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SUM>fAR%" 

The rates of adsorption of a2P-labe]]ed fowl plague virus and ~:CT-labe]l,<:d vacci>,ia 
virus by monolayers of chick embr3o and HeLa  ce]b ba re  beer~ nvest{g~Icd. \Vi<h 
both  types of virus 8,nd cell th< observed rates of adsorption >~re very nearly ,me 
half the rates expected from Brownian theory and observed whe~ .'irus wa'.: ; dsorbed 
b3: glass and other no~>biologica] sllrfa(;es, Tl]e adsorption of :, J]Tv,.::< :. b37 C,q]]S JS l'%t 
depressed by prote}n. Adsorption of vir~]s:.~s ])y cells is dependent c~,' the cone~vtr, tio> 
of cations in the medhm~, and is depressed by  hig]~ con('entrat}ons of ,'~;,'ul!:J>a]eni: 
cations. The rate of adsorption is unaffected by heat  inactivation, .:.~ea],: fo-maU:~ 
trcP~tment and thJo] reagents. T b  ra.te of adsorption is inere;~sed by ?,)'..v con,centra.! }on~ 
of polycatJons and i~ i:I~.e presence of high concentrations of ura.nv] ion,:; }t is cii- 
minished by  low cone( ntrat ions of poll/anions and by  aeetylatJon o:f the ;m~i:m<, ;:roup:! 
of tl~e virus. I t  is suggested that the main intera.cting groups arc t]!e ;_m~{no :i!:roups 
of the virus and phosp]-iate grout)s of the host ce]] wa]]. The eq,:r;t of ior, s on ad- 
sorption cannot be ex-p]ained by  current theories describing tl]e h~t:'~-aci:ioL o c}?>.Loed 
surfa.ces. 

;NTROI) UCTION 

In the first paper of this series j equations were developed from the theory  of ];rownian 
motion defining the rate of a.rri~ a] of particles in suspension at a. surg~cc. TJ?e actu:;l 
rates at which virus and other particles of similar s}ze are adsorbed by nkroce]lu[ose 
glass, carbon, gold and aluminium erafaces were i~westigated. I t  was :dov, q~ that,  
even when the suspensions were agitated, under optima] condJi-io::,,.~: rile proportions 
of particles adsorbed agreed closely with theoretical expectation. 

In the second paper of the series s the kinetics of adsorpt}on o} ir;_~ses by sus- 
pensions of red b]ood cells, ascites tmn~our cells and tissue culture c,:]]s wet( ana lysed  
The rates of adsorption were found to be appreciably ]ower than iheoret}ca] e×pec- 
tation from the calculated frequency of collisions between vilus p:;rdcies aud cei!~< 
The rates of adsorption of radioactively labelled vaccinia and fowl plague vir~ses ]~y 
cell monolayers are described in l:he present paper. Again, the obacr" ed adsorptio~:~ 
is significantly less than tha t  expected from Brownian t]mory, aithoug}a the deficiency 
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is not as marked as with cells in suspension. In an attempt to explain the less efficient 
adsorption of viruses by cells than by non-biological surfaces and to define some of 
the factors influencing adsorption of animal viruses to cells, the conditions of ad- 
sorption, charge of adsorbing surfaces (ionic strength, hydrogen ion concentration, 
and temperature) have been varied, and the results of these experiments are also 
outlined and discussed. 

MATERIALS AND METHODS 

Radioactively labelled virus 

The preparation of purified vaccinia virus labelled with 131I and fowl plague virus 
labelled with 32p, and the techniques of measuring radioactivity, were previously 
described 1. 

Cell monolayers 

Monolayers of chick embryo tissues in 5-cm and 6-cm diameter Petri dishes were 
prepared by the method of DULBECCO 3. In some experiments HeLa cell monolayers 
were prepared by seeding the Petri dishes with 5" lO7 cells in 5 ml growth medium 
(7 ° parts Gey's solution; IO parts human serum; IO parts of 1% yeast extract in 
Gey's solution; and IO parts 5 % lactalbumin hydrolysate in Gey's solution), and 
the cells incubated until they formed a uniform sheet on the bottom of the Petri dish. 

