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Background: Inf luenza viruses nse henragulut inin (HA)
arrays to bind to sialic acicl nroiertics on the surface of cells;
crosslinking of crythrocvtes by this nrechanisnr leads to
hemagglut ination. A number of svnthetic polymers con-
taining nrultiple sialic acid (Neu5Ac) groLrps as side chains
are potent inhibitors of this process. Inhibition nray be due
to two mechanisms: polvvalent binding of the inhibitor's
nrultiple Neu5Ac side chains to multiple HA sites on the
viral suface, or steric stabilization of the viral particle bv a
layer of the adsorbed, r,vater-srvollen polynrer, r.vliich pre-
vents adhesion to the erythrocyte. The balance betrveen
these trvo effects is not yet knorvn.
Resul ts :  Po lyacry lanr ides rv i th  nru l t ip le  C-s ia los idcs
(PA(Ncu5Ac)) rvere 2-20 fold more efTbctive as inhibitors
of virally nrediated hemagglutination when assayecl in the

Introduction
Influenza virus A is the causative agent of a serious disease
in humans [1,2l.The virus init iates infect ion by attaching

to mult iple sialyl  (A,i-acetylneuraninic acid, Neu5Ac)

moieties on the surface of manrmalian epithel ial cel ls in

the upper respiratory systenl, via hemagglutinin (HA) on

rhc  v i r a l  su r l ace  (F ig .  l )  l 3 -51  H t  ex i s t s  as  a  synune t r i c

tr ir-ner (IHAl:),and extends -135 A fron-r the l ipid nreni-

brane of the viral surface. HA is expressed at a densiry of
-200-300 

[HA]: units per vir ion. comprising -80-90 %
of all the proteins on the surface. Viral neuranrinidase
(NA), another surface glycoprotein, is a hydrolytic

enzyme that catalyzes cleavaee of the cr-O-glycosidic

l inkage of  Neu5Ac;  th is  bond connects  Neu5Ac to  a

variery of aglvcons on the surface of the target cel l  [6,71.
NA exists as a tetranler ([NA]r),  which extends -60 A

from the surface, and each virion contains -20-40 copit's

of [NA]o.Thus, ir t  uiuo, a-glycosides of Neu5Ac are both
substrates for NA and ligands for HA. The action of NA
is curiously opposite to that of HA; the former releases

the virus from the cellular surface, whereas the latter

attaches i t .  The enzynratic act ion of NA may be impor-

tant in facilitating the penetration of virus to the tarset

cell through the mucolrs layer, which is rich in a variery

o f  Neu5Ac -con ra in i ng  r r r uc ins .  as  r ve l l  r s  i n  p ron )o t i ng
release of newly formed virions from the surface of
infected cells f7l.
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prcscnce of  Neu2e n-NH:,  a potcnt  nronot t ter ic  inhib i tor

of  inf luenza ne uranr in idase (NA).  The abi l i t .v  of

nronomeric rnhib i tors of  NA to enhance the inhib i t ion

of  henragglut inat ion in t l i is  : rssay correlatec- l  wi th thc

af f in in of  the nrononrer lor  NA.

Conclusions:  We propose that  inhib i tors of  NA act  bv

cornpet ing rv i th the ( l -sra losic ies of  PA(Neu5Ac) for

binding to the : rct ive s i tes of  the NA. Conipet i t ive c l is-

p lacenrcnt  of  Neu5Ac causes an expansion of  the laver o i

polynrer ic gel  adsorbed to the v i rus,  enhancing i ts

inhib i ton '  c f tect .  This study provides an cx:rnrple of

svnerll '  betu'ccrt trvo ligands directed torvarcl the activc

si tcs of  tu.o d i fJcrcnt  proteins,  ancl  rc inforces the conclu-

s ion that  ster ic  stabi l izat i t - r r r  is  int ; ror tant  fbr  thc act ivrn '  of

polvvalcnt  inhib i tors.

An inrpor tar l t  cons ic lera t ion in  des ign i r tg  s t ra teg ics  to

block adhesion of i t t f luct iza l ' i rus to cel ls is that t l -re virus

binds to the cel l  stronsly' ,  al though individual viral

surface receptors bind individual cel l-surface l ieands

weakl1,. Inf luenza virus attaches to the surface of atr ery-

throcyte using nrult iple interactions between ch-rsters of

HA and sialyl  residues on the surf :rce of the erythrocyte

w i t h  an  appa ren t  Knn^  o f  <  10 -12  M  [B -10 ] ,  wh i l e

bromelain-cleaved HA (HA that has been cleaved fronr

the surface of the virus; BHA) binds to ct-nlethyl sialo-

sides (Neu5Ac-OMe in Fig. 1b) more weakly by a factor

o f  - 10e  (KdHA :2 .5  x  10 -3  M)  [ 1  1 ,12 l .Th i s  l a rge  d i fTe r -

ence is due to polyvalent binding of viral receptors to

cel lular l igands.

