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NEUTRALIZATION (F BACTERIOPHAGE /X17l BY RABBIT ANTIBODY

CHAPTER I  

INTRODUCTION AND HISTORY

N eutra lization  of Viruses by Antibody 

The in te ra c tio n  between v iruses and antibody is  a k in e tic  pro

cess . The reac tio n  is  under the co n tro l of non-variable fa c to rs , such 

as the s iz e , mass, and number of rea c tiv e  s i te s  of the two rea c ta n ts , 

and variab le  fa c to rs , such as tem perature, pH, and concentration , 

which a f fe c t  the number of c o llis io n s  between v iru s  and antibody.

Under fixed conditions, and with an excess of antibody, the number of 

c o llis io n s  leading to  n e u tra liz a tio n  i s  constant per u n it  tim e, th e re 

by re s u ltin g  in f i r s t -o rd e r  k in e tic s  of n e u tra liz a tio n . Another as

pect of the  reac tio n  of basic sig n ifican ce  is  th a t  in ac tiv a tio n  begins 

immediately a f te r  v irus and antibody are  mixed (Mandel, I960). This 

absence of a lag phase can be in te rp re ted  as evidence th a t a sin g le  

molecule of antibody is  s u f f ic ie n t  to  cause n e u tra liz a tio n  of a v im s 

p a r t ic le .

There is  no general agreement as to  whether th e  v im s-an tibody  

reac tio n  is  re v e rs ib le . The leading proponent of the  concept of r e 

v e r s ib i l i ty  i s  probably Burnet (1955) who s ta te d , "the v im s antibody
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reac tio n  re s u ltin g  in in ac tiv a tio n  is  ir re v e rs ib le  in the case of the 

ty p ic a l  b a c te r ia l  v iruses and com pletely rev e rs ib le  in the case of the 

animal v iru se s ."  Later Burnet (i960) changed h is  opinion somewhat by 

s ta t in g , "the v irus-an tibody  in te rac tio n  re s u ltin g  in in ac tiv a tio n  

was ir re v e rs ib le  in the case of b a c te r ia l  v iruses and i n i t i a l l y  a t  

le a s t ,  wholly rev e rs ib le  fo r  a l l  the animal v iruses we had te s te d ."  

E a r l ie r  Burnet e t  a l .  (1937) had reported  th a t 1:10 and 1:100 d i

lu tio n s  of a mixture of immune serum and human influenza v irus pro

duced th e  same number of "foci"  on the ch o rio -a llan to ic  membrane of 

the  chick embryo as the  o r ig in a l, undilu ted m ixture. They in te rp re ted  

th is  find ing  as in d ica tin g  d isso c ia tio n  of the v iru s and antibody. 

However Taylor (191:1), working w ith influenza A v iru s , found th a t  r e 

a c tiv a tio n  of n e u tra l serum-virus mixtures was not complete and th a t  

approxim ately 90 per cent of the  v irus remained permanently n e u tra l

ized. T y rre ll and H o rs fa ll  (19^3), working w ith the WS s tr a in  of 

influenza A v iru s , obtained re s u l ts  supporting those of Taylor (191:1). 

They te s te d  the in f e c t iv i ty  of serum -virus m ixtures, a f te r  s u f f ic ie n t  

d ilu tio n , in  the a lla n to ic  cav ity  of the chick embryo and detected 

re a c tiv a tio n  of n eu tra lized  v iru s . However, only about ten  per cent 

of the v iru s present in the o r ig in a l mixture became rea c tiv a te d  f o l 

lowing d ilu tio n .

An example of rev e rs ib le  n e u tra liz a tio n  is  found a lso  in the to 

bacco mosaic v irus (TM7). Rappaport (1959) found th a t  TM7 and sp e c ific  

ra b b it antiserum  combine in  a manner c h a ra c te r is t ic  of a rev e rs ib le  

rea c tio n . The r e s u l ts  showed th a t  the f ra c tio n  of antibody remaining 

uncombined a f te r  prolonged re -e q u ilib ra tio n  increased approximately
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th ree fo ld  a f te r  the  mixture vaa d ilu ted  1*100. Rappaport (1961) 

subséquently  observed th a t  g reater d isso c ia tio n  of the v irus-antibody 

complex occurred a t  pH 2 .0  than a t  pH 7.0.

Evidence favoring th e  concept th a t  v irus-antibody in te ra c tio n  is  

i r re v e rs ib le  i s  ju s t  as convincing. The re s u l ts  of Dulbecco e t  a l .  

(1956) showed no measurable d isso c ia tio n  of po liov irus-an tibody  com

plexes. S im ila rly , they  observed no d isso c ia tio n  of Western equine 

e n cep h a litis  (WEE) v iru s from i t s  complex w ith homologous antibody.

In  a c r i t i c a l  analysis of the work of Dulbecco and h is co-workers, 

Fazekas de S t . Groth e t  a l .  (1958) and Fazekas de S t. Groth and Reid 

(1958) concluded th a t ,  as a  r e s u l t  of opera tiona l procedures employed 

by the  former group, system atic e rro rs  were introduced th a t ,  i f  taken 

in to  account, would make the non-d issociation  hypothesis untenable. 

Rubin and F ranklin  (1957) found th a t  neu tra lized  Newcastle disease 

v irus (NDV) underwent between 0.1 and 1.0 per cent d isso c ia tio n  on 

d ilu tio n . N eu tra liza tio n  in th is  system th ere fo re  appears to  be 

la rg e ly  ir re v e rs ib le . A fte r po liov irus and i t s  sp ec ific  antiserum  

re a c t a t  pH 7 .0  d ilu tio n  and incubation of the  v irus-an tiserum  mixture 

re s u l ts  in  only about 1 .0  per cent d isso c ia tio n  (Mandel, 1959). In  

la te r  s tu d ie s  w ith the  same system, Mandel (1961) showed th a t  the 

v irus-an tiserum  complex could be made re v e rs ib le  by reducing the  pH of 

the rea c tio n  mixture to  between 2.$  and 2 .0 . That re a c tiv a tio n  was 

the  r e s u l t  of d isso c ia tio n  of the complex and not dénaturation  of the 

antibody was shown by thjs unimpaired capacity  of the rea c tiv a te d  

mixture to  undergo re n e u tra liz a tio n  when the  pH was ad justed  to  neu

t r a l i t y .
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In  a recen t study w ith adenovirus type 5 and i t s  sp e c if ic  a n t i 

serum K jellen  (1962) obtained r e s u l ts  by two methods which indicated  

th a t  the  v irus-an tibody  rea c tio n  was not re v e rs ib le . The f i r s t  was 

ca lled  th e  simultaneous inocu lation  method. By th is  technique a n t i 

serum and v iru s  were inoculated sim ultaneously onto monolayers of 

M&S-cell c u ltu re s . The proportion of v irio n s escaping in to  the c e lls  

was a function  of (1) i n i t i a l  concentration of the  v iru s ; (2) the com

p e tit io n  between combining s i t e s  of the v irus p a rtic le  fo r recep tors 

of the c e l ls  and those of the an tib o d ies; (3) the  number of v irio n s 

which never co llided  and reacted  w ith antibody; and (li) the  firmness 

of the union between v iru s and antibody in those which did co llid e  

and re a c t .  K jellën  found th a t  monolayers tre a te d  w ith the v iru s- 

antiserum  mixture fo r 1$ to  2hO minutes gave a constant number of 

plaques reg a rd less  of the  incubation tim e. These re s u l ts  indicated 

th a t a com pletel’'’ s’tab le , or ir re v e rs ib le , v irus-an tibody  complex 

formed ra p id ly , since the number of c e lls  in fec ted  in the  t e s t  sys

tem did not increase. The second method measured the s t a b i l i t y  of the 

v irus-an tibody  complexes th a t  were formed a f te r  adding f ra c tio n a l  

parts  of th e  t o t a l  v iru s to  fixed  amounts of serum. This was a t e s t  

of the  Danyss e f fe c t .  I f  the  v irus-an tibody  union were ir re v e rs ib le , 

the ex ten t of in ac tiv a tio n  of each increment of v irus added would be 

dependent on the  amount of f re e  antibody remaining a f te r  the  reac tio n  

of the p r io r  v irus w ith antibody. I f  the v irus-an tibody  union were 

re v e rs ib le , the  ex ten t of in ac tiv a tio n  of each increment of v irus 

added would be the same as when the  v irus was added in a s in g le  dose. 

To t e s t  t h i s  e f fe c t ,  K jellen  added d iffe re n t amounts of v irus to  a
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constant amount of antiserum , incubated the mixture fo r various 

lengths of tim e, and measured the ex ten t of n e u tra liz a tio n . An ad

d itio n a l amount of v irus was then added to  the m ixtures and n e u tra l i 

zation  was again measured. F in a lly , v irus was added a th ird  time and 

n e u tra liz a tio n  was measured. The re s u l ts  supported the concept of a 

Danysz e f f e c t .  There was no evidence fo r r e v e r s ib i l i ty ,  even a f te r  

incubation of the virus-antiserum  mixtures fo r  as long as 2U hours.

I t  is  generally  assumed th a t  re s id u a l in fe c t  iv i ty  which follows 

v irus-an tibody  in te rac tio n  rep resen ts  surv iv ing  v irus p a r t ic le s  w ith 

no, or very few, attached  antibody molecules. The possib le  ro le  of 

sp e c if ic  aggregates in  the n e u tra liz a tio n  re a c tio n  and in in fec tio n  

has received l i t t l e  a tte n tio n . In  the foot-and-mouth d isease  v iru s -  

antibody system studied by Ek-adish e t  a l .  (1962), the fa c t  th a t  both 

re s id u a l in fe c tiv i ty  and n eu tra liz in g  a c t iv i ty  ex is ted  sim ultaneously 

was in te rp re ted  in terms of d i s t in c t  v irus and antibody "reg ions” a t  

th e  surface of the v irus-an tibody  complexes. N eu tra liza tio n  was essen

t i a l l y  ir re v e rs ib le . The authors envisioned th a t  v irus p a r t ic le s  ex

is t in g  in v irus-antibody complexes, the  s ize  of which varied w ith the 

serum /virus input r a t io ,  were not in ac tiv a ted  but re ta in ed  a p o te n tia l 

in f e c t iv i ty .  The re s u l ts  of these  s tu d ies  may help  explain  the  d is 

crepancies e x is tin g  in the  l i t e r a tu r e  concerning the  r e v e r s ib i l i ty  of 

v irus-an tiserum  reac tio n s .