Adsorption was measured by adding 0. 5 to 2 ml of labelled virus in the ap- 
propriate medium to the washed cell monolayer, leaving for various times of  ad- 
sorption and terminating the process by rapidly removing the supernatant fluid and 
washing the cell monolayer repeatedly with the same medium but no virus. Ap- 
propriate controls showed that there was no significant elution of virus from the cells 
during the course of washing or preparation for counting. 

The cells were suspended by incubation with o.I % trypsin in Gey's solution 
and the radioactivity of the cell suspension measured. For 1~1I counts, the cell sus- 
pension was made up to 2 ml, placed in standard tubes and counted in a well-type 
scintillation counter. For ~2p counts the cell suspension (evenly spread with a small 
quantity of detergent) was dried down onto i-cm ~ planchettes and assayed in a 
Geiger end-window counter. 

T H E O R E T I C A L  

I t  has been deduced 1 that the number, N, of particles suspended in fluid reaching 
a unit area of flat surface in contact with the fluid is given, for less than 4o % of 
the particles adsorbed, by 

N = 11. 3 co ~ / D t  ( I )  

where c o is the initial concentration of particles in the fluid (number/unit volume), 
D is the diffusion coefficient of the virus and t is the time. 

For more than 28 % of the particles adsorbed, 

( ) N = cod 1 - e x p { - - : ~ 2 D t / 4  d2} (2) 

where d is the depth of fluid above the surface. 

Biochim.  Biophys.  Acla, 4 ° (196o) 4 o o - 4 1 o  
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The diffusion coeffqcient of the virus, D, can De caiculated froth: the !!,Te~J~.% 
EINSTEIN e q u a t i o n  : I~T 

. =  - - - - -  , . ?  / 

where /e is BOLTZMA.N?C;S constant  (2.38" ZO-:16), 7- JS the absolute t en  pelr~ t ;(~ }] 11-].~" 
viscosity of the suspending ltuJd and a the radius of the particJe~ 

Previous experiments I shov,,ed that,  wl~e~ virus 8nd polysty:e~c late:: t.~'~ticP',~ ......... 
suspended in fluid i;~ 1he neighbourhood of neutral i ty are adsor!)(d l)y s~rfaccs of 
nitrocellulose, glass, carbon and gold, the observed rate of ;~.dsorp{ion is ciose to 
expectation from Brov,.-]lian lheo.ry (equations z a~ad 2), provJd 'd 1he co>ce~.ration 
of cations is sufficient. T]}e same is_ true of adsorpt%n lw. positive]y. ( ]-.a;-a~<!~ a]m}ffni~.m~ 
surfaces even in the absence of ions. 

This result follows from the net negative c]-~arge of tl~e virus al.'.ove p]:] 5.6 whi(;lb 
allows adsorption by  positively charged surfaces under  a wide rs.n~ie of conditions. 
Adsorption bv~ ~egatJveTy charged sin:faces, on the olber l~anci.., c~ ~ o~2Jv ,%];0. ~o1 ~ce ...... 
when the concentra.tion of catioris is sufficient to reduce the ti~{cl:;-,e:s~ of tJ'e ionic 
double layer on the t'~o surfaces, wbicll can then eo,,ue dose eno~m-b toyetber  for 
short-range attracth,_" forces to bring about  adsorpd<m. 

T]~e presence of e~ ~P, small amour~ts of protein strongly depr<,~scs " ~'" ¢- "- of 
virus particles to no~>-b%logJcal surfaces. I t  was suggested ~ that  i1~ ra.p~d]}.; dSffusi~£ 
protein soon becomes adsorbed on to tlle surface; ccmferring on it ]Purlrop]~J]}c propc;7- 

ties and so hindering t ]> atta.c]m~er~t of virus or polystyre~e late:v: parlic]es. 