To inhibit  this polyvalent interaction between the virus

and cel l ,  we have designed arrd synthesized a nunrber of

polyvalent inhibitors [13], in part icular polynrers that

present  mul t ip le  Ncu5Ac groups on s ide chains.  These

polyvalent inhibitors are l l rore efTective inhibitors of

hemagglut ination thar-r structural ly analogous nrono-

valent derivatives by a factor of 101-107 (per Neu5Ac

l igand)  [8 ,10,13-161,  and are cur rent ly  the most  potent

of al l  synthetic or natural inhibitors [13].

There are at least trvo mechanisnls that n-r ight, in prin-

ciple, underl ie the remarkable efTectiveness of these
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polymer ic  spec ies as inh ib i tors  o f  the adhes ion of  v i rus

to cel ls. Thc f irst nrechanisrn involves high aff ini ty
resu l t ing f ronr  po lyva lent  b ind ing;  the Neu5Ac eroups
on the side chains of the polyr-ner nright bind coopera-

t ively to the HA on the surface of virus. Alterr-rat ively,

the polymeric inhibitors may work bv steric stabi l iza-

t ion of the virus against associat ion with the erythro-
cyte; parts of the polymer not involved direct ly in

binding to HA may rrake the surface of the virus steri-

ca1 ly  inaccess ib le  to  the sur face of  the target  ce l l .  These

trvo mechanisnrs nright operate independently or addi-

t ively, but yield the same efTect - enhanced inhibit ion

of herlagglut ination. The two mechanisms are almost

certainly countered, to some extent, by steric interfer-

ence of binding of the Neu5Ac to HA by the backbone
of the polymer; a single l igand attached to a polymer
nright bind less t ightly to a receptor than the sarne
unat tached l igand [141.

Here we describe the inf luence of mononreric

inhibitors of inf luenza NA on the abi l i ty of polymers

presenting mult iple Neu5Ac groups to inhibit  the

agglut ination of erythrocytes by inf luenza virus.-We use
these data to clari fy the modes of act ion of the poly-
n1ers. First,  we dernonstrate that the efTectiveness of
certain polymers can be enhanced by factors of 2-20
when assayed in a system that includes Neu2en-NHz

117), which is a potent competit ive inhibitor of
NA (K'*^ :  50 nM) but a poor l igand for HA
(Kot^ > 50 mM). The enhancement results from a
combined use of two classes of inhibitors; the action of
either inhibitor alone cannot account for the observed
activi t ies. Second, the inhibit ion constants of three dif-
ferent mononleric inhibitors of NA (KiNA) correlated
with the concentrat ions of these inhibitors required to
enhance the henragglut inin inhibit ion (HAI) act ivi t ies

Fig. l .  The biological system and the com-
pounds used in this study. (a) A schematic
model  showing adsorpt ion o f  in f luenza
v i rus to  a  target  ce l l ,  which is  the in i t ia l ,
necessary step of viral infect ion [4].  The
attachment occurs throueh interactions
between v i ra l  HA and s ia ly l  moiet ies  on
the surface of the target cel l .  (b) Structure
of  Neu5Ac (N-acety lneuramin ic  ac id ;
s ia l ic  ac id)  and analoqs.  (c)  St ructures o f
Neu2en  r2 ,3 -dehyd roneu ram in i c  ac  i d r
and analogs. These compounds are
potent inhibitors of inf luenza NA.

of the pol l .nrers. This correlat iotr sugeests strongly t l-rat

thc  enhancenrent  o f  inh ib i t ion o f  henracq lu t inat ion by

the polynrcrs is a result of specif ic bindine of

mononleric inhibitors of NA to the active sites of NA.

Results and discussion
Preparation of inhibitors of inf luenza virus

We prepared derivatives of polyacrylanridc havins

cr -C-g lycos id ic  Neu5Ac sroups (Ner- r5Ac-NH, ;  F ig .

1b)  as s ide chains.  These po lyrners  inh ib i ted the : rgg lu t i -

nat ion o f  ery throcytes by in f luenza v i rus [13 l .We usec l

an cr-C-slycosidic l inkage rather than ar-r ct-C)-ulyco-

sidic l inkage betrveen thc Ner-r5Ac group ar-rd the

l inking side chair l  to prevent the hydrolyt ic cleavase of

cr-O-glycosidic Ner-r5Ac, rvhich is cat:r lyzed by NA (the

value of  the Michael is  constant ,  Kn, ,  o f  Neu5Ac(a2,3) -

lac tose is  0 .2  r r - rM for  NA f ronr  in f luc t tza v i rus)  l18 l
Th is  ins tab i l i ty  to  NA-cata lyzed c leavage h: rs  been a

r r r a j o r  d r . r w b r c k  o f  p o l y n r e r i r ' s p e c i e s  c o n t . t i n i t t r l

