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Entry and fusion of human parainfluenza virus type 3 (HPF3) requires interaction of the viral hemagglu-
tinin-neuraminidase (HN) glycoprotein with its sialic acid receptor. 4-Guanidino-2,4-dideoxy-2,3-dehydro-N-
acetylneuraminic acid (4-GU-DANA; zanamivir), a sialic acid transition-state analog designed to fit the
influenza virus neuraminidase catalytic site, possesses antiviral activity at nanomolar concentrations in vitro.
We have shown previously that 4-GU-DANA also inhibits both HN-mediated binding of HPF3 to host cell
receptors and HN’s neuraminidase activity. In the present study, a 4-GU-DANA-resistant HPF3 virus variant
(ZM1) was generated by serial passage in the presence of 4-GU-DANA. ZM1 exhibited a markedly fusogenic
plaque morphology and harbored two HN gene mutations resulting in two amino acid alterations, T193I and
I567V. Another HPF3 variant studied in parallel, C-0, shared an alteration at T193 and exhibited similar
plaque morphology but was not resistant to 4-GU-DANA. Neuraminidase assays revealed a 15-fold reduction
in 4-GU-DANA sensitivity for ZM1 relative to the wild type (WT) and C-0. The ability of ZM1 to bind sialic acid
receptors was inhibited 10-fold less than for both WT and C-0 in the presence of 1 mM 4-GU-DANA. ZM1 also
retained infectivity at 15-fold-higher concentrations of 4-GU-DANA than WT and C-0. A single amino acid
alteration at HN residue 567 confers these 4-GU-DANA-resistant properties. An understanding of ZM1 and
other escape variants provides insight into the effects of this small molecule on HN function as well as the role

of the HN glycoprotein in HPF3 pathogenesis.

The Paramyxoviridae family is comprised of several impor-
tant agents of human pathology, including measles, mumps,
respiratory syncytial, and human parainfluenza viruses. Human
parainfluenza virus type 3 (HPF3) is the second leading cause
of infant and childhood respiratory disease, including croup,
pneumonia, and bronchiolitis. The hallmark cytopathic effect
of acute infection with HPF3 in vitro is extensive cell fusion
resulting in syncytium formation. For fusion to occur, both
interaction of the viral hemagglutinin-neuraminidase (HN)
glycoprotein with its sialic acid receptor and presence of the
viral fusion (F) glycoprotein are required.

Obvious similarities exist between HPF3 and influenza virus:
attachment to host cell surfaces via a sialic acid receptor de-
terminant, and fusion with host cell lipid bilayers (cell surface
fusion at neutral pH for HPF3 and low-pH-induced fusion
following endocytosis in the case of influenza virus). Both
viruses utilize neuraminidase-dependent release of virus from
infected cell surfaces. In addition to these parallels in biolog-
ical strategies, influenza virus neuraminidase (NA) and
paramyxovirus HN glycoproteins share structural similarities:
both influenza virus NA (1, 4, 37-39) and paramyxovirus HN
(5, 6, 17) fold into a propeller-like configuration comprised of
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six four-stranded antiparallel 8 strands arranged about a cen-
tral cavity.

The study of the neuraminidase inhibitor class of anti-influ-
enza virus compounds began in the early 1970’s: 2-deoxy-2,3-
dehydro-N-acetylneuraminic acid (DANA) (24) and 2-deoxy-
2,3-dehydro-N-trifluoroacetylneuraminic acid (FANA) (26,
27) were first identified as inhibitors of influenza virus NA in
vitro. Recently, more potent and specific inhibitors of influenza
virus NA have been developed with the aid of crystallographic
data. 4-Guanidino-2,4-dideoxy-2,3-dehydro-/N-acetylneuraminic
acid (4-GU-DANA; zanamivir) is one of these recent additions
to the anti-influenza virus armamentarium. 4-GU-DANA, a sialic
acid transition-state analog rationally designed against the in-
fluenza virus NA glycoprotein, acts as a selective inhibitor of
influenza virus A and B NA activity at nanomolar concentra-
tions in vitro and in vivo (40) and is clinically effective (13).

Given the functional and structural similarities of influenza
virus and HPF3 and the known potency of 4-GU-DANA for
influenza virus NA, it seemed reasonable that this compound
might prove efficacious against the neuraminidase of HPF3
HN. Initial observations on Newcastle disease virus (NDV),
another member of the Paramyxovirinae subfamily, indicated
that both DANA and FANA could inhibit NDV neuramini-
dase activity (24, 26, 27). Moreover, Meindl et al. found that
FANA was able to inhibit hemagglutination by NDV, which
suggested that the compound could interfere with HN-recep-
tor interactions (24). However, Palese et al. found that FANA
did not inhibit attachment of NDV to chicken embryo fibro-
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blasts and concluded that the inhibition of parainfluenza virus
plaque formation was via neuraminidase inhibition (27).

The impetus for the present study was provided by data
obtained by Levin Perlman et al. that established the ability of
DANA to inhibit, at millimolar concentrations, not only the
neuraminidase activity but also the receptor interaction of
HPF3 HN (18). In plaque assays, the presence of DANA
during the adsorption period resulted in a reduction of plaque
numbers. Since neuraminidase activity has not been show to be
requisite for viral entry, these plaque reduction data suggested
that the inhibitory mechanism involved disruption of HN-re-
ceptor interaction and not neuraminidase inhibition. Similar
results were subsequently obtained with 4-GU-DANA: Green-
gard et al. showed that HPF3 neuraminidase activity, hemad-
sorption (HAD), and fusion of persistently infected cells with
uninfected cells were inhibited by 4-GU-DANA (9). We there-
fore reasoned that selection of resistant HPF3 variants using
4-GU-DANA could provide tools for understanding the mul-
tiple roles of HN during HPF3 infection.

The generation of influenza virus variants resistant to 4-GU-
DANA has been well documented and has yielded insight into
the molecular basis of resistance as well as the functional
importance of several NA catalytic site residues (2, 3, 10-12,
20-22). Our initial HPF3 4-GU-DANA studies, coupled with
the existence of the informative influenza virus variants gen-
erated in vitro, led us to postulate that the generation of HPF3
escape variants by using 4-GU-DANA would prove informa-
tive regarding the mechanism of inhibition of the dual func-
tions of HN by 4-GU-DANA. Moreover, these variants prom-
ised to be ideal tools for gaining a greater understanding of the
role of HN in HPF3 pathogenesis. In this study, we present
data characterizing the first paramyxovirus variant selected
with 4-GU-DANA and present hypotheses regarding the
mechanism of resistance as well as the future prospects of this
class of inhibitors for use against paramyxovirus infections.