EXPEI~IMENTAL 

Rate of attacht~vent of w~"~s to cell ~m,;~o[~.,eJ's 

Experiments  were carried out ~i th  8sP-].abelled fowl-plague v:i_rus and ~':>I-Icbeiied 
vaccinia virus in Gcy's  solution withont  bicarbonate.  The rates of attacbF:~e:~t to c]-~ic],.- 
embryo ceil monolayers are shown JJ~ Figs. z and 2. V e r y  similar results were obtained 
with HeLa  celI monolavers. 

As expected from ]3rownian theory, a straight line Js obtained whe~-, adsorbed 
virus is plot ted against the square root of time. For  both viruse,~ the rat(s  of ad- 
sorption by  cell mono]ayers are vey3; nearly one J-m]f of the rnaxinmn-J ~i'.,eoreticai r a t e  
The addition of calf serum in concentrat%ns up to 5 % by  vo]m~e ~nade no sigi~ffqcan{ 
difference to this result. 

At 4 ° tlxe rate of adsorption was reduced to 6 4 'L;: of tha t  at 2o'q Ti-~is fs ::n agree-- 
ment  with the factor o~' 57 % expected frO1TI the increased viscosity oJ: the mediunn ai 
4 o, and implies tha t  the adsorption of virus by  cells is not  dependeJ~{ oJ~ ten~perature. 

The adsorption of infective virus was followed by  using unlabelled -,. iru5 ill ]~igi~,er 
dilution, and recording- a.s a function of adsorption time the i>av, aber of piaques 
produced by  low] plague ",:irus in chick embryo cell monolayers with the st~:,i~dard 
bicarbonate-agar  overlay 8 and vaccinia virlls with trJs(hydro>:y;nc't]~y])a.mi;io-- 
methane-buffered a.gar overiayL ]~eprese~tath.e results are giser~ i~ lVSg. 3 ar:.d 
Table I. Again the number  of p]a.ques increases in proportion to the ;~quare tool  of 
the adsorption time. 

Tile validi ty of equation (2) was -3so tested 1-337 varying {he vohn>e of the fluid 
in the inoculum, which ~fffects tile teJm d (depth of fluid cont..'dnh~{~-v..jr~s ~7.bo',e 
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Fig. i .  Adsorp t ion  of label led  vacc in ia  v i rus  by  
cell mor t • layers  in 6-cm d i a m e t e r  Pe t r i  dishes.  
I n t e r r u p t e d  l ine:  pe rcen tage  of v i rus  col l id ing 
wi th  m o n o l a y e r  a t  2 • ° c a l c u l a t e d  from Brownian  
theory .  The percen tages  of v i rus  adsorbed b y  
glass (~9) and a l u m i n i u m  (6;) surfaces, and  by  
chick embryo  cell  mono laye r s  (O) a t  2o ° and  

(O) a t  4 ° are shown. 

Fig. 2. Adsorp t ion  of label led  fowl p lague  v i rus  
by  chick  embryo  cell  mor t • layers  0 glass 
and  a l u m i n i u m  6; surfaces, compared  wi th  the  
m a x i m u m  ca lcu la ted  from Brownian  t heo ry  

( in te r rupted  line).  

Fig. 3, Increase  in  the  number  of vace in ia  O 
and fowl p lague  • p laques  in  chick embryo  cell  
mono laye r s  as a funct ion  of the  square  root  of 

the  t i m e  of adsorpt ion.  