cr.-O-sialoside gror-rps as inhibitors of hernagglut ination

( . .g . , the natura l ly  occurr ing inh ib i tors  o f  in fect ion by

inf luenza virus, such as cr?-nracroglobul in, have this

l imi ta t ion) .  The po lynrers  conta in ing an o-C-g lycos id ic

l inkage are inert to hvdrolysis by NA. Neu5Ac groups

coupled v ia  c t -Cl -g lycos id ic  l inkages are bc l ieved to

bind to HA (and NA) ir-r the sanre nranner as the

cr-O-sialoside, based on the crystal structt-tres of the

conrp lexes of  HA and NA wi th  the i r  l igand

13,12,19,20] ,  in  rvh ich the oxygen aton l  o f  the

c t -O- l i nk : rge  does  no t  i n te rac t  r v i t h  t hc  l c t i ve -s i t c

residues signif i  cantly.

The cr -O-s ia los ides b ind weakly  to  NA.  By cont rast ,

son re  2 ,3 -dehyd roneu ran r i n i c  l c i ds  (Ncu2en ;  F ig .  1c )

b ind t ight ly  to  NA [17,211 .The molecu lar  bas is  o f  th is

t ight  in teract ion is  probably  the s imi lar i ty  in  s t ructure
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bet'uveen Ner-r2en and the transit ion state for the
NA-cata lyzed hydro lys is  o f  c r -O-s ia los ides.  Neu2en is
the core o f  a  c lass o f  potent  inh ib i tors  o f  in f luenza NA
that r-nimic the hydrolyt ic transit ion sta[e, such as
' l - guan id inoNeu2en  (K ,NA  :  0 .2nM) ,  Neu2en -NH"
( K , t ^  =  5 0  n M ) .  N e u 2 e n - O H  ( K , t ^  =  |  p M ) ,  . n J
Neu2er- r -N.  (be l ieved to  be the least  potent  analog as
judged fronr K, for NA fronr other soLrrces, although
the va lue of  K,  for  in f luenza NA is  nor  ava i lab le)

177,20,22,231.We synthes ized these analogs of  Neu2en
using rrrethods developed by von Itzstein er al.122).

The synthesis of polvacrylanrides presenting ct-C-glyco-
s id ic  Neu5Ac groups as s ide chains f13,161 is  sunrn la-
rtzed in Figure 2. We f irst preparecl a polymer
(po1y(,N-acrl , loyloxysuccininride), pNAS) that has car-
boxyl ic acids preactivated for reaction with arr-r ine-cor1-
tainine nucleophiles by radical- ini t iated polynrerizarion
of Nl-acryloyloxysuccinimide [131. We al lowed this
homopolylt ler to react rvi th 1 equivalenrs of Neu5Ac-
N H :  ( 1  :  0 . 0 5 , 0 . 2 , 0 . 3 5 ,  0 . 6  o r  1 . 0  m o l a r  e q u i v a l e n t s
per nrole of act ivated ester on the polymer); here X
denotes the nrole fract ion of Neu5Ac in the polymers
and is defined as the nunrber of side chains containing
Neu5Ac divided by the total number of side chains.
Subsequent reaction with excess anunonia converted
unreacted AI-hydroxysuccinimide esters ro prirnary
amide groups. These two reactions yielded polyacry-
larnide with pendant C-sialosides. For nrost of the poly-
nters, the experintental vah-re of 1Neu5A. (obtained from
analysis of both integrations of tH-NVIR spectra and
sulfur/nitrogen ratios following cornplete oxidative com-
bustion) was general ly about I0 % lower than that pre-
dicted theoretical ly l1 3].  For simpliciry in nonrenclarure,
rve refer to these polymeric C-sialosides as PA(Neu5Ac,

X 
:  0 .05,  0 .2 ,  0 .35,  0 .6 ,  1 .0) .  Th is  synthet ic  sr raregy,

rvhich uses the nrodif icat ion of a preformed, reactive
horlopolynler to make a (fornral) copolynrer having two
(or more) types of side chains, enabled us ro prepare a
wide range of polyrners having the same polydispersity
and polytacticity, but with controlled densities of biologic-
al ly-active functional groups along the backbone of the
polynrer 113,211.

Fig.2. Preparation of PA(Neu5Ac), poly-
ac ry l am ides  w i t h  s i de  cha ins  con ta in i ng
mu l t i p l e  cop ies  o f  c t -C -s i a l os ides  [ 131 .
The react ion condi t ions are:  i )  2 ,2 ' -
azobis- iso-butyron i t r i le  (AIBN),  te t ra-
hydrofuran (THF) ,  60 "C,  i i )  1  molar
equiva lents  o f  NeuSAc-NH,  (per  mole o f
activated ester on the polymer), tr iethyl-
amine (Et3N) ,  N,N-d imethy l formamide
(DMF), room temperature, i i i )  excess
ammon ia ,  i v )  d i a l ys i s  aga ins t  d i s t i l l ed
water .  By vary ing the number  o f  equ iva-
lents of Neu5Ac-NH2 (X), f ive polymers,
PA(Neu5Ac ,  X  =  0 .05 ,  0 .2 ,  0 .35 ,  0 .6 ,
1.0), were prepared, where 1 denotes the
mole fract ion of Neu5Ac in the polymers
and is  def ined as the number  o f  s ide
chains conta in ing Neu5Ac d iv ided by
the total number of side chains.