MATERIALS AND METHODS

Cells and virus. CV-1 (African green monkey kidney) cells were grown in
Eagle’s minimal essential medium (Mediatech Cellgro) supplemented with L-
glutamine, antibiotics, and 10% fetal bovine serum. HPF3 wild-type (WT) stock
was prepared by infecting CV-1 cell monolayers at a multiplicity of infection
(MOI) of 0.1. Viral supernatant fluid was collected, spun at 3,000 rpm (2,060 X
g) in a Beckman GS-6R centrifuge equipped with a Beckman G.H. 3.8 rotor for
5 min to clear cellular debris and frozen in aliquots at —80°C. Variant virus
stocks were made in CV-1 cell monolayers from virus that was plaque purified
three times. Viral titers were determined by a standard plaque assay in CV-1
cells. All infections were performed on CV-1 cell monolayers in serum-free
medium. Following a 90-min adsorption period during which the cell monolayers
were gently rocked at 15-min intervals, the inoculum was aspirated and replaced
with fresh serum-free medium. All cell photographs were taken with a 35-mm
camera (Nikon N2000) attached to an inverted phase-contrast microscope (Ni-
kon TMS) using the 10X objective.

Sialic acid transition-state analog. 4-GU-DANA, a transition-state analog of
sialic acid rationally designed against the influenza virus A and B NA (40), was
prepared as a 50 mM stock solution in serum-free medium and stored at —20°C.
4-GU-DANA used in this study was a generous gift from Glaxo Wellcome
Research and Development Ltd. (Stevenage, United Kingdom).

RBC. Human red blood cells (RBC) were obtained from whole-blood samples
drawn into EDTA vacuum tubes. Samples were washed with cold phosphate-
buffered saline (PBS; pH 7.4) and centrifuged for 5 minutes at 3,000 rpm
(2,060 X g) (Beckman GS-6R centrifuge with a Beckman G.H. 3.8 rotor). RBC
were then resuspended in serum-free medium as a 10% RBC stock stored at 4°C.
The cells were used within 5 days of collection.
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Generation of variant virus by using 4-GU-DANA. HPF3 WT stock was prop-
agated in CV-1 cells in the presence of alternating concentrations of 4-GU-
DANA. An initial, selective concentration of 3 mM 4-GU-DANA was used in
combination with a lower, permissive concentration of 0.3 mM 4-GU-DANA.
Virus-containing supernatant fluid was collected after 24 to 48 h of infection and
used to inoculate new CV-1 cell monolayers. Following each 0.3 mM passage,
virus-containing supernatant fluid was also collected and diluted for use in a
plaque assay assessing the effect of 4-GU-DANA on infectivity and plaque size.
After four passages at alternating concentrations, phenotypically variant plaques
were identified, picked, and used to infect new CV-1 cell monolayers in 3 mM
4-GU-DANA. The resulting isolates were plaqued twice in the presence of 12.5
mM 4-GU-DANA and subsequently plaque purified three times in the absence
of drug to ensure stability of the variants. One isolate (designated ZM1) was used
as the source of variant stock in the experiments presented here.

RNA isolation and sequence analysis of HN and F genes. Total RNA was
isolated from CV-1 cell monolayers in 175-cm? flasks infected with WT, C-0, or
ZM1 at an MOI of 5. After 24 to 48 h of incubation, the cell monolayers were
lysed directly with TRIzol reagent (Life Technologies, Inc.), homogenized by
pipetting, and incubated for 5 min at room temperature. Chloroform was added
in a 1:7 ratio to the TRIzol suspension, which was then vortexed and incubated
on ice for 5 to 10 min. The samples were then centrifuged at 14,000 rpm for 15
min at room temperature in a tabletop microcentrifuge (Microspin 24S; Sorvall
Instruments, Du Pont), after which the RNA-containing upper aqueous phase
was collected. The aqueous phase was then precipitated with isopropyl alcohol at
a 1:2 ratio with the initial TRIzol volume used, vortexed, and incubated at —20°C
for 30 min. Following a 10-min centrifugation at 14,000 rpm at room temperature
in a tabletop microcentrifuge, the RNA pellet was washed with 80% ethanol and
air dried. The pellet was resuspended in formamide at 65°C with agitation, and
the A,40,50 ratio was determined in a spectrophotometer (Ultrospec 2000, Phar-
macia Biotech). RNA isolated in this manner was subjected to reverse transcrip-
tion using F (5" GGGAAGCTTATAATTTTAATATCTAATG 3')- and HN
(5" GGGGGATCCATATTTCTCTTTTATCTATTGTCTGATTGCT 3')-
specific primers complementary to the 3’ termini (underlined). The reaction
products were then used as template cDNAs for PCR amplification using 5'-
terminus-specific primers (F, 5% CCCGGATCCAGGACAAAAGAAGTC 3';
HN, 5 CCCGAATTCAGGAGTAAAGTTACGC 3'). Sequencing primers were
designed against the HN and F WT sequences at approximately 200-bp intervals
(25). Sequencing reactions were performed by the Biotechnology Center of Utah
State University, Logan. Sequence analysis was carried out on the DNA products
of two separate isolations and performed twice on all samples to confirm se-
quence alterations.

Viral growth curves. The release of virus at various times postinfection was
assessed by plaque assay of viral supernatant fluid. Duplicate CV-1 cell mono-
layers grown in 60-mm dishes were infected with WT, C-0, and ZM1 at an MOI
of 5. Following a 90-min adsorption period, the inoculum was aspirated and
replaced with serum-free medium. At 3, 6, 9, 13, 21, and 25 h postinfection,
duplicate 100-pl aliquots were collected and used in a plaque assay to determine
the viral titer. Viral titer values obtained from these samples were averaged and
plotted as PFU per milliliter at each time point.