TABLE I 

EFFECTS OF INOCULUM VOLUME AND ADSORPTION TIME ON FOWL PLAGUE VIRUS PLAQUE 
PRODUCTION IN CHICK EMBRYO CELL MONOLAVERS (MEAN OF 4 DISHES) 

Time of adsorption Mean plaque count Inoculum voh~me (mini 

0. 5 ml  15 13. 5 
3 ° 17.2 
60 29.0 

12o 31.8 

I.O ml  15 18.2 
3 ° 26.0 
60 37.5 

12o 41.o 

2.0 ml  15 19.8 
3 ° 27.0 
60 36.5 

12o 43.2 

B i o c h i m .  B i o p h y s .  Ac ta ,  4 ° (I96O) 4oo-41o 
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monolayer). Typical results are given in Table l.. Lt is c)ear that, ir~ accords,nee ~,,ith 
the predictions of the equation, increasing th.e v o J u m e  of  f l u i d  {re, i% o,5  r;i.] to  i ps} 

does not double the ,~unsber of plaques produced, and increasing the volume to :~.o s~.".i 
results in only a small further increase in number of piaques. 

In plaque titrations }t is convenient to use a fairly large veh:mse of fiuid co,n- 
taining appropriate dilutions of virus (at ]east 0-5 mi) so as to ?rove an c'veJs }a}.,er 
over the cells. In assayirlg infectious units it can be takels that  the fra,etion of ' i rus  
adsorbed by  the cell mono]ayer is, to a close approximation olse hMf of t?sa! ca}culated 
from equation (2)t 

E~ect of io~s o~ adso@q;on 

Chick embryo ce]] monolayers were washed in o.25.1,S sucrose and virus dilutions 
in sucrose, together with the appropriate concentrations of various salts, were added 
for I h. In calculating the maximum rate of adsorption from J:;rowniar; theory, 
a correction was introduced for the change in viscosity of the medium produced 
by sucrose. 

The main results are summarized m Fig. 4- Adsorption takes place, not only with 
divalent or trJvalent ions, but also in the presence of univalent ions a}o~e, p,,-ovided 
their concentration is sufficiently high. This was confirmed t)37 carrying out experi- 
ments in the presence of o.o~ M sodium ethylenediamh~etetraacetate, w}ich chelates 
the multivalent ions in. the media used. The rate adsorptio~ was then reduced to 
that  expected in the presence of the corresponding univalent ions alone. 
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Fig, 4- Effect  of ca t ions  ol! adsorp t ion  of label led fowl p lague  vi rus  by  chiok embryo  ,'.:cii mono-  
layers .  , o u n .  expec ted  from Brownial~ Theo ry  is ~-S~ 

As with adsorption by non-biological surfaces t, straight lines ar(: obtained when 
the logarithm of the adsorbed virus is plotted against the logarithm of the concern 
tration of ions, the slope being much steeper for divalent ions than for mJh'alent, 
and slightly steeper again for trivalent ions. At high concentrations, however, Jr, 
contrast to the findings with non-biological surfaces, diva]en[ and trivaient 7o'..ls 
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depress adsorption to cell monolayers. The symmetrically rising and falling curves 
shown in Fig. 4 are obtained. Adsorption was independent of the valency of the 
anions present, and control experiments showed again that there was no significant 
elution of virus from cells under the conditions used. 

Effects of polyelectrolytes on adsorption 

To obtain further information about the electrostatic interaction of viruses and 
cells, adsorption was carried out in the presence of various polyelectrolytes: chon- 
droitin sulphate and a substituted benzene sulphonic acid polymer (53 K) 5, protamine 
and polylysine. In  some experiments adsorption was carried out in the presence of 
polyelectrolytes, in others the polyelectrolytes were added to the cells or virus and 
the excess removed. The cell monolayers and virus were then washed once with 
appropriate medium lacking the polyelectrolyte (virus by high speed centrifugation 
followed by ultrasonic dispersion). It  could be shown that  both cells and virus take 
up ~4C-labelled 53K in the presence of Ca++ and A1 +++ ions used in representative 
experiments. 

The main results are summarized in Table II. It  is evident that both polyanions, 
whether present in the adsorbing medium or added to cells or virus beforehand, 
suppress adsorption, whereas both polycations in low concentrations enhance it. In 
higher concentrations protamine added to the virus, but not to the cells, depressed 
adsorption, presumably because it brought about clumping of the virus. 