Effect of Neu2en-NHz on HAI activi ty of PA(NeuSAc)
Using previously establ ished methods 113,25-27], *"
assayed t l-re HAI activi t ies of the set of polymers
PA(Neu5A . ,  X  

=  0 .05 ,0 .2 ,0 .35 .  0 .6 ,1 .0 )  aga ins t  v i r a l l y -
induced agglu t inat ion o f  ch icken ery throcytes.  The
HAI activi t ies were assayed using PA(Neu5Ac) alone or
us ing PA(Neu5Ac)  in  the presence of  var ious concen-
t ra t ions o f  the NA inh ib i tor  Neu2en-NH. ,  (F ig .  3a) .  A
plot of 11 HAI (defined as the lowest corlccntrat ion of an
inhibitor required to prevent hemagglut ination) of
polyr-ners asainst *Ne'5Ac is shown in Fieure 3b. HAI
activi ty of the polyrner increased rapidly with increas-
i t rg  Xt tu tAt ,  reached a maximum at  *Neu5Ac :  0 .4-0.5 ,
and then eradual ly  decreased.  The molecu lar  bas is  o f
th is  var ia t ion o f  ac t iv i t ies  wi th  changing XN'u5At  is  not
complc te ly  def ined,  but  appears  to  be a consequence of
a combination of high af l ini ty, polyvalent bindine of
Neu5Ac groups to  HA,  s te  r ic  s tab i l iza t ion o f  the v i rus
by thc adsorbcd layer  o f  po lynrer  [13,14]  and inet l ic ient
use of Neu5Ac groups at high values of X.

The dependence of  the va lue of  K,HAI  o f  PA(Neu5Ac,

X) on the concentrat ior.r of Neu2en-NH.,, for each value
o f  lNeusRc  (0 .05 ,  0 .2 ,  0 .35 ,  0 .6  and  1 .0 )  i s  p l o t t ed  i n
F igure 3a.The prescnce of  Neu2en-NH,  in  the systcn l ,
a t  concent ra t ions greater  than -0 .5  mM, incre: isec l
the efTectiveness of PA(Neu5Ac, X) in inhibit ine henr-
agglu t inat ion by 2-20 fo ld  (F ig .  3b,c) .  PA(Neu5Ac,

X 
:  1 .0)  showed the largest  enhancenrent  ( -20 fo ld)  in

HAI activi ty :rnrong tested polvnrcrs. There is a sig-
moidal relat ionship betrveen the nreasured r, 'alue of
6 HAI and aor-r. . , l t . , , t ions of the nronor.,alent NA
inh ib i tor  (F ig .  3a) ,  w i th  the midpoinrs  cenrered around
0.07-0.2 rnM of the NA inhibitor.

We suggest two hypotheses to rat ional ize the synergisnr
between po lyn"rer ic  s ia los ides and nrononrer ic
inh ib i tors  o f  NA in  inh ib i t ing henragelu t inat ion (F ig .
4) .The synergy nr ight  be due to  the re lease of  Ner- r5Ac
rnoiet ies on thc polyner from active sites of NA (Mode
a) and/or fronr binding sites of HA (Mode b) by conr.-
pet i t ive  b ind ing of  Neu2en-NHr.  In  e i ther  case,  re leas-
ing Neu5Ac fronr the surface of the virus would both
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Fig.  3 .  HAI  act iv i ty  o f  PA(Neu5Ac)  var ies  wi th  X,  and is
i nc reased  by  t he  add i t i on  o f  t he  NA  i nh ib i t o r  Neu2en -NHr .  ( a )
The  va lues  o f  K  HA I  o f  PA(Neu5Ac ,  X  =  0 .05 ,  0 .2 ,  0 .35 ,0 .6 ,  1 .0 )
are p lo t ted as a  funct ion o f  the concent ra t ion o f  Neu2en-NHr.
The  a r rows  i nd i ca te  t he  va lue  o f  t he  max imum enhance -
ment  (A = K;HAI lNeu2enl  =  o  /  K,no ' t *eu2enl )  in  HAI  act iv i ty  ,  o f
PA(Neu5Ac,  x  = '0 .051 by Neu2er i -NHt .  (b)  The va lue of  K HAI

