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SUMMARY 

The rates of adsorption of radioactively-labelled fowl plague and vaccinia viruses to 
fowl red blood cells, chick embryo cells, HeLa cells and ascites tumour  cells in sus- 
pension have been studied. The observed rates were less than the calculated rates of 
collision between virus particles and cells. The initial rates of adsorption corresponded 
to those expected if one third of collisions between virus particles and cells is effective 
for adsorption. Later  the rates of adsorption fell, mainly owing to clumping of the 
cells. The rates of adsorption were the same to cells which support  virus multiplication 
and those which do not. Elution of fowl plague virus from fowl red blood cells at 37 ° 
was rapid, but  very little elution of fowl plague or vaccinia viruses took place from 
tissue culture cells at 37 ° . 

INTRODUCTION 

In  the first paper of this series I equations were derived to define the rate of collision 
between small particles, such as viruses, and larger spherical objects, such as cells, 
suspended in a fluid medium. Reasons were given why the approximate forms of 
the equations that  can be used to calculate the collision rates between phage particles 
and host bacteria are not applicable to animal viruses and their host cells. 

In  this paper the adsorption of radioactively labelled viruses to a var iety of host 
cells is described. Some of the host cells used were capable of supporting the multi- 
plication of the viruses, others were not. In  all cases, however, the rates of a t tachment  
of virus particles to cells were of the same order, which was several times less than 
that  expected from Brownian theory. This stands in contrast to the rates of at tach- 
ment  of viruses to glass and other non-biological surfaces which under optimal con- 
ditions are very  close to those expected from Brownian theory 1. In  a later paper 2 
the rates of a t tachment  of viruses to cell monolayers will be described, and the effects 
of some variables on adsorption analysed. These results suggest reasons why the 
adsorption of viruses to cells is less efficient than adsorption to aluminium, glass, 
nitrocellulose and carbon surfaces. They  are also of practical use in calculating the 
proportion of virus particles adsorbed in experiments on virus nmltiplication. 
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Vireos 

The preparation o~ purified iaiI-]al~dled vaccima virus a,,:~d r~P ]abe]]ed fo,,:,,] 
plague virus, and techniques used for assaying ra.dioactivity, ba re  beess described 
previouslyC 

Red blood eel~s 

The red b]ood celia used were obtained from a&!]t few] b]oed collected i~ ac id -  
citrate--dextrose, cenirifuged, the buffy coat removed and the ce]b. washed t,aice i~-: 
normal saline. The cel]s u,q<d were not agglutinated by vaccinia. 

A sciles l,{mo~" ceils 

S 37 sarcoma ascites turn_our cells were passaged ~t zc day h?tervr!~ Jn C3H mk;e. 
For exper imenta l  ]-,urpo~es t ]mv were ] ;arrested ':*~- ' a._,.._c.l S davs wa< ~-,~! twJc(? 57, (}ey's 
so]ution and resuspended by  vigorous pi j )ett i rG, T]~ey ,,*,'ere a]]o> ed to star, d for z rain 
in a siliconJzed tube and the uppermost  cells used. 

HeLa cells 

HeLa cells were propagated in lhe following growth mediun~' 7c' parts c,t c,-,~,,~:~ 
" ' 2  ~- 

solut ion;  Io  parts of 5% lac t ,dbumin h y d r o l y s a t e :  I o  parts of ; '% v,,;::st c_xtr~et; 
zo parts of human serum. Cultures were washed \vit:]? calcium- a.;~d mah"ncsJu~?s-frec 
saline (Gey's solution A) and incubated for 15 ]Tii]] at 37 ° in phos])]lal.e bill< r~ d s~]i~.e 
conta in ing 0.05 %1, t ryps in.  The ] iberated ceJb v,.~e washed twice J> Ge}.% soiui io~ 
and resuspended by vigorous pipetting in the adso::l~iv.g medium They v,,e,,:,' ;dioved 
to s tand for z rain in a silJconized tube and the uppermost  lave17 Of CeJIS 'arere lJSeC]. 