The r a te  of n e u tra liz a tio n  of v iruses is  influenced by the  tem

perature  of incubation of th e  reac tio n  m ixture. In  s tud ies  of polio

v iru s  and i t s  sp e c ific  antiserum  i t  has been found th a t  the sp e c if ic  

r a te  constant is  changed by a  fac to r  of approxim ately l . i i  fo r  each
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10 c change of tem perature (Mandel, I960). Dulbecco e t  a].. (1956) r e 

ported an energy of a c tiv a tio n  of approxim ately 6,000 c a lo rie s  mole” ^ 

fo r  the  n e u tra liz a tio n  of WEE by sp e c if ic  antiserum . This corresponds 

to  a Q̂ Q of approximately l .k .  From these two se lec ted  examples, i t  

appears th a t  n e u tra liz a tio n  of v iru ses  rep resen ts  a reac tio n  in  which 

the tem perature dependence of the  sp e c if ic  r a te  constant is  a function  

of the d iffu s io n  ra te s  of the re a c ta n ts . The sp e c if ic  ra te  constant 

appears a ls o  to  be dependent on th e  concentration  of serum (Mandel, 

I960).

S tud ies of influenza and NDV (Rubin and F rank lin , 1957) v iru ses 

and th e i r  hosts c e lls  have provided some in s ig h t in to  the  mechanism 

of action  of n eu tra liz in g  antibody. Adsorption of the in fec tiv e  par

t i c l e  on the  c e llu la r  surface occurs f i r s t .  The en try  of the  in fe c tiv e  

v im s in to  the  host c e l l  i s ,  un lik e  th a t  of b a c te r ia l  v iru se s , a c e l lu 

la r  function  (Mandel, 1962). I t  has been shown to  occur equally  w ell 

w ith a c tiv e  or inactive  v iru s , as long as the host c e l l  is  capable of 

p inocytosis or viropexio (Fazekas de S t. Qroth, 19U8). The time r e 

quired fo r  passage of v iru s  through the c e l l  membrane is  approxim ately 

one to  two hours. Since the c e l l  membrane must wet, flow around, and 

even tually  engulf the v iru s  p a r t ic le s  the ra te  of engulfment is  to  

some ex ten t dependent on the charge of the two su rfaces. In  the 

e a r l ie s t  s tages of v iropex is , p a rt of the  v irus is  s t i l l  exposed and 

hence access ib le  to  antibody. Neuraminidase ac tio n  a t  th is  stage can 

no longer prevent in fec tio n  (Ackermann ^  , 1955) • The beginning

of v i r a l  re p lic a tio n  i s  marked by the  disappearance of a l l  v i r a l  

p roperties recognized e x tra c e llu la r ly . This i s  ca lled  the  e c lip se
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phase. A ll components of the new generation of v irus must be synthe

sized  during the ec lip se  phase. Virus is  formed in , or near, the  c e l l  

membrane (F lew ett, 1952) and released  slowly as soon as i t  is  formed 

(C airns, 1952). The emerging v iru s  p a r tic le  must f re e  i t s e l f  from 

the  c e l l  surface via i t s  neuraminidase before i t  can en te r the su r

rounding medium or adsorb to  another host c e l l  (Cairns and Mason,

1953). The stages a t  which v ir a l  m u ltip lica tio n  can be blocked by 

antibody have provided important inform ation on the mechanism of neu

t r a l i s a t io n .  Antibody may bring  about complete n e u tra liz a tio n  a t  

one stage and ye t give no apparent n e u tra liz a tio n  a t  another s tage . 

Adsorption of the v irus to  the host c e l l  can be prevented by pre

tre a tin g  th e  v irus w ith antibody. Blocking of adsorption  is  favored 

e ith e r  by p re -incubâtin g the  two components w ith antibody or by r e 

ducing the  e ff ic ie n c y  of the adsorptive su rface . While the  v iru s is  

on the surface of i t s  host c e l l  th e re  is  an e a r ly  stage during which 

neuraminidase action  i s  capable of l ib e ra tin g  i t  (Fazekas de S t. Groth, 

19W ). Stone and Ada (1952) showed th a t  the v ir io n  probably moves 

about the surface  of the c e l l  in some form of two dimensional Brownian 

movement. I t  e lu te s  from the c e l l  when i t s  position  is  sh if te d  over 

an a rea  which is  free  of neuraminic ac id . During th is  stage the  v irio n  

would be se n s itiv e  to  n e u tra liz a tio n  by antiserum . During the  second 

stage  of v iropexis the p a r tic le  appears to  be fixed  on the c e l l  su rface . 

Complete removal of neuraminic acid  by neuraminidase does not b ring  

about e lu tio n  of v iru s (Ackermann e t  , 1955) • However, i t s  in fec 

t i v i t y  can be n eu tra lized  by antibody (Vagner, 195U). During v iropex is, 

the  v irio n  would be se n s itiv e  to  antibody only during the f i r s t  stage
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of i t s  c ircuB scrip tion  by the c e l lu la r  membrane.

Once inside the  c e l l ,  v irus is  beyond th e  reach of antibody.

Rous and Jones (1916) demonstrated th a t an in tr a c e l lu la r  ex istence 

p ro tec ts  v irus from antibody. In  add ition , antibody would be in e ffe c 

t iv e  in systems where v irus passes from c e l l  to  c e l l  during c e l l  

d iv is io n  or through in te rc e l lu la r  bridges.

The Phage-Antiphage Reaction

Since Bordet and Cuica (1921) f i r s t  showed th a t  bacteriophages 

were an tig en ic , the  l i te r a tu r e  on the  immunology of bacteriophages has 

grown enormously. Andrewes and E lford (1933a) showed th a t  a 1:100 

d ilu tio n  of an antiserum  again st 036 phage n eu tra lized  95 per cent of 

the homologous phage d ilu ted  1:1,000,000 a f te r  four hours' incubation 

a t  37 0. The same d ilu tio n  of serum a lso  n eu tra lized  95 per cent of 

the und ilu ted  phage under the  same cond itions. In  fu r th e r  s tu d ies , 

Andrewes and E lford showed th a t  th e  phenomenon held a lso  fo r phages 

016 and 013 and th e i r  respec tive  a n tise ra  and they applied  the term 

"percentage law" to  the  phenomenon. The percentage law s ta te s  th a t  

in a n e u tra liz a tio n  experiment w ith a constant concentration  of serum 

the f ra c tio n  (P/^o) of surviving phage, where P rep resen ts  the a c tu a l 

number of surviving phages, i s  independent of the i n i t i a l  concentration 

of phage (Pg), over a wide range of the l a t t e r .  Andrewes and E lford 

(1933b) concluded th a t  unless th e re  was a considerable excess of a n t i 

body in  the  f lu id  around each p a r t ic le  of phage, the phage could not 

receive  a large enough coating of antibody fo r  in ac tiv a tio n . They 

suggested th a t ,  i f  an excess of antibody was always necessary fo r in 
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a c tiv a tio n , the nvunber of [^age p a rtic le s  "must be few and fa r  between 

compared w ith the av a ilab le  an tibody ." This in te rp re ta tio n  is  p a r t ia l 

ly  in e rro r  since la te r  s tu d ies  by Hershey (19Ü1) and Mandell (1955) 

have shown th a t  only one or two antibody molecules are necessary fo r 

in ac tiv a tio n  of phage.

The percentage law can be expected to  break down through a t  le a s t 

two independent mechanisms (Burnet e t  a l . ,  1937; Hershey e t  a l . , 19U3). 

F i r s t ,  i f  the  serum concentration/Pp r a t io  is  so low th a t the  e ffec tiv e  

antibody concentration  decreases during a fixed  period of in ac tiv a tio n , 

one may expect P/Pq to  increase  w ith Pq. Second, whenever Pq is  so 

high th a t  the  frequency of phage to  phage c o llis io n  allows s ig n if ic a n t 

aggregation, the surviving f ra c tio n , PA*o> be expected to  decrease 

w ith increasing  Pp.

The percentage law i s  applicable to  the n e u tra liz a tio n  of animal 

v iru ses , as was shown by Mandel (i960) w ith po liov irus and by Bradish 

e t  a l . ( 1962) with foot-and-mouth d isease  v iru s .

The c la s s ic a l  s tud ies  of Burnet e t  a l .  (1937) on various phage- 

antiphage reac tio n s  showed c le a r ly  th a t the shapes of the  phage sur

vivor curves were influenced g rea tly  by the  concentration of serum 

used and th a t  the d ifferences in shapes of the curves were accentuated 

w ith progressive n e u tra liz a tio n . When the experiments were performed 

w ith  high concentrations of serum fo r  one hour there  was a p rec ip itous 

f a l l  in P/Pp, followed by a steady, slower r a te  of decline . At lower 

concentra tions of serum th ere  was an i n i t i a l  lag  before an approxi

mately steady ra te  of decline  was reached. At high concentrations of 

serum th ere  was a  continuing action  of the  serum on the su rface  of the
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p la te s . This e f fe c t  increased w ith  increasing  serum concentration and 

accounted, in p a rt, fo r the p rec ip itous f a l l  in P/Pq a t  high serum 

concentra tion . To overcome th is  e ffe c t , the phage-antiphage reac tio n  

mixture was d ilu ted  in cold b ro th  p rio r to  p la tin g . With th is  tech 

nique P/Pq did not show the sudden, p rec ip itous f a l l  w ith a subsequent 

steady, slower r a te  of decline . The only deviation  from an exponential 

decrease in  P/pQ was an i n i t i a l  lag  period. The mathematical expres

sions fo r  the  n e u tra liz a tio n  rea c tio n  and th e  cause fo r the i n i t i a l  

lag w i l l  be given below.

In  general, over the u su a l experim ental range, the  percentage law 

may be used as a working ru le  which g rea tly  s im p lifies  the  design of a 

n e u tra liz a tio n  experiment and th e  in te rp re ta tio n  of i t s  q u a n tita tiv e  

a sp ec ts . Because of the continuing  ac tion  of serum on p la te s , i t  has 

become customary to  work w ith  d i lu te  serum. The i n i t i a l  serum concen- 

tra tion /pQ  ra t io s  must be such th a t ,  a f te r  incubation, a 1:$0 to  1:100 

d ilu tio n  of the  reac tio n  mixture gives ( l)  e s s e n tia lly  immediate ces

sa tio n  of the n e u tra liz a tio n  re a c tio n , and (2) a re s id u a l P/Pq f ra c tio n  

which may be p lated d ire c tly  (provided no more than a few thousand 

plaque-forroers ml”^ are  present) without r i s k  of continuing ac tion  of 

the  serum. This r i s k  can be elim inated fu r th e r  by p la tin g  samples 

from the  d ilu ted  reac tio n  m ixture by the so ft-a g a r  technique.

