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A filamentous phage bearing the peptide sequence TLTTKLY was isolated from a heptapeptide phage display library against a
velogenic Newcastle disease virus (NDV). In order to investigate the potential of this specific phage as an immunological reagent
in virus pathotyping, an enzyme-linked immunosorbent assay (ELISA )-based method was developed. This method can differentiate
the velogenic strains from the mesogenic and lentogenic strains. An equilibrium-binding assay in solution showed that the interac-
tions between the phage and all the NDV strains gave rise to two widely differing dissociation constants (K drel ). Based upon the first
Kdrel values, NDV strains can be classified into two groups; the first comprises the velogenic strains, and the second consists of the
mesogenic and lentogenic strains. These results indicate a high degree of correlation between the binding affinities and pathotyping

of NDV strains using the TLTTKLY phage.

INTRODUCTION

The ability to attach and penetrate a
host cell is one of the major factors that
determine the pathogenicity of a virus.
These activities are usually mediated
by proteins or glycoproteins located on
the surface of the virus. For instance,
the Newcastle disease virus (NDV),
a member of Paramyxoviridae, has
three pathotypes: (i) velogenic (highly
virulent), (if) mesogenic (moderately
virulent), and (iii) lentogenic (aviru-
lent) (1). The molecular determinant
of its virulence is dependent on the two
surface glycoproteins, hemagglutinin-
neuraminidase (HN) and fusion (F)
(2). The HN glycoprotein possesses
hemagglutination (HA) and neuramini-
dase (NA) activities, with the avirulent
strains having slightly longer C termini
than those of the virulent strains (2).
However, the transition point at which
additional C-terminal extension of the
HN protein causes diminution in viru-
lence has not been determined. The F
protein participates in the fusion activ-
ity of the virus (3). It is synthesized
as a precursor, F_, which needs to be
cleaved into F; and F, for activation.
The nature of cleavage sites correlates

with virulence of the virus. Those
strains with multiple-basic residues in
the F, cleavage site are virulent strains,
whereas those strains with a single ba-
sic residue are avirulent (2).

It is of primary importance to be able
to differentiate the various pathotypes,
but current diagnostic methods are
inadequate for early identification of
NDV during outbreaks. Conventional
methods used for pathotyping of NDV
are mean death time (MDT), intrace-
rebral pathogenicity index (ICPI), and
intravenous pathogenicity index (IVPI)
(1). With the evolution in molecular
techniques, several reliable methods
for pathotyping have emerged. Numer-
ous systems target the cleavage site of
the F protein as its core pathotyping
target, and many of these methods
use the reverse transcription PCR (RT-
PCR) technique followed by restriction
enzyme (RE) digestion (4) or nucleo-
tide sequencing (5,6). Recently, an RT-
PCR was developed to screen and dif-
ferentiate virulent from avirulent NDV
isolates using three sets of primers
specific for amplifying F protein gene-
specific RNA from virulent, avirulent,
or all isolates, respectively (7). Fluo-
rogenic probes designed to recognize

the nucleotide sequence at the cleavage
site of the F gene were also utilized in
a modified TagMan® detection system
(Applied Biosystems, Foster City, CA,
USA) to distinguish NDV strains (8).
Antipeptide antibodies targeted at F
and HN activation sites (9,10) and
also against the C termini of the F,
polypeptides and C-terminal extension
of the HN | sites (11) were produced for
the intention of NDV pathotyping.

As a model system for virus pa-
thotyping using specific bacteriophage,
we employed a fusion phage carrying
the TLTTKLY sequence previously se-
lected from a phage display library (12)
to determine its binding affinities to
various NDV strains and developed an
enzyme-linked immunosorbent assay
(ELISA)-based method to differentiate
these NDV pathotypes.