T A B L E  n 

E F P E C T  OF P O L Y E L E C T R O L Y T E S  ON A D S O R P T I O N  OF 3 2 P - L A B E L L E D  F O W L  P L A G U E  V I R U S  

B Y  C H I C K  E M B R Y O  C E L L S  

Control  in Gey ' s  sal t  solut ion w i t hou t  b icarbonate .  Polyelec t ro ly te  concen t ra t ion  I m g / m l  Gey ' s  
so lu t ion  unless  s ta ted .  Adsorp t ion  is expressed  as a percen tage  of the  m a x i m u m  calcula ted from 

Brownian  theo ry  (equat ion 2). 

PolyeIectrolyte Where added Adsorption 

Control 

P r o t a m i n e  Fluid 
P r o t a m i n e  Cells 
P r o t a m i n e  Virus  
P r o t a m i n e  IO m g / m l  Cells 
P r o t a m i n e  IO m g / m l  Virus  

Po ly lys ine  Fluid  
Poly lys ine  Cells 
Poly lys ine  Virus 

Hya lu ron ic  acid Fluid  
Hya lu ron ic  acid Cells 
Hya lu ron ic  acid Virus  

53I(  Fluid  
( subs t i tu ted  benzene  Cells 
su lphonic  acid polymer)  Virus 

48 

76 
82 
68 
72 
28 

68 
76 
70 

27 
31 
2 2  

2 2  

23 
14 

In Fig. 5 the effects of trivalent ions on adsorption in the presence of polyanions 
and polycations are shown. In the control, as before, low concentrations of A1 +++ ions 

Biochim. Biophys. Acla, 4 ° (196o) 4oo-41o 
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promote a.dsorption, whereas high concentrations depress it. In the p~-esence of poiy-- 
lysine, intermediate concentrations of A1 +~-+ ions J~/c~-ea.sed adsor!~tion ~irtua.]iy to 
the maximun] rate calculated from Browniari theory, but high co:ncentrc;t%~?s a.gah: 
depressed adsorption. [n tl}e presence of 53K adsorption wa.s !ow t}ro%,hom, but 
was not depressed by i~igh concentrations of A!~ ++ ions. 

2"4 r 

~2.2~ A)///~/ \ ~ \ \  .... 

m L / , --o 
'-65 -4 -3 -2- ~ - - , - - - ~ -  '~ 

Log molar concentration AtCI s 

F ig.  5- E f fec t  o f  c o n c e n t r a t i o n  of  /\1 ions o ;  adsorp-  
t i o n  of labelled fow l  p lague  vJrt!s o13 ci~ic]< c ~ n b r ~ 7 o  cells 
~mtreated (B), treated with pol}iysh~c, (2) arid with 
~;ubstituted benzene sulphonic acid ]~o]}:n e~: (C). The 
interrupted lhte s]~ows 1;he com?t expected :fron] ]~ro',vni~ ~) 

theory, 

E#ects of other reage~zls o~ adso@Uo~l 

The effects of some other reagents on adsorption were inve~.tJgated (Tabie I l l) .  
Agents reacting with sulphydryl groups of cells and virus, including Hg ~ ;  i)-ch]oro. 
mercuribenzoate, iodoacetamide, N-ethylmaleimide and o)-bromacetophenone, pro-- 
duced no detectable change ha the rate of attachment of virus to cdi.~, altheugi~ ail 
these agents markedly depress virus infectivity G. 

TABLE IIi; 

E~-YECTS OF  V A R I O U S  RJ~2AGEE'TS O N  A D S O R P T I O N  OF  '~2JJ.-LABELLIt;D 1~O;'2- PL%GC.I-. ~rfI-tgfS 

BS- C E L L  M O N O L A Y E R S  

Cont ro l  54 
l > c h l o r o m e r c u r i b e n z o a t e  .51 
J4g~ 5S 
N-ethylmaleim ide 4!) 
J odoacetam]de 5 i 
,,?-bromocetophcnor~e 53 
H e a t  5 ° 
F o r m a l i n  o. I  <7o 4 5; 
Acetic anhydride J ! 
( ! 7 0 2 )  ~ + 76 
Trim etbyl onediam Jne 74 