Since the phage-antiphage reac tio n  is  ir re v e rs ib le , or more 

s t r i c t l y ,  does not reach equilibrium  under p ra c tic a l conditions of 

study (Hershey, 19h3) » equ ilib rium  constants have not been obtained 

fo r n e u tra liz a tio n  re a c tio n s . Therefore, e s s e n t ia lly  a l l  phage neu

t r a l iz a t io n  experiments have been analyzed by the ap p lica tio n  of k i -
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n e tic  concepts. A il k in e tic  approaches to  the study of the n e u tra l

iza tio n  reaction  should take in to  account the percentage lav . In  the 

reac tio n

Phage + Ab----------- ^  Phage » Ab

Ab rep resen ts x molecules of antibody requ ired  to  combine w ith , and to  

in a c tiv a te , a s in g le  phage p a r t ic le . The ra te  of the  reac tion  follow s 

f i r s t - o rd e r  k in e tic s  down to  one to  ten  per cent su rv iv o rs . This

means th a t  the r a te  of n e u tra liz a tio n  is  independent of the concen

tr a t io n  of phage (percentage law). A p lo t of the  logarithm  of P/P^ 

ag a in st time y ie ld s  a s t r a ig h t  l in e , th e  slope of which is  independent 

of P(). Moreover, the slope is  dependent on the  concentration  of a n t i 

body and the tem perature of th e  re a c tio n . The m athematical expressions 

fo r  th e  reac tio n  are

-dP/dt ■ Kt/b (d i f f e r e n t ia l  form) ( l )

K ■ 2.3 D /t X log ?q/?  ( in teg ra ted  form) (2)

P/Pq ■ @-Kt/D (exponential form) (3)

in  which D rep resen ts the f in a l  d ilu tio n  of serum in the  phage-serum 

m ixture, t  is  tim e, and K is  the  v e lo c ity  constant (Adams, 1959). The 

K value is  an extrem ely valuable c h a ra c te r is t ic  of the serum.

Recently Bradish e t  (1962) presented a formula fo r  the  per

centage law which was generalized to  include a term showing the  depend

ence of the percentage law upon the  i n i t i a l  concentration  of antiserum  %

(Po/f)l/*  -  K X 8o/b (W
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Here K defines the u n its  in which (o rig in a l serum concentration) 

is  expressed. The value of K was given as 1.0 since the concern fo r 

antibody concentration is  only r e la t iv e .  The term l /n  defines the 

nature of the dependence of Pp/P upon the antibody concentration 

(Sg/t)) and i t  was found by the expression;

log P, -  log Pp
n -  ' ' '  (5)

log -  log Dg

in  which Pĵ  and Pg rep resen t surv ivors in n e u tra liz a tio n  mixtures 

where a  fixed concentration  of phage reacted  w ith two d ilu tio n s , 

and Dg, of antiserum . When the  logarithm  of P^/P was p lo tted  aga in st 

the  logarithm  of the  d ilu tio n  of antiserum , the  slope of the re s u ltin g  

curve a lso  gave the value fo r n. Bradish e t  a l .  (1962) ca lled  the 

constant n the  "slope constan t."

The expression:

log Sq -  l /n  X log (Pq/P) + log D (6)

was obtained by tak ing  the logarithm  of both sides of equation (U). 

This formula is  important since th e  n eu tra liz in g  a c t iv i ty  of the undi

lu ted  antiserum  may be obtained in terms which take the percentage law 

in to  account. Log was called  the serum n e u tra liz a tio n  index (SNI). 

Equation (6) described adequately the  n eu tra liz a tio n  of in fe c t iv i ty  of 

foot-and-mouth d isease  v irus by guinea pig or rab b it antiserum  (Brad

ish  e t  a l . ,  1962) and, in  general, confirmed the percentage law.

As mentioned above, early  experiments by Barnet e t  a l .  (1937) 

on phage-antiphage systems gave n e u tra liz a tio n  curves w ith  an i n i t i a l
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lag period. Careful s tud ies  by Kalmanson e t  a l .  (19Ü2) on the T2 

phage-antiphage reac tio n , using  highly d ilu ted  antiserum , confirmed 

the  i n i t i a l  lag  noted by Burnet. The cause of the deviation  from 

f i r s t - o rd e r  k in e tic s  was resolved by Gann and Clark (19SL) who showed 

th a t  a c tiv a tio n  of in h ib ited  T2 phages by an ti-T 2  serum accounted fo r 

the i n i t i a l  lag . Sagik (195L) showed th a t  f re sh ly  prepared T2 ly sa te s  

contained inh ib ited  phages which fa ile d  to  bind to  host c e l ls .  The 

f a i lu r e  was apparen tly  due to  the  presence of a substance of b a c te r ia l  

o rig in  which covered the attachm ent s i t e s  of the a ffe c te d  phages. 

Spontaneous a c tiv a tio n  of the  inh ib ited  phages occurred slowly. Rapid 

a c tiv a tio n  of the  inh ib ited  phages occurred when they  were exposed to  

a medium of low s a l t  concentration , to  h e a t, or to  low concentrations 

of antiphage serum. Cann and Clark (19^1|) demonstrated th a t  in the  

absence of in h ib ited  phages the phage n e u tra liz a tio n  reac tio n  followed 

f i r s t - o rd e r  k in e tic s  down to  f iv e  to  ten  per cent su rv ivors.

In  the  n e u tra liz a tio n  of phage, a q u a n tita tiv e  re la tio n sh ip  ex

i s t s  between the  sp e c if ic  ra te  constan t, the  energy of a c tiv a tio n , and 

the  abso lu te  tem perature (Hershey, 19U1). This re la tio n sh ip  is  given 

by the  Arrhenius equation

In Kg/ki "  EA ClA x -  I A 2) (7)

where and Kg &re the  v e lo c ity  constants fo r the n e u tra liz a tio n  r e 

ac tio n  a t  abso lu te  tem perature T^ and T2, re sp e c tiv e ly . R is  the gas 

constant and E (energy of a c tiv a tio n ) is  a constant c h a ra c te r is t ic  of 

the  system. The tem perature c o e ff ic ie n t fo r the v e lo c ity  constan t,

K, was determined fo r phage Cl6 by Barnet e t  (1937). The K values
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a t  0, 37, and hB C were 15, 930, and 1350 minute”^, re sp ec tiv e ly . The 

vas thus about 2 .1 . S im ilar s tu d ies  were made by Kalmanson e t  a l .  

(I9 l2) w ith the  se ro lo g ic a lly  re la te d  phage, T2. The K value was 

found to  be 0 .5  second” ^ a t  0 C and 0 .7  second ^ a t  37 C, which cor

responded to  a Qjjq of about 2 .0 . In  ad d itio n , Hershey ( I9 l l )  reported  

th a t  the ra te  of n e u tra liz a tio n  of T2 ex h ib its  a strong  tem perature 

dependence, corresponding to  a of approximately 2 .0 . The meaning 

of these values was placed in  doubt by s tu d ies  of Cann and Clark (1951) 

They found th a t  the n e u tra liz a tio n  of ac tiv a ted  T2 shows a of only 

about l . l .  I t  was suggested by Adams (1959) th a t  th e  low Q̂ Q value 

was due to  the use of a concentration  of sodium ch lo ride  lower than 

th a t  (0.15 M) used by the  e a r l ie r  workers. However, TaImage and Cann 

(1961) showed th a t  the experiments of Cann and Clark (1951) were c a r

r ie d  out in a medium e n ti r e ly  co n sis ten t w ith those used by the e a r

l i e r  workers. In  an extension of th e i r  o rig in a l experiments, Cann 

and Clark (1956) found th a t  the  value was a lso  1.1 when the r e -
_3

action  was c a rried  out in  a medium containing only 3 x 10 M sodium 

ch lo ride .

Assuming th a t  the experiments of Cann and Clark (1951; 1956) gave 

r e s u l ts  which led to  the n eares t co rrec t estim ate fo r  the  Q̂ q value of 

th e  T2 n e u tra liz a tio n , i t  can be concluded th a t  the n e u tra liz a tio n  of 

ac tiva ted  T2 shows only a sm all tem perature dependence a t  3 x 10 M 

Or 0.15 M concentrations of sodium ch lo ride .

A s im ila r value (Q]̂ g “ l» l)  was found by Jerne and Skovsted (1953) 

fo r  the n e u tra liz a tio n  of TU in the absence of sodium ch lo ride , but 

th e  value in  1 .0  H sodium chloride was about 2 .0 . That the  dependence
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of Qqjq upon the concentration of sodium ch loride  in  th is  case was not 

due to  a c tiv a tio n  of in h ib ited  phages may be ru led  out because during 

i t s  p u rif ic a tio n  the phage was held tem porarily  in a medium contain ing  

only 0.01 M sodium ch lo ride .

Low Q̂ Q values (about I .I4) a re  ty p ic a l  of sh o rt range fo rces 

such as coulomb and van der Waals fo rces or hydrogen bonds, a l l  of 

which have sm all a c tiv a tio n  energ ies. A of I.J4 suggests a d i f 

fu sion  co n tro lled  rea c tio n . On th e  o ther hand, high values (2 .0  

to  3 *0 ) a re  c h a ra c te r is t ic  of rea c tio n s  which involve the making or 

breaking of covalent bonds (fo r exam ple,—C—C- or -C —N-^. Obvi

ously  the type of bonding mechanism involved in phage-antiphage r e 

ac tio n s  is  no t the  same fo r  every phage n e u tra liz a tio n  system. Wide 

d iffe rences between values suggest th a t  the re la tio n sh ip  between 

Arrhenius constan ts and the  bonding mechanism involved in n e u tra l i 

za tio n  should be in v estig a ted .

Andrewes and E lford (1933a) observed th a t  n e u tra liz a tio n  of phage 

proceeds a t  an exponential r a te  u n t i l  90 to  99 per cent of the  phages 

a re  in ac tiv a te d . The r a te  then decreases ab ru p tly  u n t i l  no fu r th e r  

change is  seen. The term ina l surv iv ing  phage appeared to be r e s is ta n t  

to  n e u tra liz a tio n . Andrewes and E lford  (1933b) and Kalmanson e t  a l .  

(19Ü2) demonstrated th a t  the  presence of such a la rg e  amount of t e r 

m inally  su rv iv ing  phage could not be due to  exhaustion of antibody. 

P reviously , Andrewes and E lford  (1933a) had suggested, but disproved 

th a t  the  re s is ta n c e  could be due to  inhomogeneity of the phage popu

la tio n  w ith resp ec t to  s u s c e p t ib i l i ty  to  in a c tiv a tio n . Proof ag a in st 

th e  idea was obtained by shewing th a t  the re s is ta n c e  was a phenotypic
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ra th e r  than a genotypic expression of the phages since progeny of the 

surv iv ing  phages proved to  be norm ally su scep tib le  to  n e u tra liz a tio n  

by antisei-um.

Delbrtfbk (I9li5) suggested th a t  the  re s is ta n c e  to  n e u tra liz a tio n  

in  bacteriophage T1 preparations might be inheren t in the  phage popu

la tio n  or th a t  i t  might develop during the course of the  reac tio n  as a 

r e s u l t  of attachment of antibody a t  n o n -c r i t ic a l  s i te s  on the phage. 