HAD assays. CV-1 cell monolayers (24-well plates, 4 X 10° cells/well) were
infected with WT, C-0, or ZM1 at an MOI of 5. Following aspiration of the
inoculum 90 min later, the medium was replaced with 1 ml of serum-free medium
containing 0.1 U of Clostridium perfringens neuraminidase (type X; Sigma Sci-
entific N-2133), and the cells were incubated at 37°C for 18 h. The medium was
then aspirated and replaced with 200 pl of 0.5% RBC in serum-free medium
containing 0, 3, 6, or 12.5 mM 4-GU-DANA. The cell monolayers were leveled
with a bubble level and placed at 4°C for 2 h. The wells were then washed four
times with cold serum-free medium and photographed. Quantification of the
bound RBC was achieved by RBC lysis with 250 pl of 50 mM NH,CI, and the
absorbance was read at 540 nm on an enzyme-linked immunosorbent assay
reader (Kinetics Reader model EL312e; BIO-TEK Instruments, Winooski, Vt.).

Plaque assays and plaque reduction assays. The effect of 4-GU-DANA on
plaque number was assessed by a plaque reduction test performed as described
elsewhere (18). Briefly, CV-1 cell monolayers were inoculated with 100 to 200
PFU of WT, C-0, or ZM1 in the presence of various 4-GU-DANA concentra-
tions. After 90 min, 2X minimal essential medium containing 10% fetal bovine
serum was mixed with 1% agarose and added to the dishes. This agarose overlay
contained no 4-GU-DANA. The plates were then inverted and incubated at 37°C
for 24 h. After removal of the agarose overlay, the cells were immunostained for
plaque detection (18). Plaques in the control (no drug) and experimental wells
were counted under a dissecting stereoscope. For experiments presenting plaque
area measurements as a function of 4-GU-DANA concentration, plaque diam-
eter was measured at a magnification of X7 to X45 under a zoom stereomicro-
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scope equipped with a micrometer. Surface area calculations from 20 plaques
were used to establish mean plaque areas with deviation.

Neuraminidase assays. Viral preparations were obtained from a 0.1-MOI
infection of 20 175-cm? culture flasks of CV-1 cells. Viral supernatant fluid was
collected after 24 to 48 h and centrifuged at 3,000 rpm (2,060 X g) for 5 min in
a Beckman GS-6R centrifuge equipped with a Beckman G.H. 3.8 rotor to clear
cell debris. The supernatant fluid was transferred to a new tube and centrifuged
at 25,000 rpm (120,000 X g) for 130 min at 4°C in a Beckman Optima L-70K
Ultracentrifuge (Beckman Instruments, Inc.) with an SW28 swing tube rotor.
The viral pellet was then resuspended in Tris-EDTA buffer (pH 7.4), loaded onto
an 11-ml 7 to 60% sucrose gradient, and spun for 24 h in an SW41-Ti rotor at
35,000 rpm (230,000 X g) at 4°C. The lower half of the sucrose gradient was then
collected, diluted with serum-free medium, and spun in an SW28 rotor at 25,000
rpm (110,000 X g) for 130 min. The final pellet was then suspended in 200 to 300
pl of 100 mM malate buffer (pH 4.75). Before use in the neuraminidase assay,
the viral preparation was sonicated on ice for 15 s in a 550 Sonic Dismembrator
(Fisher Scientific). Total protein concentrations were determined by the Bio-Rad
protein assay (Bio-Rad Laboratories, Hercules, Calif.). The fluorimetric assay of
neuraminidase in sonicated HPF3 preparations was based on the methods of
Warner and O’Brien (41) and Potier et al. (31). Reaction mixtures, containing
100 mM malate buffer (pH 4.75) and the indicated concentrations of MUNANA
(4-methylumbilliferyl-a-p-N-acetylneuraminate) in a total volume of 25 pl, were
incubated at 37°C for 15 to 20 min. To determine the rate of product formation,
samples were taken at four to five time points, mixed with 100 mM ethylenedi-
amine, and read in a Sequoia-Turner fluorimeter at 365-nm excitation wave-
length and 450-nm emission wavelength. The amount of reaction product de-
noted by these readings was determined from fluorescence versus concentration
curves determined with commercially obtained 4-methylumbelliferone. Fluores-
cence resulting from the spontaneous hydrolysis of substrate, corrected for as
described by Potier et al. (31), was always less than 25% of the total. Enzyme
activity is expressed in nanomoles of product formed per minute per milligram of
total protein.

Western blot analysis of viral preparations was performed by analyzing equal
amounts of total protein on a sodium dodecyl sulfate-11% polyacrylamide gel.
Aliquots containing 2.5 and 5 pg of total protein were resolved in parallel with
identical concentrations of a standard WT HPF3 preparation. The gel was
transferred to a Hybond-P polyvinylidene difluoride membrane (Amersham Life
Science, Buckinghamshire, United Kingdom) by electroblotting in a transblot
apparatus (Hoefer Scientific Instruments) for 2 h at 4°C at 100 V (Bio-Rad
Tris-glycine buffer [25 mM Tris, 192 mM glycine {pH 8.3}]). The membranes
were then blocked with a solution of 10% dry milk in PBS with 0.05% Tween 20
(in PBST) for 1 h, rinsed once with PBST, and immunoblotted with polyclonal
guinea pig anti-HPF3 serum (BioWhittaker, Walkersville, Md.), 1:1,000 in 1%
bovine serum albumin in PBST, for 1 h at room temperature. Membranes were
rinsed three times with PBST and incubated with peroxidase-conjugated protein
A (5 pg/pl; 1:100,000) (ImmunoPure Recomb Protein A; Pierce, Rockford, I11.)
for 1 h at room temperature. Films were developed using Supersignal West Dura
extended-duration substrate (Pierce) according to the manufacturer’s instructions.

