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The in i t ia l  s tep of  invas ion of  a  mammal ian ce l l  bv  in f luenza
virus is the binding of the viral membrane protein hernagglut inin
(HA)  to  s ia l ic  ac id  (SA)  res idues of  ce l l  sur face g lvcoprote ins
and glycol ipids,2 Tight-binding inhibitors of this associarion are
potential inhibitors of infl uenza infection. Systematic examinations
of monomeric derivatives of sialic acids have not, to date, revealed
compounds b ind ing s ign i f icant ly  more t ight lv  to  HA than r r -
g l1-cos ides of  s ia l ic  ac id .3 'a

A! though the b ind ing of  l lA  to  a-s ia los ides is  weak (K, .  -  t

x  l0- l  M) ,3  the b ind ing of  in f luenza v i rus to  ce l is  appears  to  be
st rong.  The qual i ta t ive d i f ference between the s t rength o f  in -
teract ion between monomer ic  HA and rnethy l  a-s ia los ide,  and
that. between virus and cel l  surface, probably ref lecrs thc poly-
va lency of  the la t ter  in teract ion.s  Th is  in ference is  suppor ted
by the observat ion that  cer ta in  g lycoprote ins.  espec ia l lv  , i , -
macrog lobul ins .  hav ing h igh contents  o f  s ia l ic  acrd i t re  s t ic ,nF
inh ib i tors  o f  v i rus- induced agglu t inat ion o f  er ' , , throcytes.6 ' j  O i
the known s ia l ic  ac id  conta in ing g ivcoprote ins^ on i l '  a  ferv  r r re
capable  o f  pro tect ing erv throcytcs  f rom v i ra l  agg lu t inat ion.  and
i t  is  d i f f icu l t  to  p inpoin t  the or ig in  o f  th is  act iv i r l .  \ \ ' c  be l icvc
that  the number  and access ib i l i ty  o f  s ia l ic  ac id  groups in  these
glvcoprote ins p lay kev ro les.

The structures of these cornplex. natural i l '  rrccurr ing. pxrlvvaieni
hemagg lu t i na t i on  i nh ib i t o r s  r r e  l ; i r ge l - r '  unknown .  and  i r  , '  i n t -
p rac t i ca l  t o  p repa re  c l ose  ana logues  o f  t he rn  by  s \n l hes i \ .  ( ) r  t o
s tudy re la t ions between the i r  s t ructure and s t rength o f  inh ibr t r r t i r .
We therefore sought practical routes to synthetic macromolecule:;
to  which s ia l ic  ac id  groups could  be at tached,  and in  rvh ich
composition and strucxiure could be varied readily. Here we reflort
that such substances can be prepared conveniently by' free-radical
copolymerization of l ,  an acrvlamide derivative of sial ic acid, * i th
acry lamide and i ts  de r ivat ives (Scheme l ) .  T 'he rnost  act ivc  o f
these copolynrers  are power fu l  inh ib i tors  o f 'hemagglur in t t ion b l '
in f luenza v i rus.8

Polymerizations fol lowed standard procedures.e We have not
characterizcd these polymers ful l1,,  but dialysis of representative
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Scheme I .  Synthesis of  Copolymers of  I  and Acry lamideso
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F i g u r e  I  I n h r b i t i t r n  ' t f  h c n r a g g l u t i n a t i o n  o f  c r r t h r o c r t c s  b i  p o l v ( l - c o -
ac rv lan rde ) .  f hc  i nh ib i t i on  cons tan t .  A ' , .  l s  i ra l cu la tcd  on  the  bas is  o f
s iu l i i : . rc i r j  l l roups in str lut ior i  1.o is  the ntole f ract i t ' rn of  I  rn the rn ixture
r r {  |  l r nd  ac r r l i r n r rdc  usec j  rn  fo rn r ing  the  p t i l vn tc r .  Thc  c lus te r  o f  da ta
i l t  \ \ \  =  0  l 7  t ' o r r csp r tnds  t r r  i ( )  i pdgpendcn i  c rpc lmcn ls  p ru luc ing  the
v a i u e s  o l  A ,  =  i  I  x  I ( )  