D efin itiv e  s tud ies  to  c la r ify  th ese  points have apparen tly  not been 

done.

The p o s s ib i l i ty  e x is ts  a lso  th a t  the  te rm in a lly  surv iv ing  phage 

could be accounted fo r  on the b a s is  of rev e rs ib le  attachm ent between 

phage and antibody. Jerne and Avegno (1 9 ^ )  reported  th a t  in ac tiv a tio n  

of bacteriophage TU by primary-response serum was rev e rs ib le  on d i lu 

tio n , but th a t  n e u tra liz a tio n  w ith secondary-re sponse serum or hyper

immune serum was ir re v e rs ib le . Strong evidence a g a in s t the idea of 

a rev e rs ib le  phage-antiphage reac tio n  is  found in the  work of Hershey 

( 19U3 ) who, while studying l a t t i c e  form ation between phage and a n t i 

body, was unable to  d e tec t free  antibody in supernatant f lu id s  of spe

c i f i c  p re c ip ita te s . In  a d d itio n , the in f e c t iv i ty  of n eu tra lized  phage 

was not increased when the mixture of phage and antiserum  was allowed 

to  stand fo r s ix  months a t  U C a f te r  being d ilu ted  1,000 times beyond 

the concentration  a t  which antibody had any measurable n e u tra liz in g  

e f f e c t .  S im ilar r e s u l ts  were obtained in  d iluen t w ith or w ithout s a l t  

and in  a d ilu en t containing a de te rgen t. In  ad d itio n , Hershey presented 

evidence th a t  th e  in fe c tiv i ty  of n eu tra lized  phage in sp e c ific  p re c ip i

t a te s  did not increase  follow ing the  add ition  of a large  excess of
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fo rm alin -inactiva ted  homologoua ;Aiage. Thus the phage in the sp e c ific  

p re c ip ita te s  was ir re v e rs ib ly  bound to  antibody since i t  could not be 

rep laced  by th e  fo rm alin -inactiva ted  phage. The r e s u l ts  of the  above 

experiments support the idea of i r r e v e r s ib i l i ty  of th e  phage-anti phage 

re a c tio n . I t  thus appears th a t  the  high proportion of te rm in a lly  su r

v iv ing  phage cannot be explained by r e v e r s ib i l i ty  of the  n eu tra liz a tio n  

re a c tio n .

Anomalous n e u tra liz a tio n  behavior has been ascribed  to  e ffe c ts  of 

the  properdin system and complement. Various v iru se s , fo r example in 

fluenza  v iru s, NDV, herpes simplex, T2, and T? have been shown to  be 

s e n s it iv e  to  the  properdin system (Ginsberg and Wedgwood, I960). Van 

Vunakis e t  a l .  (1956) provided evidence th a t  the n e u tra liz in g  a c t iv i ty  

of f re sh  human serum fo r phage T2 may r e f le c t  properdin lev e ls . They 

ind icated  th a t  th is  a c t iv i ty  was demonstrable only in  the presence of 

a l l  four components of complement, d iv a len t ca tion , and properdin.

Serum which contained no properdin fa i le d  to  show phage n e u tra liz in g  

a c t iv i ty ,  whereas the add ition  of pu rified  properdin to  such serum 

re s to re d  T 2 -n eu tra lit in g a c t iv i ty .  Ginsberg and Wedgwood (i960) s ta te  

th a t  the  properdin system may a c t alone w ith some v iru ses  or, with 

o thers , may a c t to  p o ten tia te  the  n e u tra liz a tio n  by antibody. N eutral

iz a tio n  of some s tra in s  of dengue v iru s by sp ec ific  antibody was shown 

to  req u ire  the properdin system (Sabin, 1950). The ex ten t of th i s  r e 

quirement fo r the  properdin system in  a l l  v i r a l  n e u tra liz a tio n  systems 

is  not known. However, i t  i s  known th a t  adeno-, Coxsackie, ECHO, and 

po liom yelitis  v iruses are  r e s is ta n t  to  the  properdin system e ith e r  

alone or w ith antibody (Ginsberg and Wedgwood, I960). In  add ition .
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p u rifie d  antibody from frac tio n a ted  serum in ac tiv a te s  bacteriophage 

T2 in the absence of the properdin system (Cann and Clark, 195U).

These fa c ts  tend to  in d ica te  th a t  the requirement fo r  properdin in 

v i r a l  n e u tra liz a tio n  systems is  not a general one. According to  

Toussaint and Muschel (1962) the  e ffe c t of complement in n e u tra l i 

za tion  te s ts  appears to  be re la te d  to  the  nature of the  antibody used. 

In  th e i r  experiments on the  n e u tra liz a tio n  of T2 by normal serum, in 

a c tiv a tio n  depended on normal antibody and complement. In c o n tra s t, 

n e u tra liz a tio n  of phage by sp e c if ic  antiserum  was independent of com

plement.

R elation  Between In fec tio u s  Nucleic Acid (INA) 

and N eu tra liza t ion 

Due to  rec en t find ings concerning an unusual property  of v iruses 

(vide in f r a ) , a  theory  has been constructed which appears to  o ffe r  a 

reasonable explanation fo r  a l l  or a p a rt o f the te rm in a lly  surviving 

phage. G ierer and Schramm (1956) discovered th a t  the  ribonucleic  acid 

(ENA) component of TMV was in fec tio u s , independent of i t s  p ro te in  cap- 

s id . In  subsequent years th e  same fin d in g  has been extended to  Mengo 

en ce p h a litis  v iru s  (Coulter e t  ^ . , 1957), poliovirus (Alexander e t  a l . , 

1958), foot-and-mouth d isease  v irus (Brown e t  a l . ,  1958), and in f lu 

enza v irus (Maassab, 1959). In ad d itio n , the  work of G ierer and 

Schramm was confirmed by Fraenkel-Conrat (1956). Nucleic acid  iso la ted  

chem ically from bacteriophage f i l l h  was shown to be in fec tio u s fo r 

E scherich ia  c o li  p ro top lasts  (Guthrie and Sinsheimer, I960; Sekiguchi 

e t  ^ . ,  I960; Huppert e t  a l . ,  1961). Since both types of nucleic
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acid s, RNA and DNA (deoxyribonucleic a c id ), are involved in the ex

amples c ited  above, the occurrence of in fectiou s nucleic acid (INA) is  

believed to be a general phenomenon (H erriott, 1961). However the 

e ff ic ie n c y  of in fection  is  u su a lly  lower with INA preparations than 

with in tact v iru ses.

The p o s s ib i l i ty  th a t both v ir a l  in fe c tiv i ty  and n e u tra liz in g  

an tibodies could co-ex ist in the same serum-virus mixtures was sug

gested many years ago. Todd (1928) found th a t a mixture of fowl 

plague v irus and immune serum contained in fec tiv e  virus a f te r  an in 

cubation period of four hours a t  37 C. Andrewss (1928) found th a t 

vaccin ia  v iru s incubated w ith immune serum fo r hours p rio r to  

te s tin g  was as in fec tious as vaccinia in  fre sh ly  prepared serum-virus 

m ixtures. Sabin (1935) added su b s ta n tia l  support to  th is  concept 

through h is  s tu d ies  on sev era l virus-serum  systems. In one study he 

presented evidence suggesting th a t the  reason fo r  the varying in fac 

t i v i t y  of pseudorabies virus-serum  m ixtures given by d if fe re n t rou tes , 

or in d if fe re n t  animals, was ( l)  not due to  the f a c t  th a t one rou te  

was more se n s it iv e  than another in de tec ting  sm all amounts of non

inac tiva ted  v iru s and (2) not dependent on p rio r incubation v i t r o . 

Sabin proposed th a t no In ac tiv a tio n  could have occurred ^  v i t ro  and 

th a t  the ch arac te r of the t is su e  used fo r the  assay  of the serum- 

tre a te d  v iru s appeared to  a ffe c t the  outcome of the  te s ts .  In  another 

study with ra b b its  he found th a t more than 100 tim es the concentration 

of Inmune serum needed to  n eu tra lize  SO to  SOO minimal in fec tiv e  doses 

of B v irus inoculated  by the  intracutaneous route fa i le d  to  p ro tec t 

ag a in st a s in g le , minimal in fec tiv e  dose inoculated by the in tra c e re -
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b ra l  rou te . In  con tro l t e s t s ,  ra b b its  were found to  be equally  sus

cep tib le  by both ro u tes . H e rrio tt (1961) explained Sabin 's find ings 

on the ground th a t  immune serum n eu tra lized  whole v iru s but not INà. 

The fa c t th a t  the mixtures were more in fec tio u s by the in tra c e re b ra l 

than by the vintracutaneoua rou te  was considered to  be due to  the  

g rea te r nuclease a c t iv i ty  of the sk in .

Dulbecco e^  (1956) reported th a t  excess antibody fa i le d  to  

n e u tra liz e  com pletely the  in fe c t iv i ty  of e ith e r  WEE v irus or p o lio 

v iru s . This observation suggested to  H errio tt (1961) th a t e ith e r  the 

serum ribonuclease was in e ffe c tiv e  or the  v i r a l  nucleic  acid was pro

tec te d  by some kind of envelope.

Studies on po liov irus (Alexander e t  a l . , 1958), influenza v irus 

(Maassab, 1959), and tick -bo rne  e n ce p h a litis  v irus (Sokol e t  a l . ,  1959) 

showed th a t  INA r e s i s t s  n e u tra liz a tio n  by antiserum  which n e u tra liz e s  

the homologous whole v iru s . The fa c t th a t  some se ra  from humans who 

are  i l l  w ith v i r a l  in fec tio n s  w il l  com pletely n e u tra liz e  in fe c tiv i ty  

cannot be used as an argument aga in st the  existence of INA. The time 

used in  preparing the se ra  and the increased lev e ls  of deoxyribo

nuclease (DNAase) in the  serum could w e ll m ili ta te  against d e tec tin g  

INA in the blood (H errio tt e t  a d ., 1961).

In  work w ith po liov irus, the  range of host c e l ls  se n s itiv e  to  

in fec tio n  by INA was found to  be g rea te r than th a t  fo r the whole virus 

(Holland e ^ a l . , 1959). A s im ila r s i tu a tio n  has been found to  p reva il 

w ith INA of b a c te r ia l  v iru se s . I t  has been shown, fo r  example, th a t 

p ro to p lasts  derived from b a c te r ia l  c e l ls  normally r e s is ta n t  to  whole 

v ir io n s  of /H 7 li are  r e a d i ly  in fec ted  by INA iso la te d  chem ically from
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^ n h  (Sekiguchi e t a d ., I960). The INA from TMV (G ierer and Schramm, 

1956) and /X17ii (Guthrie and Sinsheimer, I960) produce the  usual type 

of in fec tio n , with the re lease  of whole v irio n s . The in fe c tiv i ty  of 

DNA from T2 phage fo r p ro top lasts was destroyed by tre a tin g  i t  with 

DNAase fo r 80 minutes (Fraser e t a l . , 1957). The in fe c tiv i ty  of INA 

from /X17L was destroyed by pancreatic  DNAase but not by E. c o li  phos

phodiesterase (F iers and Sinsheimer, 1962).