MATERIALS AND METHODS

Propagation and Purification of NDV

Propagation and purification of
NDV strains were as previously de-
scribed (13). The velogenic strains used
in this study were AF2240, 00/IKS, 01/
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TM, 01/C, and 3410/92 P2. Mesogens
comprised 2641/91 P2, 5953/89 P3,
and 6385/90 P3 strains, while the lento-
genic strains were V4 Que, F, 8820/92
P3, and 1266/89 P3. The pathotypes
of these strains have previously been
determined by nucleotide sequence
analysis of the F cleavage site: AF2240
(14), strains 00/IKS, 01/TM, and 01/
C (S.W. Tan, personal communica-
tion), 3410/92 P2, 6385/90 P3, and
F (C.L. Kho, personal communica-
tion), V4 Que (13), and 2641/91 P2,
5953/89 P3, 8820/92 P3, and 1266/91
P2 (15). The protein concentration
of the purified virus was measured
using the Bradford assay (16) and
hemagglutination units (HAU) of the
unpurified virus were determined as
previously described (17). One HAU
in the hemagglutinin titration is the
minimum amount of virus that will
cause complete agglutination of the
red blood cells.

Large-Scale Propagation, Purifica-
tion, and Titration of Fusion Phage

Methods used were as previously
described (12).

Kd’ ¢l Determination

Varying concentrations of vari-
ous NDV strains (0.001-10 nM;
120 pL) and a constant phage
concentration [10!0 plaque form-
ing units (pfu); 100 uL) were incu-
bated in a microfuge tube for 20 h
at 25°C. A portion of the incubation
mixtures (100 pL) was carefully
transferred into wells that had been
coated with the corresponding NDV
strain (20 pg/mL, 100 pL; with
Na,CO4/NaHCO, buffer, pH 9.6)
and blocked [0.1% bovine serum
albumen (BSA) w/v in Tris-buffered
saline (TBS); 120 uL], to allow un-
bound phages in solution to interact
with the immobilized NDV. After
incubation for 1 h at 25°C, the wells
were washed with TBS containing
0.5% Tween®20 (TBST), and bound
phages were eluted and titered as
described (18). A plot representing
percentage of free phage versus
NDV concentration was prepared,
and a curve was fitted to these points
using equations for two binding
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sites (GraFit™ version 3.0; Erithacus
Software Ltd., Surrey, UK).

Pathotype Detection with TLTTKLY
Phage

A series of different concentrations
(2-50 HAU; 100 pL) of unpurified

NDV strains from allantoic fluid was
coated on microtiter plate wells. The
wells were washed and blocked as de-
scribed above. The wells were washed
again, and the TLTTKLY phage (1010
pfu/mL; 100 pL) was added and
incubated at 25°C for 1 h. This was
followed by another wash and the
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Figure 1. Scatchard plots for the binding of TLTTKLY phage to different NDV
strains. (a) Velogenic strains, (b) mesogenic strains, and (c) lentogenic strains.

NDV, Newcastle disease virus.
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addition of horseradish peroxidase
(HRP)-conjugated anti-M13 antibodies
(100 uL; Amersham Biosciences, Little
Chalfont, Buckinghamshire, UK) and
incubated for 1 h at 25°C. After wash-
ing, ABTS substrate [2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic  acid);
100 pL; Roche Diagnostics GmbH,
Mannheim, Germany] was added and
incubated for 30 min at 25°C. The ab-
sorbance was measured at 415 nm.

RESULTS Y = [pfug - pful/pfu,. pfu is the free
phage at different NDV concentration,
K drel Determination and pfu, is the free phage when [NDV]

The binding data collected for the
interaction between the phage and
NDV strains were first analyzed with
the Scatchard plot to determine whether
the phage has one or more binding sites.
The graphs plotted (Figure 1) were Y/
[NDV] versus Y, where fraction bound,

= 0. The Scatchard plots gave rise to a
concave shape for all the strains, sug-
gesting that there are two binding sites
between the phage and NDV strains.
To avoid misinterpretation of nonlinear
Scatchard plots, a nonlinear fitting of
the binding data with the two binding
site equation was employed. All the