of  PA(NeuSAc,  1)  var ied wi th  the mole f rac t ion o f  Neu5Ac
( lNeusnc; '  the deta i led shape of  the curve depended on the con-
cen t ra t i on  o f  added  Neu2en -NH2  (0  M ,  do t t ed  l i ne  o r  10 -3  M ,
so l i d  l i ne ) .  ( c )  The  max imum enhancemen ts  i n  HA I  ac t i v i t i es  o f
PA(Neu5Ac ,  X )  by  Neu2en -NH,  a re  p lo t t ed .  Hemagg lu t i na t i on
inh ib i t ion assays (a t  20 "C)  o f  PA(Neu5Ac,  1)  were per formed in
the presence of  var ious concent ra t ions o f  Neu2en-NH,  accord-
ing to  s tandard procedures 124,251 us ing ery throcytes f rom 2-
week -o ld  ch i cks  and  i n f l uenza  A  v i r us  ( s t r a i n  X -31 ) .  Each
repor ted va lue of  K HAI  is  the average of  a t  least  f ive  inde-
penden t  t r i a l s ;  t he  expe r imen ta l  unce r ta i n t y  i n  each  va lue  i s
approximately + 25 "/".

increase the number of free Neu5Ac groups near the

surface of the virus and decrease the number of contact

points between the virus and the polymer. 'We consider

the influence of these two effects in turn.

(i) lncreased concentration of Neu5Ac

The concentrat ions of HA and NA used in the assay

systenl are estimated to be -2 x 10-10 M and
-2 x 10-11 M, respectively, based on the concentrat ions

of virus (- 0.06 pg total protein ml- l  corresponding to
-2x10-13 mole of HA ml-l) .The increase in concentra-

t ion of Neu5Ac by release from binding sites on NA or

HA is small compared to the total amount of Neu5Ac in

the system (1t t -n-1t t -q  M;  F ig .  3) ;  re leese f ronr  NA s i tcs

could increase the concentrat ion of Neu5Ac groups by

at most only 1 %.We do not bel ieve that this efFect, by

itself, is sufficient to explain the increase in HAI activities

of the polymer in the presence of Neu2en.

(ii) Decreased number of contacts between the polymer

and the virus

Displacing Neu5Ac moieties of the polymer from either

HA or NA sites wouid decrease the number of contact

points between the polymer and the virus.-We propose

that this decrease in the number of attachment points

will have two effects. First, the average size of the loops

of polymer formed on the surface may increase. This

increase is efTectively an expansion of the thickness of

the polyn-reric gel layer adsorbed to the surface of the

virus. Such expansion may increase the steric stabi l iza-

t ion of the surface of the virus, enhancing the inhibit ion

of hemagglutination by the polymer. Second, the affiniry

of the polymer for the viral surface may decrease, which

may reduce the effect iveness of the polymer. These

opposing consequences of competit ive displacement of

Neu5Ac from sites on NA or HA mav vield different net

effects depending on the polymer.

We suggest  that  d isp lacement  o f  Neu5Ac moiet ies

from the NA binding sites (Fig. 4, mode a) is more

important than displacement from the HA binding sites

(F ig .  4 ,  mode b)  on the bas is  o f  two observat ions.  F i rs t ,

although Neu2en-NHz has a high aff ini ty for NA

(K,NA : 50 nM) [17], i t  exhibited no HAI activi ty even

,1 6  HAI  > 50 mM under  the same assay condi t ions.

Since, for mononeric inhibitors, the value of K,HAI

c lose ly  matches the d issoc ia t ion constant  o f  the

complex between HA and the inh ib i tor  (K.HA;  19,111,
this result suggests that the binding of Neu2en-NH, to

HA sites (Vtode b) is weak (Kot^ > 50 mM) ind

therefore is not signif icant. Second, mononreric

a-O-sialosides, which bind to HA with 11 HAI ='

2.5 mM (more t ightly than Neu2en-NHr) as well  as to

NA wi th  Ko*^ :  0 .1  mM (much less t ight ly  than

Neu2en-*" r ) ,  d id  not  a f fec t  the HAI  act iv i t ies  o f

polymeric sialosides.

A non-l inear behavior in the factor of maxinrunr

enhancement  o f  HAI  act iv i t ies  (A,  which is  equal  to

K , " ^ t l N e u 2 c r r l  =  { r  /  K  H A I ; N . u 2 . n 1 )  o f  P A ( N e u 5 A c )  i s

i nd i ca ' t ed  i n  F igu re  3b , c .The  enhancen ren t  i s  g rea te r  a t

h igh va lues of  *Ncr ' r5Ac (0 .6-1.0)  than at  low va lues of

*Neu5Ac (0-0.6) .The reason for  th is  behav ior  is  not  yc t

completely clear, but may ref lect the possible nrecha-

nisms underlyine the variat ion of HAI activi t ies of



Neuraminidase inhibitors enhance inhibit ion of hemagglutination Choi ef a/. 101

Fig. 4. Hypothetical mechanisms,
descr ib ing the poss ib le  modes of  ac t ion
of  PA(Neu5Ac)  in  inh ib i t ion o f  v i ra l ly
induced hemagglut ination, and the effect
o f  inh ib i tors  o f  NA on HAI  act iv i t ies  o f
PA(NeuSAc) .  Po lymers inh ib i t  v i rus  by a
combinat ion o f  po lyva lent  b ind ing of
Neu5Ac moieties to HA sites as well  as
steric stabi l izat ion of the surface of virus.
The latter effect may be caused by
adsorbed layers of water-swollen poly-
mers.  The presence of  NA inh ib i tor  is
bel ieved to release Neu5Ac from active
sites of NA (mode a) and/or HA sites
(mode b), which may subsequently lead
to expansion of gel layers.