The knowledge th a t  an tibodies to  whole v iruses au*e d irec ted  

aga in st the protein  capsid and th a t  INA would not be suscep tib le  to  

an tibod ies d irec ted  a g a in st the whole, homologous phage suggests th a t 

term inal phage in fe c tiv i ty  in n e u tra liz a tio n  reac tio n s  may a r is e  

through a mechanism involving INA. I f  i t  is  assumed (1) th a t  INA is  

exposed or lib e ra ted  from the in ta c t phage during i t s  reac tio n  with 

antibody and (2) th a t INA is  in fec tio u s  fo r a v a riab le  f ra c tio n  of 

th e  host b a c te ria , the  term inal phase of a n e u tra liz a tio n  reac tio n  

could rep resen t the simultaneous ex istence  of antibody and INA.

Bacteriophage /X17Ü

An e a r ly  repo rt on bacteriophage /X17L by S e r t ie  and Boulgakov 

(1935) gave i t s  plaque s iz e , therm o-resistance, and i t s  an tigen ic  

re la tio n sh ip  to  other typh i phages. The f i r s t  s tu d ies  on i t s  size 

u t i l iz e d  u l t r a f i l t r a t i o n  techniques (S e rtie  and Boulgakov, 1935), 

u ltra c e n tr ifu g a tio n  techniques (Eepine e t  a ^ . , 19liii), and the  tech

nique of ir ra d ia tio n  w ith alpha rays (Bonét-Maury and Bulgakov, 19Wij 

F r i l le y  e t  a l . , 19hh) • More rec en tly , e lec tron  microscopy has been 

applied  to  stud ies of /X17k in an attem pt to  e lu c id a te  more p r e c i s e l y
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i t s  s ize  and s tru c tu re  (Sinsheimer, 1959a; Hall o ^ a d . , 1959; Tromans

and Horne, 1961; Maclean and Hall, 1962; Daems e t  a l . , 1962). In

shadowed e lec tro n  micrographs the phage appears to  co n sis t of twelve

capsomeres, about 70 ^  in diam eter, arranged as a t  the v e rtic e s  of

an icosahedron. The e x te rn a l shape of the v irus appears to  be in the
0

form of a polygon with a diameter of about 250 A. No t a i l  s tru c tu re  

has been seen.

Sinsheimer (1957) presented a prelim inary re p o rt on the  physical 

and chemical p roperties of /%17L. F u rther s tu d ies  (Sinsheimer, 1959a) 

of h igh ly  p u rified  v irus revealed th a t  fiLllh  had a sedim entation con

s ta n t  of l l l i  S, a p a r t ic le  weight of 6 .2  x 10^, and a diameter of 

about 250 No RNA was present, but DNA and p ro te in  accounted fo r 

approxim ately 2S per cent and 75 per cent of the  p a r tic le  weight, r e 

sp ec tiv e ly .

Recent s tud ies  have shown th a t the  p ro b ab ility  of in ac tiv a tio n  

of /H7U by decay of incorporated is  1.0 (Tessman e t  a l . , 1957; 

Kozinski, 1961) .  D isin teg ra tions of in have ten  times the

e ff ic a c y  of th a t  observed w ith other b a c te r ia l  v iruses (Hershey e t  , 

1951; S ten t and F uerst, 1955). Sinsheimer (1959a) suggested th a t  th is  

very high e ffic ie n cy  of in ac tiv a tio n  was due to  an unusual s tru c tu re  

in  the  DNA molecule. In  subsequent work Sinsheimer (1959b) was able 

to  show from chemical and physical s tu d ie s  on the DNA ex tracted  from 

/X17U th a t each v irio n  con tains one molecule of s ing le-s tranded  DNA.

The fa c t  th a t  the DNA molecule is  s in g le  stranded accounts fo r the 

high e ff ic ie n c y  of in ac tiv a tio n  of f fll lU  v ir io n s  by decay of incor

porated p32, since each d is in te g ra tio n  would r e s u l t  in sc iss io n  of
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the  DNà s tra n d .

The k in e tic s  of n e u tra liz a tio n  of pu rified  /X17U by antibody has 

apparently  not been s tu d ied . Zahler (1958) described the n e u tra liz a 

tio n  of /I17li by antiserum  against a re la te d  phage, SI3 . Several r e 

ports have appeared re c e n tly  on the a n tig e n ic ity  of /X17Ü in guinea 

pigs (Uhr e t  a l . , 1962a), newborn premature in fa n ts  (Uhr e t  , 

1962b), and non-mammalian verteb ra tes (Uhr e t  a l . ,  1962c). Although 

these l a s t  th ree  publications contain  h ighly  s ig n if ic a n t  data  con

cerning th e  production of antibody molecules, th ey  are  not concerned 

s p e c if ic a lly  with the k in e tic s  of n e u tra liz a tio n .

The ob jec tives of the  present research  were ( l )  to  study in  de

t a i l  the k in e tic s  of n e u tra liz a tio n  of pu rified  bacteriophage

by sp e c if ic  antibody, (2) to  determine whether n e u tra liz a tio n  obeys 

the percentage law, and (3) i f  so, to  c h arac te rize  the phage which 

escapes n e u tra liz a tio n .



CHAPTER I I  

MATERIALS AND ÆTHODS 

Media

The follow ing media were nsedx

(1) Broth.
1

T ry p to n e  10.0 gm

Potassiim  c h lo r i d e   5.0 gm

fbignesinm su lfa te  ( l  M)  1.0 ml

Calcium ch lo ride  ( l  M )   0 .5  ml

D is ti l le d  w a te r  1,000.0 ml

For d ilu en t purposes, normal ra b b it  serum^ (NRS) was added to  the  

broth to  a f in a l  concentration  of 1:100.

(2) 3AD medium (F raser and J e r r e l ,  1953)•

Dihydrogen potassium phosphate . . . U>5 gm

Disodium p h o sp h a te ...................................10.5 gm

Ammonium c h l o r i d e ..................................... 1.0 gm

Magnesium s u l f a t e ..................................... 0.3 gm

Casamino a c id s^ ........................................... 15.0 gm

G ly c e ro l ........................................................30.0 gm

^Obtained from Difco L aboratories, D e tro it ,  Michigan.

2h
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Calcium c h lo r id e  0.3 ml

G elatin  (l.O  per cent so lu tio n ). . . 1.0 ml

D is ti l le d  w a te r................................. 1,000.0 ml

(3) Modified ^%D medium (Guthrie and Sinsheim er, I960). This 

vas the same as 3%D medium except th a t  0 .9  gm dihydrogen potassium 

phosphate and 2 .1  gm disodium phosphate were used.

(li) P ro top las t n u tr ie n t b ro th  (PNB) .

Casamino a c id s  10.0 gm

N utrien t b r o th ^ ........................................ 10.0 gm

G lu co se ...........................................................1 .0  gm

Sucrose .................................................  100.0 gm

D is tille d  water   1,000.0 ml

A fter th is  so lu tion  was autoclaved a t  110 C fo r  15 minutes, 10 ml of 

a s t e r i l e ,  aqueous 10 per cent so lu tio n  of magnesium s u lfa te  were 

added.

(5) Bottom agar.

T ry p to n e ...................................................... 10.0 gm

Sodium c h l o r i d e ........................................ 2 .5  gm

Potassium c h lo r id e  2 .5  gm

Agar^.............................................................. 11.0 gm

Sodium hydroxide ( I N ) ............................6 .0  ml

D is ti lle d  w ater .......................  1,000.0 ml

A fter th e  so lu tio n  was autoc laved a t  110 C fo r  15 m inutes, 1.0 ml of 

s t e r i l e ,  aqueous 1 M calcium ch lo ride  was added.
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(6) To£  ag ar.

T ry p to n e  10.0 gm

Sodium c h l o r i d e ........................................ $ .0  gm

▲ gar.................................................................8 .0  gm

D is t i l le d  v a te r    1,000.0 ml

(7) P ro to p las t top  agar (Guthrie and Sinsheimer, I960). This

medium consisted  of PNB with the add ition  of 6.0 gm of agar per l i t e r

and, a t  th e  time of u se , the add ition  of 30 per cent bovine serum 
2

albumin (BSA) to  give a  f in a l  concentration  of 2 .0  per cent.

(8) Hard ag ar. This medium, co n sis tin g  of broth  w ith 2.0 per 

cent agar, was used exclusively  to  prepare s la n ts .

Host Organisms
_3 3 U

B acteria . E scherichia  c o li ,  s t ra in s  (T, H , and K12S were used. 

On re c e ip t ,  each s t r a in  was streaked on bottom agar and a sing le  

colony was picked and restreaked  on agar. This procedure was repeated 

twice and a s ing le  colony was then picked and tran s fe rred  to  a hard 

agar s la n t .  A ll experiments were ca rried  out on b a c te ria  derived 

from these sing le-co lony  iso la tio n s . T ransfers of stock  cu ltu res  

were made once weekly on hard agar s la n ts .  The s la n ts  were then in

cubated a t  37 C overnight and sto red  a t  h C. The p la tin g  b a c te r ia ,

E. c o li  C, were grown in  broth overnight a t  37 C, w ith a e ra tio n .
■ ' -           ' '  -

Obtained from Armour Pharm aceutical Company, Kankakee, I l l i n o i s .

^Generously provided by Dr. Irw in Tessman, Department of Biologi
c a l  Sciences, Purdue U niversity , L afayette , Indiana.

^Obtained from Dr. John Drake, Department of Microbiology, 
U n ivers ity  of I l l i n o i s ,  Urbana, I l l i n o i s .
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The c a ltn re  vaa then d ilu ted  I tS  in broth and 0.3 ml (1 .2  x 10^ 

colony-formere) of the  d ilu ted  b a c te r ia l  suspension vas used per 

p la te .