Table 1. K,/ Values Obtained for Different NDV Strains with
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TLTTKLY Phage
Kd1rel Kdzrel
NDV Strains Pathotype (pM) (nM)
AF2240 Velogenic 2.8x0.0 1.40£0.01
00/IKS Velogenic 24+04 0.14+0.07
01/TM Velogenic 26x0.2 1.11£0.11
01/C Velogenic 24+0.3 0.12+0.05
~O- AF2240 3410/92 P2 Velogenic 2.6+0.1 0.28+0.12
- 01/IKS 2641/91 P2 Mesogenic 3.9+0.1 0.98 £0.54
-8-00/TM 5953/89 P3 Mesogenic 3.3+0.1 0.56 +0.33
8- 00/C 6385/90 P3 Mesogenic 3.3£02 2.60+0.12
~ V4 Que Lentogenic 3.5%02 1.50+£0.45
4341092 F Lentogenic 41401 1.15+0.64
8820/92 P3 Lentogenic 3.6x0.3 1.12+0.49
1266/89 P3 Lentogenic 4504 3.00+1.00
Values represent the mean (X £ sb) of triplicate determination.
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Figure 2. Semilogarithmic representation of the binding of the
TLTTKLY phage to different NDV strains with two different af-
finities. (a) Velogenic, (b) mesogenic, and (c) lentogenic NDV strains.
Assays were performed in triplicates and the error bars represent the
standard deviation of the mean (X £ sp). NDV, Newcastle disease virus.
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Figure 3. Detection of NDV pathotypes. The straight black line across the graph
is the cut-off value. Any values above this are considered positive, and values below
this are considered negative. The cut-off value is calculated as the mean value of the
negative control plus 3 sb. The experiment was carried out in triplicate, and error bars
represent the standard deviation of the mean (X + sp). NDV, Newcastle disease virus.
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binding data fit well with the two bind-
ing site equation (Figure 2), suggesting
the TLTTKLY phage displayed two
different binding affinities with all the
NDV strains. All strains showed the
first Kdrel (Kd]rel) values in picomolar
range, whereby the binding affinity of
velogens ranged from 2.4 to 2.8 pM,
while affinities for the mesogens and
lentogens varied from 3.3 to 4.5 pM
(Table 1). As for the second K;" el
(Kdzrd), no particular profile was ob-
tained, and binding affinities for all
strains were in the nanomolar range.

NDV Pathotyping

For pathotyping, the amount of NDV
strains coated on the wells ranged from
2-50 HAU. Virus as low as 2 HAU were
detected for the velogenic strains. For
the mesogenic and lentogenic strains,
at least 10 HAU were essential. When
the TLTTKLY phage was replaced by a
wild-type M13 that did not carry any fu-
sion peptide, and the absorbance values
were found lower than the cut-off value
(data not shown). The graph (Figure 3)
displays a profile whereby two clusters
were obvious. The first is represented
by only the velogenic strains and the
second comprises the mesogenic and
lentogenic strains. This observation
has been made consistently over many
experiments using freshly prepared
phage and NDV strains (15). A correla-
tion was observed between the binding
affinities obtained in the equilibrium
binding experiment and the absorbance
profiles in the ELISA experiment for
the different pathotypes of NDV strains.
The K,,"*! values and the profiles of
the ELISA experiment can be grouped
into two categories. Based on the K ;" el
values, the velogenic strains form the
first group, while the mesogens and len-
togens form the second. This is exactly
similar to that of the pathotyping results
described above, whereby the velogens
formed the first group and were more
readily detectable compared to the sec-
ond group comprising of mesogenic and
lentogenic strains.

DISCUSSION

Identification of a disease in early
stages is a more effective way of
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disease control. There are many as-
says established for the detection and
pathotyping of NDV, most of which
involve a combination of molecular
techniques. In this study, using the
TLTTKLY phage, it was demonstrated
that the pathotypes of NDV could be
differentiated into two groups. The first
cluster was represented by only the vel-
ogenic strains, while the mesogenic and
lentogenic strains formed the second
cluster. Furthermore, the TLTTKLY-
bearing phage could detect the virus
at as low as 2 HA units. These results
suggest that the TLTTKLY phage is
a sensitive diagnostic reagent for the
detection of NDV. This is because the
binding affinity of a peptide as a diag-
nostic reagent is probably less stringent
than as therapeutics. For instance, for
immunohistochemical procedures, it
is probably not necessary to have a
binding affinity of 108 M-, providing
specificity is reasonably good (19).
In this case, the TLTTKLY-carrying
phage, which has exhibited higher af-
finity (Kdlrd =2.8 pM), seems to be far
superior as a diagnostic or pathotyping
reagent for NDV.