Chicle embryo ceii:~ 

Petri dish cultures of cells h o m  zo day old chick embryos -,vcv:: p:cpared by 
a modificatJo~ s of DULBECCO:S technique. The cultures were i nc ,ba ted  ~t 37" 5> 
growth medium until a. confluent ]ayer of cells was obtained. T]"e cul~:ur(.54 were 
washed, trypsinized aJ~d again washed and resuspe~d< d as described tor 1]~e ] {c]_,a cd]~< 

Cell co,.n~s a~e.d ,neesu~'em, e#z~s 

Cel] counts were n"_,a.de in a ] ]aemocytometer, Jooo ceJ]s being counl:r,d in eac}: 
case, ~\hJch reduces tJ>,:. • random error of the counl: to less than ~_! 2~. (['ell diameter.: 
were measured in wet suspensions b y  a YJlar micrometer and ])y measurcn-'ent of 
pl~otomicrographs. Agreement of the results by the two techniques w,-s s;~tisfaetoc< 
With each ceil type  distributions of radii were plotted and the geometric mr'an ',','a~ 
taken for calculations. 

T } ] ; E O R E T I C A L  

I t  has been shown I thg.t the max imum fract ion of v i rus ];articles theft c{]] l:),*~ adsort',ed 
by  a suspension of cells, (.e. when every coll ision bctv,.:een a particJc :~ml. g~ ec]] ]<<~'.ds 
to adsorption, is giveJ,. ])7< 

4 : -- ~ --- exp .[ - -  ~?.RJ>(~, -'..- .... n a"7.G~...,._j ] (~ ,i 
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where n is the number of cells of radius R,  t is the time and D is the diffusion coefficient 
of the virus. D can be calculated from the STOKES-EINSTEIN equation, 

k T  
Z) -- (2 )  

6~a 

where k is BOLTZI~IANN'S constant, T the absolute temperature, ~;j the viscosity of 
the suspending fluid and a the radius of the particles. 

The experiments to be reported below show that the observed rate of adsorption 
of virus is considerably less than that expected from equation (i). When only a 
fraction of the collisions is successful (i.e. leads to adsorption), an exact mathematical 
treatment of this situation is excessively difficult. In the early stages of adsorption, 
however, the form of the equation will be similar to the above, but with a factor qb 
equal to the proportion of successful collisions multiplying the exponential term, i.e. 

/ = I - -  exp { - - 4 ~ n R D ( t  + R ~ / t ~ )  } (3) 

Where the proportion of successful collisions is very small (small values of ~b), 
this equation will be very approximate except for a short period after commencing 
adsorption. However, if ~ /~  1/~,, as we have found it to be in most cases of animal 
virus adsorption, equation (3) appears to be closely followed for periods at least up 
to 30 rain, when other factors, notably clumping of cells, significantly alter the 
adsorption rate. 

EXPERIMENTAL 

Eight tubes containing i. 9 ml washed red cells in Gey's solution without bicarbonate, 
buffered to pH 7.o with o.o2 M sodium phosphate were prepared, four with Io 7 cells/ml 
and four with 5" IOS cells/ml. At zero time o.I ml s2P-labelled fowl plague virus was 
added to the cell suspension, which was resuspended by shaking every 7.5 min. At 
7.5 min, 15 rain, 3o rain and 6o rain the cells were chilled and centrifuged, the super- 
natant removed and the cells washed twice in cold Gey's solution. Samples of the 
supernatant, and volumes of the resuspended red cells, were dried down on I cm 2 
planchettes for assay of radioactivity in an end-window counter. The proportion of 
the original count associated with the cell fraction was taken as the proportion of 
virus adsorbed after various time intervals. In most experiments this result was 
4 to 7 % lower than the count expected by subtraction of the final count in the 
supernatant from the original count. This small discrepancy was due partly to loss 
of virus during washing, and partly to elution of virus from the cells; this takes place 
to some extent even in the cold (see below). 

The results are shown in Fig. I. Curve A shows the maximum rate of adsorption 
calculated from equation (i) on the assumption that every collision between virus 
particles and cells results in adsorption. Curve B is calculated on the assumption 
that the fraction of effective collisions is one third. The observed rate of attachment 
of virus to cells is given in curve C, which initially coincides with curve B. When 
about 60 % of the virus is adsorbed, however, the observed rate of adsorption fails. 
That this was not due to the presence of a proportion of virus particles less easily 
adsorbed than the rest was shown in experiments in which the virus remaining in 
the snpernatant after I5 rain was added to another suspension of cells. The rate of 
adsorption was then similar to that initially observed. An important factor con- 
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Fig. z. Adsorption of labelled fowl plague virus 
by fowl red blood cells in suspension. A -  theo- 
retical maximum adsorption rate for ~o ~ cells/ 
ml. 13- adsorption rate calculated for i o v cells/ml 
assuming one third o~ collisions are effective. 
C--observed adsorption rate by ~o eells/ml. D -  
the adsorption rate calculated for 5.~o ~ ce]ls 
with one third of collisions effective. E - obser-- 