RESULTS

Variant virus isolation using 4-GU-DANA. WT HPF3 was
passaged in CV-1 cell monolayers in the presence of alternat-
ing 4-GU-DANA concentrations. Figure 1 outlines the selec-
tion strategy. A high 4-GU-DANA concentration (3 mM) was
used to select for resistant viruses, while a lower drug concen-
tration (0.3 mM) was chosen to permit amplification of any
viruses surviving the higher, selection concentration. WT
HPF3 stock at an MOI of 0.1 was used to infect CV-1 cell
monolayers in the presence of 3 mM 4-GU-DANA (passage
1). Supernatant fluid was collected 48 h later and used to infect
new CV-1 cell monolayers in the presence of 0.3 mM 4-GU-
DANA (passage 2). Supernatant fluid again was collected at
48 h and used for passage into CV-1 cell monolayers in the
presence of 3 mM 4-GU-DANA (passage 3). Supernatant fluid
from the 3 mM 4-GU-DANA passage was used for infecting
cells at 0.3 mM 4-GU-DANA (passage 4). Viruses emerging
from this passage exhibited large, sprawling areas of complete
fusion (Fig. 2, ZM1). Supernatant fluid from passage 4 was
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FIG. 1. Selection scheme for isolation of a variant HPF3 virus by
using 4-GU-DANA. WT stock was propagated in CV-1 cells at an
MOI of 0.1 in the presence of alternating 4-GU-DANA concentrations
(0.3 and 3.0 mM). Variants are indicated with asterisks. Two alterna-
tives for the emergence of variants are presented: variants preexisting
at low number in the parental stock and variants arising during the
selection process. Morphologic variants identified in passage 4 (0.3
mM) were plaqued twice in the presence of 12.5 mM 4-GU-DANA
and then subjected to three rounds of plaque purification in the ab-
sence of 4-GU-DANA.

used to infect cells in the presence of 3 mM 4-GU-DANA;
plaques emerging on these cell monolayers were picked and
plaqued twice in 12.5-mM 4-GU-DANA. Following these final
selection passages, the variants were plaque purified three
times in the absence of 4-GU-DANA. The experiments pre-
sented here were conducted with a large-plaque variant desig-
nated ZM1.

Comparison of WT and variant plaque morphologies. The
4-GU-DANA-resistant variant virus (ZM1) was identified and
isolated based on its plaque morphology being distinct from
that of the parental HPF3. Interestingly, a fusogenic HPF3
variant (C-0) that we previously isolated by selection with ex-
ogenous neuraminidase treatment exhibits a plaque phenotype
nearly identical to that of ZM1 (25). A single mutation in HN
(T193A) resulted in the C-0 variant’s fusogenic plaque pheno-
type and increased receptor-binding affinity. To obtain a com-
parison of plaque development, CV-1 cell monolayers (5 X 10°
cells) were infected with 100 PFU of WT, C-0, or ZM1 virus.
Figure 2 shows that WT infection resulted in the production of
stellate fusion areas interspersed with intact cells characteristic
of WT HPF3. Both the C-0 and ZM1 variants, however, pro-
duced larger fused areas devoid of intact, unfused cells. More-
over, these plaques emerged earlier than their WT counter-
parts. These shared morphological characteristics provided an
initial suggestion of relatedness between the ZM1 and C-0
variants.

Sequence analysis of ZM1 variant HN and F genes. An
understanding of the ZM1 variant necessitates a correlation of
structural alterations with functional and phenotypic alter-
ations. Total RNA from infected CV-1 cells was used as a
template for reverse transcription and PCR amplification of
the F and HN genes. Sequence alignment of ZM1 and WT F
amino acid sequences revealed no mutations. Alignment of the
HN sequences revealed two mutations in the ZM1 variant that
result in T193I (cytosine-to-thymine nucleotide alteration at
base 2564) and 1567V (adenine-to-guanine nucleotide alter-
ation at base 3685) amino acid alterations (Table 1; Fig. 3).
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FIG. 2. Plaque morphologies of WT, C-0, and ZM1. CV-1 cells (5

The base alteration at position 2564 introduced a novel EcoRI
site, thus facilitating identification of the variant HN. Impor-
tantly, the C-0 variant shared with ZM1 an alteration at resi-
due 193; this variant possessed a T193A alteration (25). In
addition to the plaque morphology alteration, C-0 also pos-
sessed increased HN receptor binding affinity, thus implicating
residue 193 in receptor binding (25). As a means of attributing
viral functions to particular structural alterations, and more
specifically to separate the contribution of the residue 193
alteration from that of the residue 567 alteration, C-0 was
studied in parallel with both WT and ZM1 throughout this
study.

Comparison of HPF3 WT, C-0, and ZM1 growth Kinetics.
Although the selective pressure exerted by 4-GU-DANA
should be limited to the mutated HN molecule and its binding
and enzymatic functions, other reasons for the altered behav-
ior of the ZM1 variant must be excluded. One such reason may

TABLE 1. HPF3 variant amino acid alterations

HPF3 variant Alteration Phenotype
C-0 T193A Enhanced receptor binding and
fusion promotion
ZM1 T1931 Enhanced fusion promotion
1567V 4-GU-DANA-resistant plaque

formation; receptor-binding
and neuraminidase activities

ZANAMIVIR-RESISTANT HPF3 VARIANT 6313

X 10°) were infected with
0.5% agarose following a 90-min adsorption period. Photographs were taken at 12, 16, and 20 h postinfection.

be an alteration in the kinetics of growth, as measured by virion
release from infected cell monolayers. Figure 4 presents a
comparison of virion release following infection of CV-1 cell
monolayers with WT, C-0, or ZM1 at an MOI of 5. These
conditions were chosen so that every cell would be infected at
the time of the initial infection and growth parameters would
not be influenced by fusogenicity. Earlier work from our lab-
oratory indicated that C-0 and WT growth characteristics were
identical, as assessed by the viral protein production rate in
metabolically labeled infected cell monolayers and the release
of radiolabeled virions (25). WT and ZM1 were indistinguish-
able throughout the course of the experiment presented in Fig.
4, indicating that viral growth kinetics do not explain the be-
havioral differences exhibited between these viruses.

Effect of 4-GU-DANA on neuraminidase activity of WT and
variants. A fluorimetric neuraminidase assay was adapted for
use with HPF3 (9). Viral preparations were incubated at 37°C
with the fluorigenic substrate MUNANA at the pH optimum
(4.7) of the viral neuraminidase. At each of two different en-
zyme concentrations, samples were collected at four time
points during the 15-min incubation and assayed to ensure that
the rate of catalysis was constant and proportional to the
amount of enzyme in the system.