H e a t i n g  the  v i rus  a t  68 ° for o.5 h, which a.bolisl~es in fec t iv i ty ,  does n o l  affect 
the  ra te  of a t t a c h m e n t  to cells. Low c o n c e n t r a t i o n s  of formal in  (o.~ % oi less fo~ 
4 h a t  37 °} had  no de t ec t ab l e  effect on adsorp t ion ,  b u t  highei7 c o n c e n t r a t i o n s  of 
fornaalin (I °,./o) for 4 ]~ depressed adsorp t ion .  T r e a t m e n t  of the  ~,irus wi th  :~o a _,lS 
acet ic  a n h y d r i d e  at  p H  7.8 in b i c a r b o n a t e  buffer,  followed b y  neu t ra l i za t}on  to p H  7.0, 
r educed  the  ra te  of adso rp t i on  qu i t e  cons iderab ly .  

On the  o the r  h an d ,  in the  presence  of u r a n y l  ions in high conceni  r a d o n ,  adsorptior:  

BincD, i£  . 13iof ihys.  A ~:irz, ~!o i :  76o', .4 co 4 s e 
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was increased. The same was achieved by trimethylenediamine in high concentration. 
The depressed adsorption shown with divalent cations was not apparent with this 
compound, in which the two positively charged groups are separated by  three carbon 
atoms. 

Effect of p H  on adsorption 

Fowl plague virus labelled with 32p was made up in various buffers covering 
the range pH 3.o to 7.o. Experiments above pH 7.5 failed because the cell monolayer 
lifted from the glass. The adsorption of virus as a percentage of the maximum calcu- 
lated from Brownian theory is shown in Fig. 6. I t  will be seen that  adsorption is 
greatest at pH 5.5, irrespective of the nature of the buffer ions present. Between 
pH 5.5 and 7.o there is a slight decline in the efficiency of adsorption, and between 
pH 5.5 and 4.o there is a marked decline. Below a minimum at pH 4.o the percentage 
of virus adsorbed rose again. 

50 

Fig. 6. Effect of p H  on adsorpt ion of fowl plague virus 
by  chick embryo  cell monolayers.  Virus adsorbed is 
expressed as a percentage of the m a x i m u m  value calcu- 
lated from Brownian theory. Glycine acetate phosphate  

buffer O, acetate buffer 0 ,  phosphate  buffer n .  
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DISCUSSION 

Attempts  have been made to use a rate constant of the type applicable to adsorption 
of phage by bacteria to describe the adsorption of animal viruses by cell monolayers: 

[ = 1 - -  e x p { - - K n t }  

where f is the fraction of virus adsorbed, n is the number of adsorbing cells, t is the 
t ime after commencing adsorption and K is the rate constant. 

As previously pointed ouO, the use of such equations to define the rate of ad- 
sorption of virus by cell monolayers is not justified. Some measurements of adsorption 
of animal viruses by cell layers have already been publishedtS, but these have been 
based on infectivity determinations showing rather a wide scatter. Moreover, the 
conditions under which adsorption takes place have not been varied sufficiently to 
give useful information about the adsorption process. 

In the case of phage 9-1~ adsorption occurs efficiently in the presence of sufficient 
concentrations of cations. PUCK AND TOLMACH 12 concluded that  the main interacting 
groups are the amino groups of phage and the carboxyl groups of host bacteria. 
DIRKX et al. 11 have had some measure of success in defining the conditions under 

Biochim.  Biophys .  Acla,  40 (196o) 4oo-41o 
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which phage adsorption takes place h: terms of ",,:he ionic do~.~b]e iayer theory of 
VERWEV AND OVERBEEK 13. 