P ro to p la s ts . O.S ml of an overnight broth  cu ltu re  of E. c o li 

K12S vas inoculated in to  19.5 ml of modified 32D medium and the  cu l

tu re  vas incubated a t  37 C, v ith  a e ra tio n , u n t i l  the  c e l l  count 
8 1reached $ x 10 c e lls  ml” as determined v i th  a Petroff-H auser bac

t e r i a  counter. The c e l ls  vere then subcultured by inocu la ting  one

ml in to  2h ml of pre-varmed 3%D medium. This cu ltu re  vas then incu-
8 -1

bated in  th e  usual fash ion  u n t i l  the  c e l l  count reached 5 x 10 ml 

Tventy ml of the cu ltu re  vere then centrifuged a t  1,000 g fo r ten  min

u te s  a t  room tem perature. The supernatant f lu id  vas discarded and the 

p e lle t  vas taken up in  0.35 ml of 0 .^  M sucrose. 0.2 ml of 0.25 M 

T ris  (hydroxymethylaminomethane) b u ffe r, pH 8 .1 , and 0 .1  ml (0 .2  mg) 

lysozyme^ in d is t i l l e d  v a te r  vere then added, followed by 0.02 ml 

of 1&.0 per cent EDTA (disodium ethylenediamine te t r a a c e ta te ) . The 

mixture vas incubated fo r  15 minutes a t  37 C and d ilu ted  fiv e fo ld  

in  PNB contain ing  tvo per cent ESA. A fter f iv e  minutes, d fu rth e r 

fourfo ld  d ilu tio n  vas made in PNB w ithout BSA. This m a te ria l served as 

the  stock suspension of p ro to p lasts .

L ysates. Mass c u ltu re s  of E. c o li  C to  be infected  v i th  phage 

vere prepared in  0.5 to  15 l i t e r s  of the  3%D medium. An overnight 

cu ltu re  of the  organism grown in 3%D medium vas d ila ted  1:33 in the 

same medium a t  37 C. The re su ltin g  cu ltu re  vas incubated, v i th

^Obtained from Sigma Chemical Company, 3500 DeKalbe, S t .  Louis, 
M issouri.
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ae ra tio n , a t  37 C and when the concentration  of b a c te ria  reached 
9 "110 c e lle  ml" , according to  a count made w ith a Petroff-H aueer bac

t e r i a  counter, the cu ltu re  was infected  w ith /Z17Ü to  a f in a l  con-
10 —1 cen tra tio n  of 10 plaque-formera ml . At the  moment of in fec tion ,

one gm of magnesium su lfa te  was added a s e p tic a l ly  per l i t e r  of cu l

tu re . Foaming, which occurred about kS minutes a f te r  inocu lation ,
6

was con tro lled  by the addition  of antifoam . Lysis was u sua lly  

a ss is te d  by the add ition  of one ml of chloroform per 25 ml of ly sa te . 

Incubation was continued fo r 30 minutes, w ith aera tio n .

Preparation of Bacteriophage /X17L 

The bacteriophage fSX17k^ used throughout these s tu d ie s  was de

rived  from a sing le  plaque on E. c o li  C. Three d iffe re n t lo ts  of 

phage were prepared. In  each case, ly sa te s  as described above were 

used.

P u rif ic a tio n  and concentration of lo t  I  phage (^X17l;d) . A poo 1

of sev era l ly sa te s , to ta l in g  3,900 ml, and containing approximately
10 — 11 X 10 plaque-formers ml , was f i l te r e d  through an F, then through

a UF f r i t t e d  glass f i l t e r .  The f i l t r a t e  was concentrated approx1-
7

mately ten  tim es by d ialyzing  i t  again st carbowax li,000 a t  C 

(S o lle r, 1961) .  The concentrated phage was then r e f i l te r e d  through UF

^Dow-Corning Antifoam A Spray, Dow Corning Corporation, Midland, 
Michigan.

7
Obtained from Union Carbide Chemical Company, D ivision of Union 

Carbide Corporation, New York, New York.
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glass and subjected to  five  a l te rn a te  cycles of high-speed (100,000 g

fo r th ree  hours) and low-speed (1,000 to  10,000 g fo r 15 minutes)

cen trifu g a tio n s . A ll high-speed c en trifu g a tio n s  were done in a Spinco
0

Preparatory  U ltracen trifu g e , Model L . A fte r the  f i r s t  high-speed

cen trifu g a tio n , the 3XD medium was decanted and replaced by l/lO  i t s
-3

volume of s t e r i l e ,  0 .9  per cent sodium ch lo ride  containing 10 M 

magnesium su lfa te  (M g-saline). Mg-saline was then used throughout 

the remainder of the concentra tion  procedure. The p e lle t  obtained 

a f te r  the  f in a l  high-speed c en trifu g a tio n  cycle  was taken up in 22 

ml of the  Mg-saline and stored a t  li G.

P u r if ic a tio n  and concentra tion  of lo t  H  phage (f(X17lta) . E ight 

l i t e r s  of ly sa te  were prepared in  3XD medium as described above and 

the phage was p u rified  and concentrated according to  the  method of 

Tromans and Horne (1961). For t h i s  purpose b a c te r ia l  debris was f i r s t  

removed from the ly sa te  by c en trifu g in g  i t  a t  2,000 g fo r  30 minutes. 

The p e l le t  was then discarded and the  supernatant f lu id , while being 

maintained a t  U C, was brought slow ly to  LO per cent sa tu ra tio n  with 

ammonium s u lfa te . The so lu tion  was allowed to  stand a t  b C overnight 

and the  p re c ip ita te  which formed was ramoved by cen trifu g a tio n  a t 

10,000 g fo r  30 minutes and was resuspended in  100 ml T r is -EDTA b u ffer 

(O .l M T ris  plus 0.01 M EDTA) a t  pH 8.0 . The suspension was then cen

trifu g ed  a t  1,000 g fo r 15 minutes to  remove any la rge , n o n -v ira l 

m ateria l. Approximately 11 ml of the  supernatant f lu id  was placed in 

each of nine lu s te ro id  tubes and centrifuged a t  100,000 g fo r  90

8With the  a ss is tan ce  of Mr. C arl Eaygood, Veterans A dm inistration 
H ospital, Oklahoma C ity , Oklahcxna.
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m inutes. A four-inch  needle and syringe were used to  remove the super

natan t f lu id s  from each p e lle t .  The phage p e lle ts  were covered im

m ediately with 1.0 ml of fre sh  T ris -EDTA buffer and placed a t  L C 

overnight fo r e lu tio n  of the phage in to  the b u ffe r. The supernatant 

f lu id s  containing the  phage were pooled and recen trifuged  a t  1,000 g 

fo r ten  minutes to  remove d eb ris . The re s u lta n t  phage suspension was 

sto red  a t  ü C.

P u rif ic a tio n  and concentration  of lo t I I I  phage (*fX17üb) . A 

ly sa te  of ffllTh was produced in 15 l i t e r s  of the 3XD medium. The 

p u rif ic a tio n  and concentration procedures used were the same as those 

described above fo r the  lo t  I I  phage (/XlTi^a), except th a t  each of the  

p e lle ts  recovered a f te r  a second cen trifu g a tio n  a t  100,000 g were r e 

suspended in 1.0 ml of 0.07b M sodium te tra b o ra te , pH 9.1  (Sinsheimer, 

1959a). 5»b gm of rubidium ch lo ride  were then added slowly to  ten  gm

of the v irus suspension (Sinsheimer, 1959a) and the  m ateria l was cen

trifu g ed  to  equilibrium  (20 hours a t  b C) a t  90,000 g w ith an SW 30
8

ro to r  in a Spinco P reparative  ü ltra c e n tr ifu g e  . The cen trifuge  was 

allowed to  come to  r e s t  w ithout use of the e le c tro n ic  brakes. The 

cen trifuge  tube containing the phage was then c a re fu lly  removed from 

the ro to r . The grey colored m ateria l f lo a tin g  on the  surface of the  

f lu id  was removed w ith a small wooden spatu la  and discarded. A needle 

and syringe wore used to  remove about th ree  ml of the f lu id  covering 

th e  v irus band. A second needle and syringe were used to  remove approx

im ately one ml of f lu id  containing the  v irus band. The remainder of 

the  f lu id  in the tube was decanted in to  a s t e r i l e  t e s t  tube. The 

v iru s content of the th ree  f ra c tio n s  was assayed on E. c o li  C by the
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method described below. Each fra c tio n  was then stored a t  L C. In 

add ition , a sample of the fra c tio n  containing the /X17ljb v irio n s was 

d ilu ted  1:100 in broth containing 1:100 NRS and stored a t  h 0.

Determination of sedim entation c o e ff ic ie n ts  of j^XlTlia and 

The sedim entation c o e ff ic ie n t is  defined as the v e lo c ity  of the se d i

ment ing p a rtic le s  per u n it  f ie ld .  The value is  found by the follow ing 

equation :

s ■ 1/w^ • dx/dt (8)

where x is  the d istance of the  boundary in centim eters from the ax is

of ro ta t io n , t  is  the time in seconds, and w is  the angular v e lo c ity

in rad ians per second. The dimension of sedim entation c o e ff ic ien ts
-13

is  in seconds and the u n it 1 x 10 second has been termed 1 S, where 

S stands fo r  the Svedberg u n i t .

Sedimentation c o e ff ic ie n ts  of /X17W and /X17Lb were determined
O

in the Spinco U ltracen trifu g e , Model E . The AN-A ro to r , equipped 

w ith a 3 .0  mm th ic k , b«0°, s in g le -se c to r  c e l l ,  was used. The c e l l  was 

loaded w ith  the f^age preparation  and positioned in the  ro to r . The 

ro to r  was then hung on the drive sh a ft and the  chamber was closed. When 

the vacuum in the chamber reached S x lO”^ cm Hg the ro to r  was acce l

erated  to  a v e lo c ity  producing 30,900 g*s. During acce lera tio n  the 

sedim entation pa ttern  was examined through the  viewing screen to  de

termine i f  any m ateria l present in the phage suspension sedimented 

across the  c e l l  before the ro to r  a tta in ed  th e  desired operating speed. 

The tem perature of the  chamber was 21 C * 3*0 G during the determi

nation . Photographs of the  moving boundary were taken every four min
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u tes w ith the automatic photographic device. Values fo r  x were then 

determined, perm itting  the ca lcu la tio n  of the  sedim entation c o e f f i

c ie n ts  fo r  the  various peaks. Sedimentation c o e ff ic ie n ts  are generally  

reported  as S2q^w» the value the  m ateria l would have in  a so lvent w ith 

the  d en sity  and v isc o s ity  of water a t  20 C. Corrections of the ob

served sedim entation c o e ff ic ie n t, S^^g, to  th is  standard s ta te  can be 

performed. In  the  present study, however, a l l  of the data  necessary 

fo r these  conversions were not ava ilab le  and the r e s u l ts  are th e re fo re  

reported  as observed sedim entation c o e f f ic ie n ts .