veal adsorption rate _*,or 5" ~o~ cells. 
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Fig. s. Adsorption of labe]led ~o-a] plague virus 
by chick embryo cells in ,'-.:Usl;ension. A -- theo- 
retical maximum adsorption rate for J o 7 eel!s/ 
ml. 13 adsorption rate ea]cuhfed for Tolcells/m] 
assuming one third of collisions are effective. 
C observed adsorption rate by [oleelis/ml. D - 
the adsorption rate calculated for 5" o a  cells 
wJtla one third of coilisions effective, E obser- 

ved adsorption rate for 5' ir,~a cells. 

t r i b u t i n g  to  t h e  fal l  in a d s o r p t i o n  r a t e  is c lum.ping  of t h e  cells;  t h i s  v, as evidev, t 

m i c r o s c o p i c a l l y  a f t e r  a b o u t  I5  ra in  ~ n d e r  t h e s e  c o n d i t i o n s .  T h i s  r e d u c e s  tisc cd i  a r e a  

a v a i l a b l e  for  v i r u s  a t t a c h m e n t .  T h e  fac t  t h a t  some  d u t i o n  of v i ru s  occurs  even  a t  :eo ° 

(see be low)  c o u l d  also b e  c o n t r i b u t o r y ~  

Adsorp~io~z or f o w l  ~Slag~e virus M., s u s / ) e m i o m  of  chic/? embryo cells a~d IgeLa. calls 

S u s p e n s i o n s  of Io :  a n d  5 '  ~°~ ch i ck  e m b r y o  cells/ 'ml were  p r e p a r e d  ~n b u f f e r e d  

G e y ' s  s o l u t i o n  as de sc r ibed  in  t h e  s ec t i on  on ~JF~THO>S. T h e  r a t e  of a d s o r p t i o n  of 

a2p- labe l led  fowl p l a g u e  v i r u s  was  m e a s u r e d  as  for  red  cells. Tlne r e su l t s  a re  s h o w n  

in  Fig.  2, T h e  in i t i a l  a d s o r p t i o n  r a t e  a g a i n  co inc ides  w i t h  t h a t  e>:pected on t he  as-  

s u m p t i o n  t h a t  one  t h i r d  of t h e  s n r f ace  a r e a  is effect ive .  T h e  r a t e  of adsorptio~! b y  

H e L a  cells, in  w h i c h  t h i s  s t r a i n  of fowl p l a g u e  grows  poor ly ,  was  also of t h e  s a m e  

o r d e r  of m a g n i t u d e  (Fig: ,3). 

Adsorptio~¢ of  vacci~Ua vdrus by H e L a  cell su@ensio~,s 

T h e  r a t e  of a d s o r p t i o n  of v a c c i n i a  v i r u s  to  H e L a  ceil s u s p e n s i o n s  is s]so sl?own 

in Fig.  3. T h e  r a t e  is lower  t h a n  t h a t  of fowl p ]ague  v i rus ,  b y  t}?c f a c t o r  e x p e c t e d  

f r o m  t h e  d i f fe rence  in d i f fus ion coeff ic ients  of t h e  two  v i ruses .  Again ,  t]~e ip, i t ia i  

a d s o r p t i o n  r a t e  coincide(]  w i t h  t h e  e x p e c t a t i o n  f rom e q u a t i o n  I on t he  a s s m n p t i o n  

t h a t  one  t h i r d  of t h e  col] is ions  a re  effect ive .  

A dsorption of  vacci~ua, v irus  b 3, ascites tunzour cells i~ susJoe~sio~z 

T h e  r a t e  of a d s o r p t i o n  of l abe l l ed  vacc in~a  v i r u s  to  a sc i t e s  t u r n o u t  cel]s Jn s~>:- 