The data of the equilibrium-bind-
ing assay showed that the TLTTKLY
phage displayed two widely differing
affinities with all the NDV strains. This
could be due to the fact that the system
has two or more classes of binding sites
with different affinities (20), and this is
a more complex association than that
of phage-antibody and phage-hepatitis
B core antigen (HBcAg) interactions,
which gave rise to only one binding
affinity (21,22). Display of two dis-
sociation constants for all the 12 NDV
strains tested suggests that this phage
probably recognizes two different
docking sites on NDV strains with a
varying degree of affinity. In an ear-
lier study, we showed that the peptide
TLTTKLY, either in linear or cyclic
form, inhibited NDV propagation in
the allantoic fluid of embryonated
chicken eggs (12). These peptides did
not inhibit the HA and NA activities,
but did inhibit the hemolytic activity,
suggesting that the peptides interact
with the F activity site. However, the
peptides may bind to other parts of the
HN or F glycoproteins and change the
F activity site (12).

The Kd]’d values showed a profile

where the velogenic strains can be dis-
tinguished from the mesogenic and len-
togenic strains. This correlates with the
two different absorbance profiles in the
ELISA experiment. However, the K dzr el
values do not reveal any particular pro-
file that can be used to distinguish these
pathotypes. Two mesogens, 2641/91
P2 (0.98 nM) and 5953/89 P3 (0.56
nM) had relatively high K ,," values
compared to the velogens, especially
AF2240 (1.4 nM) and O0l/TM (1.11
nM). The values obtained here are re-
garded as relative values because of the
complication resulting from the pres-
ence of up to five copies of the gplll
fusion protein of the M 13 filamentous
phage. As a result, a single phage parti-
cle could bind to the target via multiple
interactions, thus enhancing the affinity
(18). All the NDV strains were assayed
with the same phage, so that the effect
of the multiple copies of peptide should
be the same for each one of the strains,
and therefore, the values are affected to
a similar degree, which in comparison
is valid (23). Likewise, even with low-
affinity interactions at each site, mul-
tivalent binding leads to high avidity
and tenacious adherence of the phage
during washing (24). In this view, it is
probable that the K ;," ¢l yalues obtained
for the interaction between the TLTTK-
LY phage and the various NDV strains
were due to these phenomena.

This study illustrates the potential
of using displayed peptide ligands as a
pathotyping reagent, and to the best of
our knowledge, there is currently no in-
formation available on the use of phage
carrying a short peptide in pathotyping
of other viruses. However, single-chain
Fv (scFv) fragments against the motif
IZRRQ!'!4 present at the F, C-terminal
end of many virulent NDV isolates
were generated for differentiating viru-
lent and avirulent NDV strains (25).
Although this system was specific, the
sensitivity was quite dependent on the
amino acids present at position 110 of
the F protein, just preceding the cleav-
age site. Furthermore, this scFv phage
cannot differentiate between the velo-
genic and mesogenic strains, as both of
these strains are virulent. Differentiat-
ing these virulent strains is of utmost
importance in times of an outbreak, as
it reveals whether the birds have previ-
ously been vaccinated or not.
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The production and purification of
the fusion phage are easier and less
expensive compared to monoclonal
antibodies, thus the phage has the po-
tential to be further developed into a di-
agnostic reagent for NDV pathotyping
based upon different affinity constants.
The preferred assay format is a double
sandwich method, in which the wells
are coated with the phage and unpuri-
fied NDV is allowed to react with the
immobilized phage. In addition, further
work has to be carried out to study the
stability of the phage, especially its fu-
sion peptide during storage, and also to
manipulate its genes to produce fusions
to reporter molecules to accelerate the
detection method.
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