Plaque counts. The s o f t  agar overlay technique was used fo r  a l l  

plaque counts (Adams, 1959)» With th i s  procedure, 0.3 ml of p la tin g  

b a c te ria  (E. c o li  C), prepared as described above, and 0.0$ to  0 .1  ml 

of a su ita b le  d ilu tio n  of /I17L were added to  th ree  ml of melted top 

agar held a t  I4I4 0 . The mixture was poured immediately in to  a p late  

containing approxim ately 30 ml of s o lid if ie d  bottom agar. The p lates 

were allowed to  remain on a lev e l surface u n t i l  the top  agar s o l id i 

fie d . This u sua lly  required  about 1$ minutes. They were then in 

cubated four to  s ix  hours a t  37 0 and plaques were counted w ith the 

a id  of a  Quebec Colony Counter.

D uplicate p la tings from the same d ilu ted  sample of phage gen

e ra l ly  agreed to  w ith in  ten  per cent when the average plaque count 

was about 2$0. Duplicate assays from separa te  d ilu tio n s  of the  same 

phage stock  generally  agreed to  w ith in  about ten  per cent when each 

assay was based on two or four p la te s .

S ta b i l i ty  of f(ll7W 37 C and U C. Since the stock ^X17U
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vas stored a t  U C but vas used in n e u tra liz a tio n  experiments a t  a 
3 h10 or 10 times sm aller concentration  a t  37 C, i t  vas important to  

compare the s t a b i l i ty  of the  d ilu ted  phage a t  It C and 37 C. Accord-
3

ing ly , ^117lid vas d ilu ted  1.20 x 10 times in  broth contain ing  1:100 

NRS, placed a t  li C, and assayed fo r  phage immediately, a f te r  30

minutes, and a f t e r  60 minutes. The phage vas a lso  d ilu te d  1.20 x 10^

times in the fo llo v in g  media:
—2(1) Broth v i th  5 x lO” M magnesium su lfa te .

(2) ùame as ( l ) ,  but v i th  1:100 NRS.

(3) 0.15 M sodium ch lo ride  v i th  10 ^ M magnesium s u lfa te .

(li) Same as (3 ), but v i th  1:100 NRS.

(5) 0.15 M sodium ch lo ride  v i th  5 x 10 M magnesium s u lfa te .

(6) Same as (5 ), but v i th  1:100 NRS.

The tubes vere  incubated a t  37 C and a f te r  30 and 60 minutes a sample 

vas taken from each tube and assayed fo r i t s  content of phage.

S ta b i l i ty  of various concen trations of /ll7L b  a t  37 C and hh C. 

Since, in the p la tin g  procedure, /I17L vas held tem porarily  a t  LL G, 

i t  seemed desirab le  to  measure i t s  s t a b i l i ty  a t  th is  tem perature. 

S e r ia l  d ilu tio n s  of /X17Ub vere  prepared in bro th  contain ing  1:100

NRS, a t  37 0, to  contain 6.26 x 10^, 7.1:3 % 10^, 7.08 x 10^, and
3 -1  9.11 X 10 plaque-formers ml . Each concentration  of phage vas con

ta ined  in a volume of five  ml. The tubes vere incubated fu rth e r  a t  

37 C and samples vere removed a f te r  one, tvo , four, e ig h t, and 1|6 

hours and assayed fo r phage. An id e n tic a l  se t of phage d ilu tio n s  

vas incubated a t  W: C and samples vere removed fo r assay  a t  the  same 

time in te rv a ls .
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Production of ^ l l lU  Antibodies in  Rabbits

Five a lb ino  ra b b its , weighing approxim ately two kg, were used 

fo r  the  production of an tib o d ies . Three of the  ra b b its  were inocu

la ted  in travenously  in a m arginal ear vein w ith approximately 1 x 
12

10 plaque-form ers of /X17lid contained in one ml of the Mg-saline 

d ilu en t. Twelve days la te r ,  each of the th ree  rab b its  was re - in je c te d  

in travenously  w ith th e  same dosage of phage. Blood samples were 

taken from each ra b b it  by card iac  puncture on the  f i f t h ,  seventh, 

and n in th  days a f te r  the f i r s t  in je c tio n  and on th e  fo u rth , s ix th , 

and e igh th  days a f te r  the second in jec tio n  of phage. The blood was 

c o llec ted  in  s t e r i l e  tubes and allowed to  c lo t  a t  room tem perature. 

The c lo ts  were then ringed and the  tubes were sto red  overnight a t  L C. 

The follow ing day the  tubes were centrifuged a t  1,000 g fo r 15 

minutes and th e  se ra  were c o lle c te d , tre a te d  w ith m erth io la te  ( i t  10, 

000), and stored a t  U C in rubber-stoppered t e s t  tubes.

The o ther two ra b b its  received  cu ltu re  f i l t r a t e  m ateria l from 

E. c o li  C prepared as follows t 20 ml of b ro th  were inoculated w ith 

c e l ls  from a hard agar s la n t and incubated a t  37 C overnight, w ith 

a e ra tio n . The cu ltu re  was then centrifuged a t  1,000 g fo r  15 minutes 

and th e  supernatant f lu id  was passed through a UF s in te red  g lass 

f i l t e r .  Each of the  two ra b b its  was in jected  in travenously  in the 

m arginal ear vein w ith one ml of the f i l t r a t e .  Each rab b it received 

a second in je c tio n  of one ml of the f i l t r a t e  12 days la te r .  Serum 

samples were c o llec ted  a t  th e  same time in te rv a ls , and by the same
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technique, aa described above.

Method of Measuring N eu tra liza tion  

of /I17Ü by Rabbit Antibody 

The follow ing method was used in the  rou tine  n e u tra liz a tio n  ex

perim ents. The stock phage was d ilu ted  in broth contain ing  1:100 

NRS to  a concentration ten times g rea te r than th a t  to  be used in the 

/Z 17L -an ti-/ll7L  reac tio n  m ixture. The antiserum  was d ilu ted  in broth 

to  the  concentration  to  be used in the n e u tra liz a tio n  reac tio n  mix

tu re  and pre-incubated a t  37 C. 0 .1  ml of the d ilu ted  phage prep

a ra tio n  was then added to  0 .9  ml of the pre-warmed antibody so lu tio n  

and incubation was continued a t  37 0. At the  moment of mixing (time 

zero) a stop  watch was s ta r te d  to  time the  experiment. At various 

in te rv a ls , the concentration  of surv iv ing  phage in  the  reac tio n  mixture 

was determined by removing a sample, d ilu tin g  i t  1:^0 or 1:100 to  

stop  n e u tra liz a tio n , d ilu tin g  fu rth e r i f  necessary, and p la ting  a 

sample from the la s t  d ilu tio n  of the mixture in dup lica te  or quadru

p lic a te , as described above. Since i t  was te c h n ic a lly  Impossible to  

ob tain  a sample of the input phage from the  n e u tra liz a tio n  rea c tio n  

mixture a t  zero tim e, a phage con tro l was prepared fo r  each experiment.

0 .1  ml of the  d ilu te d  phage described above was mixed with 0.9 ml of 

pre-warmed broth  containing 1:100 NRS and incubated a t  37 C. Two 

samples were removed immediately. Each sample was d ilu ted  sep ara te ly  

and plated in quadrup lica te . This process was repeated  a t  the  end of 

each experiment and the mean plaque counts from a l l  16 p lates was 

used to  ca lcu la te  P^. When K values were to  be determined, formula
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(2) given in In troduction  and H istory  was used. S lig h t m odifications 

of the above procedures were requ ired  frequen tly . These changes w il l  

be described w ith the appropria te  experiments.

Method of In fec tin g  P ro top las ts  

/X17it was d ilu ted  1:200 in  an aqueous so lu tio n  of 0 .1  M potas-
_3

siura chloride and 10 M T ris , pH 8 .1  (KCl-Tris b u ffe r) . Rabbit a n t i 

serum, which had been previously d ilu ted  1:^0 in bro th , was d ilu ted  

1:900 in the KCl-Tris b u ffe r . The f i n a l  d ilu tio n  of serum was thus 

1:L.S X 10^. 0 .1  ml of the  d ilu ted  phage was added to  9.9 ml of the

d ilu te d , pre-warmed antibody so lu tion  and the  mixture was incubated 

a t  37 C fo r f iv e  hours. The phage c o n tro l mixture consisted  of 0 .1  ml 

of the d ilu ted  phage plus 9.9 ml of the  KCl-Tris b u ffe r . The con tro l 

m ixture was a lso  incubated a t  37 C fo r  f iv e  hours. The Pq and the 

term ina l phage concentration in the  phage-antiphage reac tio n  mixture 

were determined in  the u su a l manner. At the end of the  f iv e  hour in 

cubation period, 0 .5  ml of 0 .1  M T ris was added to  L.5 ml of the phage- 

a n t i  phage rea c tio n  mixture in order to  increase the T ris  concentration  

to  0.01 M. To reduce the  phage concentra tion  in  the phage con tro l 

suspension to  a lev e l approximating th a t  in  the phage-antiphage mix

tu re ,  i t  was d ilu ted  1:70 in 0.01 M T r is . Two ml of the ad justed  

(O.Ol M T ris ) phage-antiphage mixture were then added to  two ml of the  

stock p ro top lasts  suspension. This m ateria l, designated Adsorption 

Mixture A, was incubated a t  37 C. Adsorption Mixture B consisted  of 

two ml of the d ilu ted  phage co n tro l suspension plus two ml of the 

stock p ro to p last suspension. I t  a lso  was incubated a t  37 C. A fter
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ten  minutes a sample taken from Adsorption Mixture A was d ilu te d  1:5 

in pre-warmed PNB (Qrowth Mixture A). At the same time another sample 

was d ilu ted  1:10 in PNB w ith two per cen t BSA, and a th ird  sample was
9

d ilu ted  1:10 in chloroform-water . To determine the t o t a l  number of 

in fec tio u s cen ters (free  phage plus in fec ted  p ro top lasts) in Adsorp

tio n  Mixture A, 0 .1  ml of the  PNB d ilu ted  mixture was plated in  2.5 ml 

of the p ro to p last top agar. 0 .1  ml of the chloroform-water d ilu ted  

mixture was plated as u su a l to  determine the number of f re e  phage in 

Adsorption Mixture A. The contents of Adsorption Mixture B were 

tre a te d  ex ac tly  as described fo r Adsorption Mixture A. E ighty minutes 

a f te r  Qrowth Mixtures A and B were prepared they  were assayed fo r 

th e i r  content of phage.

Lupus Erythematosus (IE) Sera in  N eu tra liza tion  Studies

F if te e n  sera^^ obtained from pa tien ts  w ith lupus erythematosus (IE)

were used in a m odification of the n e u tra liz a tio n  experiments described

above. The source and d escrip tio n  of the  sera are  presented in Table

1. S u itab le  d ilu tio n s  of S2U, an an ti-/Z 17b  rab b it serum which w ill

be described la te r ,  were mixed with /%17L a t  a P^ of 3.28 x 10 
-1

plaque-formers ml and the  mixture was incubated a t  37 C. At the  end 

of varying periods of incubation, 0 .1  ml volumes of the various IE 

sera  were mixed with 0.9 ml volumes of the /I17hb-S2h mixture and in-

9
500 ml of d is t i l le d  w ater was mixed with 20 ml chloroform. 