Results obtained from assays of separate viral preparations
of each virus performed in triplicate revealed no significant
differences in absolute neuraminidase activity among WT, C-0,
and ZM1 (data not shown). However, clear differences
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NDV:...I PAP TT GS GC T R I PS FDMS (181).....EFRI V...P (560)
SV5:....1 PTA TT PE GC T R I PS FDMS (170).....QFQL V...P (559)
MuV:...] PTA TS PN GC T R I PS FDMS (187)....EFQl L...P (574)
SV:...1 8GS TT IS GC V R L PS LSIG (201)....FKTS 1...P (569)

WT HPF3:...L AMP TT VD GC VR T PS LVIN (199)...FKTE 1...P (568)
ZM1:..L AMP TT VD GC VR I PS LVIN (199)...FKTE V...P (568)

(T1931) (I567V)

FIG. 3. Partial paramyxovirus HN amino acid alignment. The two ZM1 alterations are indicated in their HN regional context, aligned with
corresponding residues of related paramyxovirus HN sequences. Both amino acid mutations lie adjacent to highly conserved residues. Underlined

residues represent conserved amino acids; bold residues indicate HPF3

emerged upon addition of 4-GU-DANA to the assay system;
variant ZM1 is highly resistant to the neuraminidase inhibitory
effect of 4-GU-DANA. Figure 5 depicts the inhibition of neur-
aminidase activity, presented as a function of the 4-GU-DANA
concentration. Consistent with previous studies on the inhibi-
tion of WT by 4-GU-DANA in which the 50% inhibitory con-
centration was identified as 0.8 mM (9), 50% inhibition for
both WT and C-0 neuraminidase was achieved at 0.5 mM. The
50% inhibition level for ZM1 was between 5 and 10 mM
4-GU-DANA, indicating a 10 to 20-fold increase in resistance
of variant ZM1 over both WT and C-0. At the lowest 4-GU-
DANA concentration assayed, both WT and C-0 neuramini-
dases were inhibited by more than 50%, while activity of ZM1
was reduced by only 9%. In the presence of 5 mM 4-GU-
DANA, both WT and C-0 neuraminidases were nearly com-
pletely inhibited (92.4 and 95.7% inhibition, respectively),
whereas ZM1 activity levels were reduced by less than half
(43.5% inhibition). Inhibition increased only slightly for WT
(94% inhibition) and C-0 (98.2% inhibition) at 10 mM 4-GU-
DANA. These results indicate that an alteration at HN residue
193 shared by C-0 and ZM1 does not confer the 4-GU-DANA
resistance of the viral neuraminidase and that this resistance
was conferred by the alteration at residue 567. It is also pos-
sible that cooperativity between the two amino acid alterations

PFU/mi

6 9 12 15 18 21
Time after infection (hours)

24 27

FIG. 4. Kinetics of virion release from infected cells into superna-
tant fluid. Duplicate CV-1 cell monolayers were infected at an MOI of
5 with WT (filled triangles), C-0 (open circles) or ZM1 (open squares).
The number of infectious particles released at each time point was
determined by plaque assay.

variant amino acid alterations from WT stock.

(residues 193 and 567) is required for the ZM1 neuraminidase
resistance evident in this study.

Effect of 4-GU-DANA on receptor binding. 4-GU-DANA
has been shown to inhibit the interaction of HPF3 HN with its
receptor (9). The ability of WT, C-0, and ZM1 to bind sialic
acid receptors was assessed by a quantitative HAD assay. In-
fected cell monolayers were treated with 0.1 U of C. perfringens
neuraminidase after the virus adsorption period to prevent
fusion throughout the monolayer; prior to addition of RBC,
the cells were washed thoroughly to remove the exogenous
neuraminidase. RBC, used as receptor donors, were incubated
with infected cell monolayers at 4°C, a temperature that per-
mits the receptor-binding but not the receptor-destroying
(neuraminidase) activity of HN. Bound RBC were then lysed,
and the absorbance values of the lysates provided a quantita-
tive measure of HN receptor binding. Figure 6A presents the
percent inhibition of HAD for cell monolayers infected with
WT, C-0, or ZM1 in the presence of various 4-GU-DANA
concentrations. Figure 6B shows micrographs of these infected
cell monolayers with bound RBC along with percent inhibition
for each. In the absence of 4-GU-DANA, all three viruses
exhibited similar RBC binding. However, upon addition of 1
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FIG. 5. Inhibition of neuraminidase activity of WT (filled bars),
C-0 (open bars), and ZM1 (striped bars) by 4-GU-DANA. Viral prep-
arations were assayed using a substrate concentration of 20 mM in the
absence and presence of 4-GU-DANA. Bars indicate the percent in-
hibition of neuraminidase activity (nanomoles per minute per milli-
gram of protein) as a function of millimolar 4-GU-DANA and are the
means (with standard deviations) of at least three experiments.
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43.5%

19.7%

FIG. 6. Inhibition of HAD for WT-, C-0-, and ZM1-infected cells by 4-GU-DANA. CV-1 cell monolayers were infected with the indicated virus
at an MOI of 5; following a 90-min adsorption period, the cell monolayers were washed and treated with 0.1 U of C. perfringens neuraminidase
to prevent fusion of the infected cell monolayers. HAD was assayed at 4°C at 18 h postinfection. Percent inhibition of HAD (expressed relative
to RBC binding in the absence of 4-GU-DANA) was determined by quantitating bound RBC. (A) Percent inhibition of HAD for WT (filled bars),
C-0 (open bars), and ZM1 (striped bars). (B) Micrographs of WT-, C-0-, and ZM1-infected cell monolayers indicating the amount of HAD at each
4-GU-DANA concentration. Percent inhibition, given beneath each panel, represents the results of two separate experiments each performed in

triplicate culture wells.