PA(Neu5Ac) with *NeusAc. Increasin* *Neu5A' of the

polymer may lead to a posit ive contr ibution to HAI

activi t ies from improved polyvalent binding of the

polymer to the surface of virus, and to a negative con-

tr ibution from a reduced abi l i ty of the polymer to sta-

bi l ize sterical ly the viral surface (due to an increased

persistence length and the greater r igidity of the

increas ing ly  negat ive ly  charged po lymer)  [13,14]  A

l inear  increase of  XNeu5a'  o f  PA(Neu5Ac)  led to  a

non-l inear decrease in the HAI activi t ies of the

polymer in the range of lNeu5Rc
dot ted curve) . 'We hypothes ize that ,  as  the va lue of

*Neu5Ac increases (espec ia l ly  beyond 0.5) ,  the increase

in the aff ini ty of the polymer for the surface of the

virus is marginal,  and the decrease in the abi l i ty of the

polymer to stabi l ize sterical ly the viral surface is signi-

f icant .  The monomer ic  inh ib i tors  o f  NA,  accord ing to

th is  hypothes is ,  reduce the negat ive impact  o f  a

decreasing abi l i ty of the polymers with high values of

*Neu5Ac to stabi l ize sterical ly the viral surface, while

marginal ly reducing the aff ini t ies of these polymers for

the viral surface (Fig. 3b, sol id curve).

[Neu2en]rrro correlates with K6NA for inhibitors of NA

The concentrations of Neu2en that gave half-maximal

enhancement of the HAI activiry of al l  PA(Neu5Ac)

(referred to as [Neu2enl rrzy) *"te -70-200 pM (Fig.

3a).We hypothesize that the value of [Neu2enf tnt is the

concentrat ion of monomeric inhibitor required to dis-

place a certain fract ion of the Neu5Ac groups of the

polymer bound at the active sites of NA.'We assayed

three inhibitors of influenza NA: Neu2en-NH,

(K,t^ : 50 nM), Neu2en-OH (K,^^ : 1 pM) and
Neu2en-N. (K,*^ > 1 F,,M, l23l). The values of 11 HAI

for PA(Neu5Ac, X = 1.0) at different concentrations of
Neu2en-NHr,  Neu2en-OH or Neu2et-N: are piot ted
in Figure 5a. The values of [Neu2en]trzy are 70 pM,
300 pM and ) 2 mM for Neu2en-NHr, Neu2en-OH,
and Neu2en-N3, respectively.

How t ight ly does the polymeric Neu5Ac bind to NA?
Although the data are l imited, there seems to be a cor-
relat ion between the values of  [Neu2en]r  ,16 and those
of K'NA (Fig.  5b).  The values of  [Neu2en]trzt  for
Neu2en-NHz and Neu2en-OH (70 and 300 pM) are
-800 (1400)-fold higher than the corresponding values
of K,NA. Furthermore, monomeric s ia losides bind
weakly to inf luenza NA (Kr,n :  l0-4 M) in comparison
with the inhibitors of NA used here
(Kr*^ :  Ko*^ :  10-6-10-8M).  These resul ts indi-
cate that sialosides on the polymer are diff icult to dis-
place from sites on NA even with tight binding
inhibitors of NA; we interpret the observed discrepancy
between K,*^ and [Neu2en]r,,r6 as evidence for poly-
valent, high affinity binding of polymeric Neu5Ac to
NA sites on the surface of virus.

In summary, we have demonstrated that HAI activities of
polyacrylamides presenting C-sialosides could be
enhanced by factors of 2-20 by co-application of
monomeric inhibitors of influenza NA. In addition, our
results suggest that the potency of a monomeric
inhibitor of NA in enhancing HAI activify is inversely
proportional to the value of K,NA for that inhibitor.

r :  S ia ly l  res idue

Hemagg lu t in in  (HA)