' { - r x ) ,  
l 0  x  l 0 - ' ( ' i  X ) .  a n d  l 6  X  i 0 - ' t l x ; .
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(9)  Cornpound I  and acr; - lamide (or  an analoguc) werc mixed in aqueous
solutron at  p lJ 7 0 (wrth a tota l  concentrat ion of  acry lamide moiet ies of  1.0
M )  contarning in i t iator  (0.02 M ) .  Thc solut ion was deoxygenated by passing
argon  th rough  i t .  and  p r l ymer i za t ion  was  in r r i a ted  by  us ing  a  UV lamp (365
n m  ) .
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samples using a mernbrane with a MW cutoff of 10000 completely
retained the material that inhibited hemagglutination^ The activity
also showed no fractionation after chromatography on a Sephadex
G- l0  co lumn.  We conc lude that  the molecu lar  weights  are h igh
and that the inhibitory activity is not influenced by small variations
in  molecu lar  weight .  Treatment  o f  po ly( l -co-acry lamide)  wi th
neuramin idase (EC 3.2,1 .18)  abol ished i ts  act iv i ty .  Th is  cont ro l
indicates that the rr-sialoside groups in this gl lymer are substrates
for this enzyme and demonstrates that the activi ty of the polymer
in  inh ib i t ing hemagglut inat ion is  due to  these groups.

F igure I  summar izes the inh ib i t ion by these pt l ly rners  o f  the
hemagglutination of chicken erythrocytes by influenz,aX-31 virus.8
The taiues of Kiare calculated on the basis oJ'the concentrations
of sial ic acid moiet ies in the solut ions. not of the polymer chains
to  'uvh ich they are l inked. i0  These va lues are thus d i rect ly  conr-
parab le  wi th  one another  and wi th  va lues of  monomer ic  r tnd
ol igomeric derivatives of sial ic acid. The most important of these
data indicate that sialic acid groups incorporated into the pol,vmer
formed from I and acrylamide in rat ios f l / [acr- '" lamide) = A.2-2
a re  more  e f f ec t i ve  t han  n te thv l  t r - s i a l r t s i de  i n  i nh ib i t i ng  hcn r -
agglu t inat ion by '  -  101-  l0s  and are on ly '  approx imate l i  a  fac tor
of  l0  less e f fec t ive than the s ia l ic  ac id  groups in  equine r r ' -
macroglobul in. Polyt,alent deri t :at i t 'es a.f .sial ic acid.s are thus
much more efJectiue than monomeric ones in inhibiting hem-
agglut ination.

We have prepared a substantial number of copolymers cf I with
N-subst i tu ted acry lamides and tested them for  the i r  ab i l i ty  to
inhibit  hemagglut ination: a few examples are summarizcd in Table
l .  On  the  bas i s  o f  t hese  da ta .  we  i n fe r  t ha t  bu l ky  g roups  and
cha rged  g roupq  R  (Scheme l )  i n te r i c r c  w i t h  b i nd ing

We ra t i ona l i ze  t he  bc l l - shapcd  cu rve  i n  F igu rc  I  us i ng  a r r
argument  based on a compet i t ion between ent rop)  and e f f ie  rcnc i
o f  u t i l i za t i on  o f  s i a l i c  ac id  g roups .  A t  l ou ' va lues  o f ' 1q r .  t hc
d is tance between s ia l ic  ac id  groups is  large and the ent r i )p ic
advantage of  b ind ing resu l t ing f rom connect ins  thenr  is  smal l .  a t
h i gh  va lues  o f  15n .  on l l  a  f ew  s i a l i c  ac id  g roups  can  b ind  t o  t hc

681

HA s i tes .  and the rest ,  those between the bound groups,  do not
par t ic ipate  in  b ind ing.  The va lue of  Xsn may a lso in f luence the

conformat ion of  the po lymer  and nonspec i f ic  in teract ions wi th

the v i rus in  ways impor tant  to  i ts  act iv i ty  in  b ind ing.
This  work  demonst ra tes a  new st ra tegy for  the des ign and

synthesis of compounds that inhibit  binding of inf luenza virus to

the sur face of  ce l ls . r i  Th is  s t ra tegy is  based on po lyva lent

polymeric inhibitors able to compete with the polyvalent virus-cell

in teract ion. r2  l t  is  poss ib le ,  by  bas ing the syntheses of  these

inh ib i tors  on copolymer izat ion react ions o f  re la t ive ly  readi ly
synthesized monomers. to prepare macromolecule structures easily,

a lbe i t  w i th  incomplete  knowledge of  the d is t r ibut ion o f  groups

along thc backbone of  the po lymer  and in  space.  Th is  s t ra tegy
for the preparation of polyvalent binding agents should be generally

applicable to the generation of a wide range of tight-binding agents

directed toward receptors or l igands of which mult iple copies are
present on the surface of the target cel l ,  microorganism, or virus.

Note Added in Froof. Results similar to those reported here
have been obta inec l  in  independent  work  by Matrosov ich e t  a l . l3
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