From our experime~.;ts certain general conclusions cal~ be drawm Pir,d J~ a poJ~£,t 
of practical use Jn experiments involving plaque tiira.tions a.~Td qua.~titaiivc s;.udies 
of virus growth. The rate of attachment of virt~s to cell monc>layers, is ~ery close 
to half the collision frequency calculated from Brownian theory. Thus b /  ]-~al~.;; 
the va]ue for N obtaised by usin K equation (z), a good estimate r': ~',d~,,rbod " f~* . . . . .  2 ] r i i s  

can be ma.de. This appears to hold, ]~ot only for the vir:..lses stu,Jisd by ~x (vaccir;ia 
and fowl plague), but aiso for hu.rpes simplex 7 and pdiomyelfti@, f.our viruses that 
probably differ a.ppr~ciabiy i~ surface compositions. Adsorption ~:e ~,so]>i)JologJcai 
surfaces, on the other hand, proceeds at a rate almost identical with th{: collision 
frequency ~-. Another difference is apparent whe~ proteh~ is added i:o i:is: inedhlln. 
No effect on a.dsorption of viruses by cells was detected, but a.ds.ori)tio!7 bS.~ ~,qass 
and other surfaces was strongly depressed. This agaM has practicai application, for 
it provides a way of reducb~g loss of virus througi~ adsorption to ~;iass~a~e v,:ithcvt 
interfering with a,dsorpti<x~ to cells. 

As ah:eady found for phage, adsorption of anJn~al viruses to ~est cell< requires 
adequate concentratJo~as of cations. However, the usual implication that  these must 
be divalent is incorrect, since adsorption takes place ix~ the presence of adequate 
concentrations of univalent catior~s a)one. Thus the col~cept that  a,dsc:rpt;o~ re':;ults 
from the formation of divalent cationic bridges between viruses and cel!s is ir~ ,alidated. 
Moreover, the results arc not J]s agreement wit}~ the quantitat ive predictio~s of tl~e 
double ionic laver theor} of VER~3JILI" AND OVERS]EEl< !3. AS ill the ad>ori)tio~ of ", iru:< s 
to inorganic surfaces, fl~JcreasJng the valency of the cation increases the slepe of the 
log adsorbed virus against log co~scentration of ion; whereas according to t:hds theo~7 
the slope sho~ld decrease with cations of h.igher valency. In addition the ~heor},, of 
VI~SRWES£ AND OVEI~BEEK does not explain the suppression of adsorption by }~igh 
concentrations of divalent and triva]ent cations. 

Third, some tentative conclusions can be drawn about the im.e;:actiJ~g surfaces. 
Although influenza virus (which is related to fowl plague) has abo~Jt ~x.5 ~]~, p]msphe- 
lipid ~, e]ectrophoretic measurements si?ow that  it is isoeleetric at about pH 5.3z-L 
In other words the surface charge is dominated by al~Jno and c~r1-}oxy] groups of 
protein rather than strongly acidic groups of phospholipid. The animal ce]ls that  have 
been studied retain a ,,Jega.tive ch_arge at a much lower pH, and the e!eetrophorefic 
mobility in the presence of urany] and other ions suggests that  the/::~rface charge is 
dominated by strongly acidic, especially phosphate, grout?s ~. At pH 5-5 fo '7.6- -ti~e 
conditions under which Jnost experiments are m~dertaken-- cells and vJrll.~ particles 
are both negatively charged. There is thus an electrostatic barrier ~-o adsorption i,n 
the form of layers of positive]y charged ions concentrated around the sin:faces of 
both cells and viruses. The thickness of this layer can be reduced by r;~ising the 
concentration of cations i~ the suspending fluid. Above a critical concentration the 
virus can come sufficie]~t]y close to the cells for short range attractive forces !:o bind 
them. together. The temperature coefficient, ef:~ect of ions and other properties n~ake 
it clear that  the pr imary at tachment  is eiectrostatic. Th.e main i;ate:.:acth2g groups 
are likely to be amino groups of the virus and strongly acidic, mainly phosphate, 
groups of host cells. Tlds: is shown by mild acetylation of the ami~:,~ groups of tl~e 
virus, which depresses adsorption to ]lost cells (Table l i I ) ,  althougl ii: :makes ~s(~ 
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detectable difference to the attachment of virus particles to positively charged 
aluminium surfaces. Acetylation of proteins under these conditions does not denature 
them, but lowers the isoelectric point considerably 17. The effect of uranyl ions in 
promoting adsorption is consistent with the well-known affinity of these ions for 
phosphoric acid groupslG, is. Agents reacting with sulphydryl groups of cells and 
viruses were without effect. 