I3ioc]zcn~, J3iophys. . . . . .  ,4 cruz, x o ( I q6o}_ . .j~=~ j -~o9.).: 
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Fig. 3. Adsorpt ion of labelled fowl plague and 
vaccinia viruses by  HeLa cells in suspension 
A - adsorpt ion rate  calculated for fowl plague 
virus by  5" IO~ HeLa cellslml on the assump-  
t ion tha t  one third of collisions are effective. 
B - observed adsorpt ion rate of fowl plague 
virus by  5" lOS HeLa cells/ml. C -  adsorpt ion 
rate calculated for vaccinia virus by 5" 106 HeLa 
cells in suspension assuming tha t  one third of 
collisions are effective. D - observed adsorp- 
t ion rate  of vaccinia virus by  5.1o 6 HeLa 
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Fig. 4. Adsorption of Iabelled vaccinia virus by 
ascites t umour  cells in suspension. A - adsorp- 
t ion rate calculated for vaccinia virus by  5' lO6 
ascites turnout  cells/ml assuming one half of 
collisions are effective. B - the same assuming 
tha t  one third of collisions are effective. C -  
observed rate of adsorpt ion of vaccinia virus 
by  5" lO6 ascites t umour  cells/mh D - observed 
rate of adsorpt ion of vaccinia virus by  5" lO6 

t rypsin- t reated ascites t u m o u r  cells/ml. 

pension is shown in Fig. 4. The rate was actually somewhat higher than that expected 
on the assumption that one-third of the collisions with the cells result in adsorption, 
but it fell to almost exactly this figure after treatment of the cells with trypsin. 

Elution of virus from cells 

The elution of labelled fowl plague virus from chick embryo cells, HeLa cells 
and fowl red blood cells was investigated. Cells to which virus had been adsorbed at 
room temperature were washed in cold Gey's solution and resuspended in Oey's 
solution without bicarbonate buffered with o.o2 M sodium phosphate at pH 7.o. 
Large volumes were used to reduce readsorption of eluted virus by cells. After I h 
at 4 °, 20 ° and 37 ° the cells were centrifuged and radioactivity (representing virus 
still associated with cells) was counted. In Table I the proportion of virus eluted from 

TABLE I 

PERCENTAGE OF 82p-LABELLED FOWL PLAGUE VIRUS ORIGINALLY ATTACHED TO CELLS ELUTED 

AT V A R I O U S  T E M P E R A T U R E S  (19]-1 7 . 0 )  

T e m p e r a t u r e  o ° 2 0  ° 3 7  ° 

Fowl red cells 8 20 95 
Chick embryo cells 4 4 7 

Biochim. Biophys. Acts, 4 ° (196o) 393-399 
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the cells under these conditions is shown. As expected, at 37 ° nea,rl F all the vi~'~s 
adsorbed, by  red cells was eluted, but  some elution occmred even ~! ,_! .°. With chick 
embryo cells, the rate of elution at all temperatures was low. This was :found to be 
true also of vaccinia virus a t tached to chick embryo ce]ls. 

DISCUSSION 

The rate of adsorption of bacteriophage particles to bacteria su~pended in .% fluid 
medium has often been expressed ~ ~ in terms of a rate constant  K defined bv the 
equation 

/ - ~ - -  exp (--- K~t) 

where [ is the fraction of particles ~,~ adsorbed by  bacilli at time t after mi>dng. The 
rate constant  K can be calculated from 

K = 4a/{ ' ] - )  

where R is the radius of the adsorbing cells and D is the diffusion coe~cient  of the 
virus. P u c k  has shown that  the transient term, whk:h appears in the vo>: g;,,~OL~;- 
CHOWSKI formn]ation, can be neg]eeted for all practical purposes in this t ,ysfem 

At tempts  have, however, been made to use the same equations to describe the 
adsorption of animal, viruses to suspensions of red blood cells" and tissue cu]ture 
cells.~ n which have radii of 4 to Io if. As previously pointed out)-, in these systems 
K will not  be a constant  until about  ] h after adsorption starts. A more exa.et formu- 
lation is given Jn equation (3)- 

The main finding in our experiments has been that  the two dJssin-u]ar animal 
viruses studied, vaccinia and fowl plague, are adsorbed by  cells in suspension at rates 
considerably below those expected from the ca]cu]ated rates of collision between virus 
particles and cells. In i t ia l ly ,  adsorption occurs at rates which suggest that one third 
of the collisions between virus particles and cells are effective for adsorption~ Later  
the rates of adsorption fall, mainly because of clumping of the cells, which reduces 
their effective surface area. 

I t  seems clear tha t  the efficiency of virus adsorption relative to co]lisior: frequency 
is somewhat  higher Jn monolayers of cells (one half of collisions effective s) than h;'. 
trypsinized suspensions of the same cells (one third, of collision.~; effective). This 
suggests tha t  trypsinization remo', es from the cell surface a protein eomponent  whJcln 
not  only promotes intercellular adhesion, but  also facilitates virus adsorption, perhaps 
because it alters the charge of the (-ell surface. There Js evidence tins1 trypsinization 
of S 37 ascites tumour  cells produces a significant loss of dry  _mass measured by  
interferometry ~, and enzyme t rea tment  of ascJtes m m o u r  cells changes their electrc- 
phoretic mobility ~a. Measurements of electrophoretic mobility of red cells show 
differences from white cells ~, and it is interesting that ,  so far as eff~cienc3 of virus 
adsorption is concerned, untreated red cells should behave like tr.x/psJl~,ized tissue 
culture cells. 

