates in the HN,
architectural alterations, antigenic variations, syncytium formation, and a drastic
inhibition of neuraminidase activity [51]. Another preserved pattern was found
on residues 398 to 404 (431-437, Fig. 7) were the amino acids GA/SEGRI/V/L
(Fig. 3:4), in the LPMV are situated inside a loop-like structure (perhaps a
turn) and twop-structure regions. Recent studies by site directed mutations in
this region for the HN from Newcastle disease virus demonstrated that this re-
gion is relevant for intracellular processing, and correct folding of the protein
[45]. We have also identified a new sequence pattern between residues 464 to
475, CPXXCI/NVILSITIKGVY XD (Fig. 3:5). In the absence of further data, only
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mutations in this pattern may help us to understand its conservation or biological
function.

The variability analysis of the 25 HN aligned sequences, including LPMV,
performed with the Wu-Kabat index allowed us to define three regions with high
rates of variability (Figs. 4 and 5); moreover, the use of the Jores’ index [42], (Fig.
5:4 and 5:5) clearly defined five regions, confirming that for HN proteins, variabil-
ity with the Jores algorithm index was more useful than the Wu-Kabat index. In
view of the extent of conservation of the sequences analyzed, and the localization
in specific stretches of high variability, this behavior could be explained by the
conservation of sequences. The region with the highest rate of variability (region
one of variability (Figs. 4:1 and 5:1) was found near to the transmembrane domain.
This region seems to be implicated in the interaction with homologous proteins
in the formation or stabilization of a functional tetramer, thus suggesting that this
association could be species-specific. The third variability region (Figs. 4:3 and
5:3), is antigenically active, since immunogenic peptides have been identified in
this region in other rubulaviruses, such as Newcastle virus [46].

The variability rate determined with the Jores index, together with the amino
acid physicochemical properties, allowed us to identify three groups of residues
in the potential hemagglutinin domain (Figs. 3 and 4):1) A group of residues with
a high variability rate and without common properties (12 residues); 2) A group of
residues with a high variability rate and with common properties (5 residues); 3)
A group with conserved residues without common physicochemical properties (7
residues). Participation of these residue groups, in sugar specificity or structural
function should be confirmed by point mutations.

Overall, our results demonstrate that the HN protein from the porcine rubula-
virus LPMV possesses a structure organized predominantly gl@p8
arrangement. The highly preserved patterns and homology between the amino
acid sequences observed in the paramyxoviruses analyzed, suggests that the
HN from the rubulavirus and paramyxovirus genera are well preserved proteins
throughout evolution; moreover, their common structural organization could ex-
plain similarities in the recognition mechanisms of sugar residues on the target
cell.
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