mM 4-GU-DANA, significant differences in the receptor-bind-
ing ability of the viruses were evident. ZM1 was resistant to the
binding-inhibitory effect of 4-GU-DANA, as evidenced by ap-
proximately 10-fold less inhibition of receptor binding than
both WT and C-0 at 1 mM 4-GU-DANA (9.2, 81.4, and 89.2%
inhibition, respectively). Increasing the 4-GU-DANA concen-
tration had little additional inhibitory effect on WT and C-0
HAD (3 and 12.5 mM panels), suggesting near-maximal inhi-

bition at 1 mM. In contrast, the inhibition of ZM1 HAD
increased as the 4-GU-DANA concentration was raised, with
only 43.5% inhibition at 12.5 mM 4-GU-DANA. As was evi-
dent for neuraminidase activity, the sensitivity of C-0 to 4-GU-
DANA'’s effect on HAD was indistinguishable from that of
WT, indicating that the alteration at HN amino acid 567, and
not that at 193, conferred sialic acid receptor binding resis-
tance to 4-GU-DANA.
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Effect of 4-GU-DANA on infectivity and plaque enlargement.
The ability of 4-GU-DANA to inhibit the formation and the
enlargement of plaques was assessed in plaque reduction as-
says. To assess infectivity, CV-1 cell monolayers (5 X 10° cells)
were infected with 200 to 300 virus particles in the presence of
various 4-GU-DANA concentrations. After the 90-min ad-
sorption period, the monolayers were overlaid with agarose
containing 4-GU-DANA. Following immunostaining of the
cell monolayers 24 h later, the plaques were counted. Figure
7A, which depicts plaque numbers expressed as percent inhi-
bition of the number formed in the absence of 4-GU-DANA,
shows that the presence of 1 mM 4-GU-DANA reduced both
WT and C-0 plaque numbers to less than 10% of control values
(WT, 94.8 and 98.7% inhibition; C-0, 95.9 and 96.6% inhibi-
tion). ZM1, however, was unaffected by 1 mM 4-GU-DANA,
with plaque numbers equivalent to or slightly higher than con-
trol numbers (5.7 and 9.6% greater than control values). Con-
sistent with these data, 15 mM 4-GU-DANA completely in-
hibited plaque formation by both WT and C-0 while causing
only 42.4 and 28.1% inhibition of ZM1 plaque formation.

The inhibition of plaque enlargement by 4-GU-DANA is
illustrated in Fig. 7B, which shows that ZM1 was resistant to
the effects of 4-GU-DANA on plaque enlargement. For HPF3,
plaque enlargement occurs by fusion of an infected cell with an
adjacent uninfected cell and reflects HN-receptor interaction
without release of virus into the supernatant fluid. In the ab-
sence of the inhibitor, stained plaques were visible with the
naked eye in the WT, C-0, and ZM1 wells. However, addition
of 1 mM 4-GU-DANA resulted in diminution of WT and C-0
plaques. Plaques were visible in these wells only when viewed
under a stereoscope, indicating that plaque size was markedly
reduced by 4-GU-DANA (stereoscopic view not shown); no
WT or C-0 plaques were visible under the stereoscope at 15
mM 4-GU-DANA. In contrast, the ability of ZM1 to produce
plaques visible without the stereoscope at 1 mM 4-GU-DANA
(Figure 7B) indicates that the inhibitor had no visible effect on
plaque enlargement at this concentration. The ability of ZM1
to produce plaques in the presence of 15 mM 4-GU-DANA is
shown in the enlargement of the 15 mM well. Under these
conditions, minute ZM1 plaques were visible.

To quantify the inhibition of plaque enlargement by 4-GU-
DANA, we performed a modification of the plaque assay in
which the inhibitor was present only after the 90-min adsorp-
tion period. Thus, its effects were limited to the period when
binding and entry have occurred and plaques are enlarging by
fusion of infected cells with adjacent uninfected cells. Figure 8
shows the average plaque area of 20 plaques from each virus in
the absence or presence of 1 mM 4-GU-DANA and demon-
strates the resistance of ZM1 to 4-GU-DANA under these
conditions. The plaque sizes of both WT and C-0 were each
inhibited by 99.9% (from 0.352 to 0.0002 mm? for WT; from
0.615 to 0.0002 mm? for C-0). Photographs taken of represen-
tative wells demonstrate this diminution of plaque area to sizes
visible only under the stereoscope. Under identical conditions,
ZM1 plaque area was inhibited only 30.9% (from 0.598 to
0.413 mm?), and photographs of the stained plaques reveal
that they were readily visible without magnification under the
stereoscope. Thus, ZM1 was relatively resistant to the inhibi-
tion of both plaque number and plaque enlargement produced
by 4-GU-DANA.
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FIG. 7. Reduction of WT, C-0, and ZM1 infectivity by 4-GU-
DANA. (A) CV-1 cell monolayers (5 X 10° cells) were infected with
200 to 300 PFU of WT (filled bars), C-0 (open bars), or ZM1 (striped
bars) in the presence of the indicated 4-GU-DANA concentration.
Plaque numbers are presented as percentage of the number formed in
the absence of 4-GU-DANA. Each data bar represents the results
from two separate experiments performed in quadruplicate culture
wells. The striped bar at 1 mM 4-GU-DANA indicates no inhibition of
ZM1 at this inhibitor concentration. (B) Photographs of the plaque
reduction assay data presented in panel A. The enlargement of the
ZM1 15 mM well shows minute plaques not otherwise visible. Similarly
sized plaques were visible in the WT and C-0 1 mM, but not 15 mM,
wells (enlargement not shown).

DISCUSSION

In this study, we present the characterization of the first
variant paramyxovirus resistant to the sialic acid transition-
state analog neuraminidase inhibitor 4-GU-DANA. Variant
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FIG. 8. Inhibition of WT, C-0, and ZM1 plaque enlargement by
4-GU-DANA. Cells (5 X 10°) were infected with 300 PFU of WT, C-0,
or ZM1 in the absence of 4-GU-DANA. After a 90-min adsorption
period, viral supernatant was aspirated and replaced with agarose
containing 1 mM 4-GU-DANA. Cell monolayers were fixed and im-
munostained 18 h later. Plaque area was calculated from diameter
measurements taken with a zoom stereomicroscope micrometer. Per-
cent inhibition of plaque enlargement was determined by comparing
the mean area (* standard deviation) of 20 plaques in control and
experimental culture wells.

ZM1, which emerged after passage in CV-1 cells in the pres-
ence of 4-GU-DANA, exhibited a markedly fusogenic pheno-
type and replicated and released viral progeny at 4-GU-DANA
concentrations restrictive for WT HPF3 growth. Two amino
acid alterations in HN were identified. ZM1 was approximately
15-fold less sensitive to 4-GU-DANA than WT in measures of
receptor binding and neuraminidase activity. The variant was
also resistant relative to WT in measures of inhibition of in-
fectivity and the ability of plaques to enlarge and spread
throughout cell monolayers in the presence of 4-GU-DANA.