However,  an obvious difference between red cells and tissue cu]tures slmws up 
in elution. Fowl plague vh:us is rapidly eluted from red cells at 3 7 ,  but  only s!ow]v 
from chick embryo cells, Jn accordance with previous observations on Ncwcast!e 
disease s . The quant i ta t ive studies of adsorption here reported arc useful from the 
practical point of vie~,,,, since they enable reasonably accurate caleuJatic'.ns t,.: be made 

.i~ioch, i~...Bio.phys. A d~, 4 ° (~ 960) :~93-~99 
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of the proportion of virus adsorbed by cells in experiments on virus multiplication. 
The results of other workers with herpes B 15, poliovirus 1~ and Newcastle diseaseg, ~° 
suggest that  the same order of effÉciency is attained with other viruses. Although 
the efficiency of adsorption is lower, adsorption of virus particles by suspended cells 
is much more rapid than adsorption from similar volumes by cell monolayers. This 
is not only true because the surface area of the cells is greater in suspension, but there 
is also a smaller distance over which virus particles have to diffuse before reaching 
cell surfaces. This expectation is borne out in practice, despite statements to the 
contrary 9. 

I t  is of interest that  the rates of adsorption of vaccinia and fowl plague were 
of the same order in cells in which the viruses multiply readily and those in which 
they do not. Thus the strain of fowl plague used multiplies rapidly in embryo cells 
but not in HeLa cells; the strain of vaccinia used multiplies rapidly in HeLa cells 
but not in ascites tumour cells. Thus the barrier to multiplication in these cases does 
not arise from a failure of the virus to adsorb to the cells. This finding contrasts 
with the behaviour of poliovirus, which is reported to adsorb readily only to sus- 
ceptible cells 1G. There may be various factors involved in cellular resistance to virus 
infection. 

ACKNOWLEDGEMENTS 

We are indebted to Dr. H. G. PEREIRA for help in preparing a2P-labelled fowl plagae 
virus, and to Drs. C. KAPLAN and A. S. MCFARLANE for supplying and iodinating 
the vaccinia virus. 

REFERENCES 

1 R. C. VALENTINE AND A. C. ALLISON, Biochim. Biophys. Acta, 34 (1959) IO. 
A. C. ALLISON AND tZ. C. VALENTINE, Biochim. Biophys. z~cta, 4 ° (196o) 400. 

3 j .  S. PORTERFIELD AND A. C. ALLISON, Virology, IO (196o) 233. 
4 M. SCHLESINGER, Z. Hyg. In]ektionskrankh., 114 (1932) 136. 
5 M. DELBRUCK, J, Gen. Physiol., 23 (194 o) 631. 
6 T. T. PUCK, A. GAREN AND J. CLINE, d r. Exp. Med., 93 (1951) 65. 
7 L. J. TOLMACH, Advances Virus Research, 4 (1957) 63. 
8 B. P. SAGIK AND S. LEVlNE, Virology, 2 (1956) 57- 
9 B. P. SAGIK AND S. LEVlNE, Virology, 3 (1957) 587 • 

lO R. ~-~1~. FRANKLIN, H. RUBIN AND C. A. DAVIS, Virology, 3 (1957) 96. 
11 j .  G. BACHTOLD, H. C. BUBEL AND L. P. GEBHARDT, Virology, 4 (1957) 582. 
is L. -WEISS, Exptl. Cell Research, 14 (1958) 80. 
13 G. EASTY AND J. LOWlCK, quoted  by  L. -WEISS, Exptl. Cell Research, 17 (1959) 499. 
la A. D. ]~ANGHAM, t~. A. PETHICA AND C-. SEAMAN, Bioehem. J., 69 (I958) 12. 
15 j .  S. YOUNGNER, J. Immunol., 76 (1956) 288. 
16 L. G. MCLAREN, J. J. HOLLAND AND J. T. SYVERTON, 3 7. Exptl. Med., lO9 (1959) 475- 

Biochim. Biophys. Acla, 4 ° (196o) 393-399 