-  : i  Neuramin idase (NA)

lnh ib i to r  o f  NA

I nhanced  s te r i c  s tah i l i za t ron

Polymer ic  o -C-s ia los ide
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Fig.  5 .  The concent ra t ions o f  Neu2en that  g ive ha l f -maximal
enhancement  o f  the HAI  act iv i ty  o f  PA(Neu5Ac)  ( [Neu2en] , r r^ )
cor re la te  wi th  the va lues of  K,NA for  the NA inh ib i tors .  (a)  The
values of  K HAI  for  PA(Neu5Ac,  1  = 1 .0)  were measured as a  func-
t ion o f  the concent ra t ions o f  inh ib i tors  o f  NA (Neu2en-NH. . , , (O;
-OH, tr;  and -Nr, C). (b) A plot showing the relat ionship between
lNeu2enl , r ro  and K,NA for  these inh ib i tors  o f  NA.  The va lue of
K,NA for  Neu2en-N,  is  a  lower  l imi t ;  th is  va lue has not  been deter -
mined precisely. The uncertaint ies are approximately + 25 "/u.

Significance
There are a nurnber of approaches, in principle,
to inhibiting infection by influenza viras. These
include the induction of anti-inflluenza antibodies
and influenza-specific lymphocytes by vaccina-
tion [28-30], the use of inhibitors of either of the
two surface proteins of the virus (HA and NA)
l l3-77,25,31-351, and the use of  inhibi tors that
block the viral M2 protein (a proton channel)
t36l.Antibodies act by binding to the surfaces of
HA or NA [28-30]; this action trray prevent the
virus frorn attaching to cells by cornpetitively
occupying HA sites, and/ or by sterically prevent-
ing the surface of the target cell frorn corning
into close contact with the virus 1291. Due to
frequent antigenic drift and occasional anti-
genic shift of viral proteins, the effectiveness of

antibodies induced frorn even relatively recent
strains of the virus is l irnited in the prevention
and treatrnent of influenza 1301.

Glycopolyrners containing Neu5Ac represent a
class of agents that can block the attachrnent of
influenza to its target cell by binding to the
Neu5Ac binding sites on HA. Polyvalent inhibition
ftray be a general strategy to block interaction of
cornplernentary biological surfaces, which thern-
selves interact polyvalently. This mode of action is
not used in current antiviral pharrnaceuticals, and
is therefore a potential new entry into this difficult
area.The practical value of this approach depends
on issues of toxicity, effectiveness and delivery in
uiuo, and has not been evaluated.

The unsaturated analogs of  Neu5Ac (Neu2en)
belong to another class of agents that ftray
prevent the viral infection by inhibit ing the
action of NA. The present study, which demon-
strates the synergy of sirnultaneous application of
these two classes of inhibitors, widens our under-
standing regarding the rnolecular basis of interac-
tions between polyvalent l igands and clusters of
receptors on a biological  surface. 'We conclude
that the observed HAI activit ies reflect both
polyvalent binding of Neu5Ac at HA (and NA)
sites, and steric stabil ization of the virion by
adsorbed polyrner. To our knowledge, this result
represents the first exarnple of synergy in the
action of a tnonovalent inhibitor directed toward
one receptor and a polyvalent, polyrneric
inhibitor directed toward a second receptor. This
cotnbination strategy rnay be applicable to other
viruses that are structurally and functionally
sirnilar to influenza vlrss [37-39].

Materials and methods
Materials
All conunon chernric:r ls uscd in this stuclv were pl lrchased
fronr chenrical sr-rppl iers, and rvere used as reccivcd 'uvithout

further puri f icat ion. Polvacrvlarl icles containins ct-Cl-sialo-
sides (PA(Neu5Ac, X)) were synthesizcd according to the
schenre in Fisure 2 bv fol lorving detai led proccdures clevel-
oped in  th is  laborator ,v  [131.  The nrononrers  Neu2en-NH,
and Neu2en-N, were svnthesized as described previotrslv

[22], and Neu2en-OH was purchased fronr Boehrinscr
Mannheinr. The synthctic conrpounds were characterized bv
lH-NMR and last atonr bonrbardment nrass spectroscopy.

Phosphate-buffered sal ine (PBS) used in the HAI assay was
p repa red  by  d i sso l v i ng  80  g  NaC l ,  2  g  KC l ,  l 1  u  Na ,HPO* ,
and 2 g  KH,PC)*  in  1  I  o f  de ion ized HrO,  then d i lu t ing th is
s tock so lu t ion 1O-fo ld  in  de ion ized HrO,  and f ina l ly  ad just -
i r rg  the pH of  the d i lu ted so lu t ion to  7  .2  wi th  1  N NaOH.
Erythrocytes lrom trvo .nveek old chicks were purch:rsecl
f rom Spafas Inc .  An a l iquot  o f  ery throcytes (5  ml ) ,  suppl ied
as a suspens ion in  a  s torage buf fer  (5% by vo lume) ,  was
diluted to 50 ml rvi th PtsS (pH 7.2), fol lowed by centr i fuga-
t ion a t  2000 rpm {or  -7  rn in  a t  -+  oC.  A l ter  cent r i fugat ion,
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the supernatant was gcntly decanted and the pel let was resus-
pended in PBS (50 rnl) fol lowed by further centr i fugation;this
procedure was repeatcd tr,vo nore t imes. At the conclusion of
the rvashirlg steps, the red pellet was resuspended in PBS (5{-)
ml) and 