Correlation of structural alterations with functional changes
elucidates the specific contribution of those protein regions to
viral biological activity. Sequence analysis of the ZM1 and WT
HN glycoprotein genes revealed two amino acid alterations,
T193I and 1567V. C-0, a fusogenic variant with enhanced re-
ceptor-binding affinity, harbors only a T193A alteration and is
not resistant to 4-GU-DANA. We postulate that the T1931
alteration imbues the ZM1 variant with enhanced receptor-
binding affinity, and thus a markedly fusogenic phenotype sim-
ilar to that of C-0 (T193A), while the I567V alteration may
provide 4-GU-DANA resistance. However, it is possible that
the two mutations act cooperatively to produce the 4-GU-
DANA-resistant phenotype of ZM1.
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Since we detected no differences in the specific activity of
neuraminidase between ZM1 and WT that may have ac-
counted for 4-GU-DANA resistance, the 1567V alteration in
the ZM1 HN may confer multifunctional 4-GU-DANA resis-
tance by reducing the availability of the molecule to the active
site(s) rather than by altering the neuraminidase activity. The
mutation at residue 567 may impede binding of 4-GU-DANA
to the active site(s), either alone or in cooperation with the 193
alteration. The exact contribution of mutations at residue 567
to 4-GU-DANA escape remains to be determined. It is a
theoretical possibility that mutations in genes coding for inter-
nal virion proteins may contribute to the ZM1 phenotype,
although such mutations would not be expected to arise under
4-GU-DANA selection pressure. The success of recovering
infectious HPF3 clones from cDNA and thereby generating
mutated viruses has provided tools with which to discern the
impact of individual mutations on viral phenotypes (7, 14).
Construction of such recombinant viruses would provide rig-
orous proof of the contribution of residue 567 as well as the
potential cooperativity of residues 193 and 567 in terms of
resistance to 4-GU-DANA'’s effects on receptor binding, neur-
aminidase, and infectivity. Expression of singly mutated HN on
mammalian cell surfaces will allow us to further explore the
individual contributions of the two alterations to receptor
binding and neuraminidase activity and to the 4-GU-DANA
resistance of these two properties in the ZM1 variant.

It has not escaped our notice that ZM1 HN has been altered
such that the amino acids at 193 and 567 are identical to both
NDV and simian virus 5 HN. This raises the possibility that if
these residues in fact confer 4-GU-DANA resistance to ZM1,
WT NDV and simian virus 5 HN may be resistant to the
inhibitor; we are currently exploring the sensitivity of these
viruses to 4-GU-DANA.

One possible explanation for ZM1’s resistance to 4-GU-
DANA may be decreased affinity of the HN active site(s) for
the inhibitor. No previous studies have implicated residue 567
in either neuraminidase activity or receptor binding, and se-
quence comparisons of influenza virus NA and paramyxovirus
HN (5) and crystallographic evidence from NDV HN (6) sug-
gest that this residue is not within the binding pocket of influ-
enza virus NA or NDV HN. Nevertheless, an alteration at
residue 567 confers a striking, multifunctional resistance (re-
sistance to both neuraminidase activity and receptor binding)
to 4-GU-DANA in our assays, and determination of this res-
idue’s functional contribution to resistance, including expres-
sion of singly mutated HN molecules, will expand upon the
work presented here.

Although the 4-GU-DANA escape variant that we identified
had alterations at both residues 193 and 567, it is possible that
resistant variants harboring an alteration solely at residue 567
existed prior to the emergence of ZM1. Since variants were
selected on a morphologic basis, any 4-GU-DANA-resistant
variants possessing only the residue 567 alteration may not
have been morphologically distinct from WT and thus not
selected for study. Identification and analysis of these putative
singly mutated resistant variants could be performed, even if
the variants lack identifiable phenotypes, by screening for
4-GU-DANA resistance.

The in vitro and in vivo efficacy of 4-GU-DANA against
influenza virus has been attributed to the neuraminidase-in-
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hibitory effect of this compound (24, 27, 40). Recent studies on
4-GU-DANA revealed not only the ability of these molecules
to inhibit the neuraminidase activity and the HN receptor
binding of HPF3 (9, 18) but also the inhibitory effect of 4-GU-
DANA on the fusogenic function of influenza virus HA (9).
Thus, interestingly and somewhat paradoxically, molecules ra-
tionally designed as inhibitors of influenza virus NA exert ef-
fects on HPF3 viral functions that do not involve neuramini-
dase function.

ZM1 is the first paramyxovirus variant selected with a sialic
acid analog neuraminidase inhibitor. As such, there is no es-
tablished evidence for the mechanisms of 4-GU-DANA escape
by viruses of this family. However, data generated from the
numerous influenza virus 4-GU-DANA escape variant studies
suggest explanations for the resistance of HPF3 to this inhib-
itor (2, 3, 10-12, 20-22, 28, 34, 35).

The guanidinyl group of 4-GU-DANA was predicted to
make energetically favorable interactions with the side chain
carboxylic acid groups of the influenza virus NA framework, or
structural, residues E119 and E227 in the active-site pocket
(40). Amino acid E119 is commonly mutated in influenza virus
NA following in vitro selection with 4-GU-DANA (2, 3, 10-12,
34), and influenza virus escape variants possessing alterations
at this residue had a reduced affinity for the inhibitor due to
loss of stabilizing interactions between E119’s carboxylate res-
idue and the guanidinyl group of 4-GU-DANA (3). The cor-
responding residue in HPF3 HN is T193, which was altered in
both our C-0 and ZM1 variants. The structural similarities
between influenza virus NA and paramyxovirus HN suggested
that homologous residues might serve similar functional roles,
specifically in the context of inhibition by 4-GU-DANA. It
seems possible that HPF3 HN residue T193 provides impor-
tant interactions with the inhibitor guanidinyl group and that a
mutation at this site could, as identified in influenza virus
studies, confer resistance. Interestingly, however, the C-0
T193A alteration in HPF3 HN did not confer 4-GU-DANA
resistance.