The increase in adsorption of virus between pH 7.o and 5.5 can plausibly be 
explained by suppression of ionization of carboxyl-groups, reducing the net negative 
charge of the virus and enhancing adsorption. At about the isoelectric point of the 
virus there is considerable aggregation of virus particles to form large, slowly diffusing 
units, so that the rate of attachment to cells is much reduced. 

As expected, polyanions which increase the net negative charge of both host 
cells and virus, or each separately, diminish adsorption. Low concentrations of poly- 
cations, on the other hand, increased adsorption. Higher concentrations added to 
cells increased adsorption, but added to virus particles they decreased it, probably 
owing to aggregation of virus particles. 

The reduction in virus infectivity in the presence of benzene sulphonic acid 
reported by HEYMANN et al .  19 may be due simply to suppression of adsorption. The 
interaction with ribonuclease quoted by these authors is only one example of the 
reactivity of polyanions of this type towards the basic groups of a wide range of 
proteins 2°. Reduction of virus infectivity in the presence of high concentrations of 
lysozyme may be analogous to the suppressed adsorption noted in our experiments 
in the presence of high concentrations of protamine, and is probably due to aggre- 
gation of virus particles. 

The most puzzling observation is the suppression of adsorption of virus to cells 
(but not to glass and other surfaces) by high concentrations of divalent and trivalent 
cations. The relevant difference between biological and non-biological surfaces is likely 
to be that the former possess both positively and negatively charged groups whereas 
the latter have only negative charges. An important feature is illustrated in Figs. 
4 and 5. When the logarithm of the adsorbed virus is plotted against the logarithm 
of the concentration of cations, linear increases are obtained. The slopes depend upon 
the valency of the cations and the size of the particles adsorbed, and have the same 
values for adsorption on to cells and non-biological surfaces. At certain ionic concen- 
trations, however, in the case of adsorption to cells, the rising curve abruptly changes 
to a falling one, the slope remaining unaltered. It  is this sudden change of sign that 
prevents the curve from rising to give an adsorption rate equal to the collision 
frequency, as is found with non-biological surfaces. The inhibited adsorption in the 
presence of multivalent cations is not due to elution, which was excluded in some 
experiments. The symmetry of the rising and falling curves does not suggest the 
intervention of an entirely new factor. 

Existing theoretical analyses of the interactions between dissimilar charged 
surfaces during adsorption are far from complete ~1. I t  is possible that firm cation 
binding by both surfaces, of the type analysed by STERN 22, plays a part in the de- 
pressed adsorption of viruses in high concentrations of multivalent ions. The sug- 
gestion J that it is the size of ions as much as their charge that determines their 
effectiveness in promoting adsorption is consistent with this interpretation. 
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SUMMA R3f  

The molecular paramete~;s of the high molecula!; wright, ribolu]deie acid, prepared 
froln Ehrlich ascites tumor  cells have been determined. This RNA appears to consist 
of two main components  of molecular \veights of 2.3" IO 6 and 3.2-~;o s. U:i&,w con- 
ditions close to physiological, these molecules can be described best as co]!~p~,ct rods 
40-45 ,~ in thickness.  

* ]5asterla -Ut i l iza t ion  R e s e a r c h  a n d  D e v e l o p m e n t  ] ) ivisJoIL Agricuitura.~ 5~esea;Tcb Ser ' , iee ,  
U n i t e d  S t a t e s  D e p a r t m e ~ l t  of A g r i c u l t u r e .  
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