"vas 
used inrnrediately in the assay. Influenza virus A

(strain X-31) was a gift frorn Professor John J. Skehel at the
Division ofVirologv National Inst i tute of Medic:r l  l {esearch,
UK. For storase, a stock solut ion of virus rvas kept at 4 oC at
-15 ntg of protein per ml. tsefore use, the suspension r,vas
di luted by a lactor of 5000 rvith PBS, aftcr which the di luted
soltrt ion'uv:rs sonicatcd for -30 s. Mononreric inhibitors of NA
(Neu2en-NH), -OH and -N.) wcre dissolved in PBS at a corl-
centr:rtiorr of -l0f) mM. The polvrners were also dissolved in
PtsS to give a f inal concentrat ion of Neu5Ac of 0.1-0.01 nrM.

Hemaggl uti nation i nh ibition assay
The t i ter of thc prcpared PBS solut ion of X-3' l  inf luenza virtrs
(-3 pg ml-l) rvas deternrined bv trvo-fold serial cllution of
5t) pl of the virus solut ion throuqh l2 rvel ls of an 8 x 12-rvel l
nricrot i ter plate rvith conical lv-shapecl bottonrs [25]. Another
5{) pl of PBS rvls:rdded to each rvel l , fol lowed bv a suspension
of chicken erythrocytes in PBS (100 pl).  The solut ion was
n.r ixed and incubated at 20 "C for t  h.The cnd ooint of henr-
agulutination is clefined as the last lvc-ll in ri'hi.lh ;r sutficient
:rnrount of virus renrains to aguh-rtirlate the err.throcvtes. This
t i trat ion rvas used as the basis of a hernasslut ination inhibit ion
(HAI) assay [1 3,25-27 l .

HAI assays examining the action of polymer or NA
inhibitors alone
A stock solr-rtion of polynrer (50 pl of 0.01 r.nM) or inhibitor of
NA (50 pl of 400 nrM) rvas two-fold serially dilutecl through
12 nricrot i tcr rvel ls containinq 50 pl of PBS.After prcpararrorl
of serial ly di luted solut ions of polyrner or NA inhibitor,50 pl
fronr e ach r,vell rvas nrixed rvith 50 pl of :r suspcnsion of X-31
v i rus (0 .25 pgml- l ) .  A l ter  -So nr in  o f  incubat ion a t  20 oC,

100 pl of a suspension of chicken ervthrocytes (0.5 %) rvas
aclcled to each rvell follorved by gcntle agitation and incubation
lor t  h at 20 oC.The end point of HAI is the last rvel l  in which
an agglut inated pel let is observed. This end point 1K,HAI) is
defined as the lor,vest concentration of inhibitor in solution that
inhibited the agglutination of ervthrocytes by influenza vlrlls.
Thc values of K,HAI'nvere calculated on thc basis of four or f ive
independent trials.

HAI assays examining the cooperativity between polymers
and NA inhibitors
Each of 192 (L)6 x 2) rr.ricrotiter rvells (2 plates) r,vas filled with
50 pl of PBS. An NA inhibitor was then serial ly di luted in
cach colurnn, and the polvnrer serial ly di luted in each row, to
achieve al l  possible combinations of concentrat ions.A solut ion
(100 pl) of an inhibitor of NA (typical ly,20 rnM) was loaded
irr the 12 top wells of one plate ( l-12; row A).After thorough
tnixing, an alicluot (1{)0 pl) lronr each of the wells in row A
'uvas transferred to thc adjacent well in ror,v B. We continued
this serial (1.5-lbld) di lut ion ovcr 16 rows. The last al iquot
(1t i0 pl) in row P was discarded. After this serial di lut ion, a
solut ion (50 pl) of a polymer (0.01 mM) rvas loaded in each
of the 16 ( l i  x 2) wells of the two plates under colunrn 1 ,
rvhich contained 50 pl of the serial ly di luted solut ions of
monomeric inhibitor. After thorough mixing, an al iquot
(50 pl) from each of the 16 wells was taken out, and trans-
fbrred to the adjacent well in colurnn 2.We continued this per-
pendicular, serial (2-fold) di lut ion over L2 columns. The last
aliquot (50 pl) was discarded. After preparation of cross-serially

di lutcd solut ions of polymer and NA inhibitor,50 pl of a sus-
pens ion of  X-31 v i rus ( { }25 pg nr l - l )  and 100 p l  o f  ch icken
erythrocytcs (0.5 %) were added to the 50 pl of solut ion
already in each rvell. The results of this assay were read after
1 h, and yielded values of K,HAI for a polynreric inhibitor at 16
different concentrati on s of n-ron om eri c inhibitor.
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