Unlike influenza virus, in which separate surface glycopro-
teins are responsible for the neuraminidase and receptor-bind-
ing activities, most members of the Paramyxoviridae family
possess a dual-function HN molecule. The existence of sepa-
rate sites for the receptor-binding and neuraminidase func-
tions of the paramyxovirus HN molecule has been debated
extensively. Studies of various paramyxovirus family members
with mutations in different HN residues have addressed this
question by attempting to ascribe functional roles to these
residues; the varied results have failed to elucidate definitively
whether the dual HN functions reside in the same or distinct
sites. Analysis of our ZM1 variant supports the possibility of a
single site capable of affecting both binding and enzymatic
properties. The alteration at residue 567 conferred 4-GU-
DANA resistance for both receptor binding and neuramini-
dase activity; the presence of a single, multifunctional site on
HPF3 HN therefore appeared likely. NDV HN residue 175
corresponds to HPF3 HN 193 (the analog of influenza virus
NA E119); mutation at this position resulted in alteration of
both receptor recognition and neuraminidase activity and sug-
gested the presence of a single site on HN for both functions
(16, 32). A single site was also implicated in a study of bovine
parainfluenza 3 in which residue 193, the HPF3 193 correlate,
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affected both hemagglutinating and neuraminidase activities
and thus suggested a single site (33). In contrast, mutation of
the homologous residue in mumps virus HN (I181T) resulted
in altered neuraminidase activity; receptor-binding activity was
unchanged (42). This work suggested, by virtue of the separate
effects on binding and neuraminidase activities, the presence of
two sites on mumps virus HN. Several studies using monoclo-
nal antibodies to select for Sendai virus escape variants postu-
lated an HN with dual sites (8, 19, 29, 30, 36). Recently,
Crennell et al. presented crystallographic evidence suggestive
of a single, conformationally switchable site in NDV HN (6), a
conclusion consistent with our findings in the ZM1 4-GU-
DANA variant since one amino acid change resulted in dual-
function ZM1 HN resistance.

For influenza virus, the balance of NA and HA activities is
important for both the emergence of 4-GU-DANA resistance
and the retention of in vivo viability. If virus binds receptor
avidly, then entry will be efficient while release will be hin-
dered, resulting in loss of viability; if receptor binding is re-
duced drastically, then entry of the virus is compromised, re-
sulting in a similar loss of viability. It is the balance of these two
functions that determines the functional characteristics of in-
fluenza virus, including its ability to escape inhibition by a
molecule like 4-GU-DANA.

Balance of the dual functions of HN is also important for the
functional characteristics of HPF3 even though the distinct
biological activities of receptor binding and receptor destruc-
tion reside on a single molecule. For example, our fusogenic
C-0 variant incurred a single amino acid change that altered
only its receptor-binding affinity (25); another fusogenic HPF3
variant, C-28, possessed a single alteration that reduced the
neuraminidase activity while sparing its receptor-binding affin-
ity (15). However, both variants exhibit similar highly fusogenic
phenotypes distinct from that of WT HPF3. Thus, it is possible
to affect HN functions separately, and similar to the case for
influenza virus, the balance of binding and release influences
the outcome of HPF3 infection.

Although the ZM1 variant exhibited 4-GU-DANA resis-
tance in measures of both receptor binding and neuraminidase
activity, the possibility exists that HPF3 viral escape, unlike
influenza virus escape, necessitates alterations in both the
binding and neuraminidase activities, although this scenario is
unlikely. As a hypothetical example, the isolation of HPF3
variants displaying sensitivity to the HAD-inhibiting effects of
4-GU-DANA but resistance to the neuraminidase-inhibiting
effects would suggest that inhibition by 4-GU-DANA could be
circumvented via alterations solely in the neuraminidase activ-
ity. However, ZM1 exhibited similar levels of resistance for
both HN activities. One interpretation of this result involves
alterations of a single, multifunctional site on HN that disrupt
interactions with 4-GU-DANA and alter both the binding and
neuraminidase activities in the presence of the inhibitor. Char-
acterization of additional escape mutants may provide further
insight into the mechanisms of 4-GU-DANA resistance. Such
variants may provide additional evidence not only of the exis-
tence of a single site on HN, which has been most recently and
convincingly postulated by Crennell et al. (6), but also of the
inseparability of HN’s receptor-binding and receptor-destroy-
ing activities as they relate to 4-GU-DANA resistance.

Influenza virus 4-GU-DANA-resistant variants have been
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difficult to isolate in vitro as discussed above, and this difficulty
has been reflected in the paucity of variants arising in vivo.
Nevertheless, the emergence of resistant variants indicates that
resistance in vivo is possible. Evaluation of these variants in
animal models has been an important assessment of their via-
bility and thus their potential impact upon introduction of
4-GU-DANA into clinical use. Studies performed with mice
have yielded varied results regarding the variants’ ability to
replicate—with many variants being less viable than WT coun-
terparts—and to resist inhibition by 4-GU-DANA (reviewed in
reference 23). Studies using the cotton rat will be performed to
assess both the viability of ZM1 and its in vivo 4-GU-DANA
sensitivity. The ability of ZM1 to replicate within nasal and
respiratory epithelium as well as to undergo multiple rounds of
entry and release in the presence of 4-GU-DANA will be
examined. These experiments will provide not only informa-
tion regarding the in vivo relevance of ZM1 but also insight
into the potential use of this class of antivirals in the treatment
and therapy of HPF3 infection.

Although 4-GU-DANA was not a potent inhibitor of the
biological activities of HPF3 in vitro, these results must be
tempered with the fact that the molecule was specifically de-
signed for inhibition of the influenza NA active site and not the
HPF3 HN site(s). Further advances in the use of this class of
neuraminidase inhibitors for human paramyxovirus infections
may rely on the crystallographic data for NDV HN (6).

Although the work of Crennell et al. (6) presents a structural
description of a nonhuman pathogen, it may nevertheless serve
as a useful model for the molecular design of more specific and
potent inhibitors of human pathogens as has been accom-
plished for influenza virus. 4-GU-DANA may not be a suitable
clinical inhibitor of the paramyxovirus HN, given the high
concentrations necessary for in vitro efficacy; nevertheless, de-
velopment of more effective molecules within this class of
inhibitors now seems imminently possible and thus promises to
alter the prophylaxis and treatment of these infections.
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