Before use the  mixture was s t i r r e d  on a magnetic s t i r r e r  to  suspend 
the  chloroform in  small d ro p le ts .

Obtained from Dr. George J . F riou , Departments of Medicine and 
Microbiology, U niversity  of Oklahoma Medical Center, Oklahoma C ity, 
Oclahnna.
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TABIZ 1

LUPÜS ERTTHEMâTOSÜS SERA USED 
IN NEUTRAUZATION EXPERIMENTS

Serum
number P atien t Date p a tien t 

was bled

R esults of 
an tinuc lear

a
Spot

t e s t s  fo r 
an tibod ies

Complement . 
f ix a tio n

IE 1 S. J . 2-2Ü-62 - -

IE 2 N. P. K. - - N

IE 3 L. B. 3- 12-62 N N

IE h N. P. K. 1- 10-60 - ♦

IE 5 B. M. 1-10-61 1,8 N

IE 6 J . K. 10-31-62 1,32 N

IE 7 H. H. 9 -Hi-62 1:25 AC

IE 8 N. P. K. 11-7-62 - N

IE 9 C. F. 12-12-62 1,256 AC

IE 10 J .  K. 12- 12-62 1,16 +

■ IE 11 C. A. 11- 10-62 1,1 +

IE 12 J . K. 1- 10-62 - N

IE 13 K. P. 11- 12-62 1:16 N

IE Hi R. G. V. 12-1-62 l,61i +

IE 1$ J .  K. 11-21-62 1:256 +

Performed by Dr. George J .  F riou . R esults given as h ighest d i
lu tio n  of serum giving a p o sitiv e  t e s t .  N is  negative t e s t .

^Performed by Dr. George J . F riou , by method of Robbins e t  a l .  
(1957)» N is  negative t e s t ;  ^ is  doubtful t e s t ;  + is  positive  t e s t ;  
AC is  anticomplementary sezmm.

- ,  not recorded.
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cubâtion vas continued. Sera from ten  normal persons and h o sp ita lized  

ind iv iduals who did not have I£ vere a lso  te s te d . Control reac tio n  

m ixtures vere prepared by mixing 0.9 ml volumes of the /X17üb-S2i& 

mixture v i th  e i th e r  0 .1  ml of broth  containing 1:100 NRS or 0 .1  ml of 

a su ita b le  d ilu tio n  of S2U. The concentration  of S2U used vas designed 

to  y ie ld , on d ilu tio n  of 1:10, the same concentration  present a t  the 

beginning of the  n e u tra liz a tio n  period. At 30, 60, 90, and 120 

minute in te rv a ls  samples vere removed, d ilu ted  i f  necessary, and 

assayed fo r surv iv ing  phage.

DNAase in N eu tra liza tion  S tudies

DNAase vas te s ted  fo r i t s  e ffe c t on phage vhich survived neu-
7

t r a l iz a t io n .  In  a ty p ic a l experiment, Pq vas 6.1:8 x 10 plaque-

formers ml ^ and S2li, d ilu te d  6 x  10^ tim es, vas used. A fter a th ree

hour incubation period a t  37 C, 2.S, 25, and 2$0 micrograms of pan- 
11c re a tic  DNAase , contained in 0 .1  ml d is t i l l e d  v a te r ,  vere added to  

0 .9  ml portions of the phage antiphage mixture and to  0.9 ml portions 

of a con tro l suspension contain ing  no S2li. Incubation vas continued 

a t  37 C and samples vere removed a t  30, 60, and 120 minute in te rv a ls  

and assayed fo r  th e ir  content of phage.

^^Obtained from C alifo rn ia  Corporation fo r Biochemical Research,
Los Angeles, C a lifo rn ia .



CHAPTER n i  

RESULTS

PnorlfIca tlon  and Concentration of Bacteriophage ^111 \x

Lot I  phage (/I17W ) . The pooled lysa tes (3,900 ml), comprising

lo t  I  phage, contained a t o t a l  of 3 .9  x 10^^ plaque-form ers. A fter

p u r if ic a tio n  and concentration by the  methods described, a t o t a l  
12y ie ld  of 2 .2  X 10 plaque-formers in  22 ml of Mg-saline was obtained. 

A l80-fo ld  concentration of the phage was thus e ffec ted  and the  r e 

covery represented  $6 per cent of th e  phage contained in the o r ig in a l 

ly s a te .

Lot I I  phage (^Z17W) • The concentration  of /X17Ua v irio n s  a t  

various s tages of p u r if ic a tio n , and th e  volumes in  which they  were 

contained, a re  given in Table 2. An 8^-fold  concentration of the 

phage was obtained, w ith a recovery of 55»U per cen t of the phage 

present in  th e  o r ig in a l ly sa te . The pu rified  phage was contained 

in  9.0 ml Tris-EDTA and the  suspension had a t i t e r  of 3.63 x 10^^ 

plaque-form ers ml”  ̂ or a to ta l  of 3.27 x 1 0 ^  plaque-form ers.

Lot I I I  phage (>(ll7Ub) . The concentrations of /X17üb v irio n s and 

the  volumes in  which they  were contained a t  various stages of con

cen tra tio n  and p u rif ic a tio n  are given in  Table 3. I t  can be seen th a t 

th e  volume of the o r ig in a l ly sa te  was reduced n early  11,000-fold dur-

Uo
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TA BIZ 2

PURIFICATION AND CONCENTRAnON OF /I17ka

Vlrua
preparation

Volume
(ml)

Plaque count T o ta l
(per ml) Plaque-formers

Mass ly sa te , 8,000
b a c te ria  f re e

8 .20  X 1010 6.56 X 10Hi

Ammonium su l
fa te  p e lle t  
resuspended in 
Tris-EDTA *

100 2 . 8 8  X 1 0 ^ ^  2 . 8 8  X 1 0 ^ ^

100,000 g p e lle t  
resuspended in 
Tris-EDTA

3.63 X 10'
13

3.27 X 10Hi

a0 .1  M T ris  + 0.01 M EDTA, pH 8 .0
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TABLE 3

PURIFICATION AND CONCENTRATION OF /%17kb

Virus
Preparation

Volume
(ml)

Plaque count 
(per ml)

T o ta l
Plaque-formers

(A) Maas ly sa te  16,L00^ 1.20 x 10^^ 1.97 x 10^^

(B) Mass ly sa te  a f te r  16,000 2.10 x 10^^ 3.36 x 10
removal of bac te ria
and debris

(C) L0$ ammonium su l-  18,900 1.60 x 10^^ 3.02 x 10^^
fa te  frac tio n a tio n
of (B)

9 13
(D) 10,000 g super- 18,$00 I . 10 x 10 7.$0 x 10

natan t of (C)

(E) 10.000 g p e lle t  of 123 7.23 x 10^^ 9.00 x 10^^
(C) resuspended in
Tris-EDTA °

(F) 100,000 g p e lle t  of 1$ 3.86 x 10^^ $.80 x 10^^
(E) resuspended in
Tris-EDTA

12 13
(G) 1,000 g super- 1$ 3.10 x 10 k.6$ x 10

natan t of (F)

(H) Density gradient 1. $ 1.22 x 10^^ 1.83 x 10^^
cen trifu g a tio n  of
(Q), v iru s  band

®This fig u re  rep resen ts 1$ l i t e r s  of o r ig in a l ly sa te  to  which 
magnesium s u lfa te  and chloroform were added.

^0.1 M T ris  ♦ 0.01 M EDTA, pH 8.0 .
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ing the preparation of /%17Lb. Concomitantly, the phage t i t e r  in 

creased approxim ately 100-fold. However, only about one per cent 

of the  phage contained in the o r ig in a l ly sa te  was recovered.

A n a ly tica l u I tra c e n tr ifu g a tio n  sedim entation c h a ra c te r is t ic s  of 

/ll7 L a  and /I17hb . An u ltra c e n tr ifu g e  sedim entation pa ttern  of /ll7 L a  

v irio n s  in  Tris-EDTA, pH 8 .0 , is  shown in Figure 1. Two peaks were 

obtained. The sedim entation constan t, of the  f a s t  moving com

ponent was found to  be llL .7  and th a t  of the  slower moving component, 

76. Although the two peaks were sh o rt, each appeared to  be homo

geneous.

The u ltra c e n tr ifu g e  sedim entation p a tte rn  of /X17Lb v irio n s  in 

borate  b u ffe r, pH 9.0 , is  shown in Figure 2. One peak was obtained 

w ith th is  phage preparation . The was found to  be 113.

S ta b i l i ty  of /%17W and ^117 Ub

S ta b i l i ty  of ^117ltd ^  U C and 37 C. The r e s u l ts  of s tu d ies  in 

which b ro th -d ilu ted  /X17Ld v irio n s  were incubated in various media fo r 

30 and 60 minutes a t  37 C a re  presented in Table it. I t  can be seen 

th a t  the phage was stab le  a t  it G and, in general, i t  appeared to  be 

somewhat more s ta b le  in media supplemented w ith ItlOO HRS. For th is  

reason, broth  containing 1:100 HRS was used in  a l l  subsequent s tu d ie s .

S ta b i l i ty  of various concentra tions of /X17 itb a t  37 and it It C.

The re s u l ts  of incubating various concentrations of /X17itb a t  37 C 

fo r  various lengths of time in b ro th  with 1:100 HRS are  given in 

Table I t  can be seen th a t  a t  a l l  concentration  levels the  phage 

was s ta b le  fo r  e igh t hours. However, a f te r  ItB hours a t  37 C the  t i t e r
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Figure 1. U ltracen trifuge  sedim entation p a tte rn  fo r  fiXXlha. 
v ir io n s  in Tris-EDTA bu ffer, pH 8 .0 . The sedim entation constant fo r 
the  f a s te r  moving component is  I l k .7 S and fo r the  slower moving com
ponent is  76 S. P ic tu res  were taken every four minutes. 38,900 x g.
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Figure 2. U ltracen triftige  sedim entation pa ttern  fo r  /%17üb 
T irions in borate b u ffe r, pH 9 .0 . The sedim entation constant fo r 
th is  component is  113 S. P ic tu res  were taken every four minutes. 
38,900 X g.
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TA BIZ h

STAHIUTT OF /I1 7 ld  IN VARIOUS MEDIA AT 37 C

30 Minutes 60 minutes
Medium

P c P/Po ^ P P/Po

aC ontrol , broth 
with I t 100 NRŜ  
a t  U C

1.38 1.20

( l)  Broth with 
5 X 10"^ M mag
nesium su lfa te

1.20 0.82 l.OU 0.68

(2) Same as ( l ) ,  
but w ith 1:100 
NRS

1.53 1.00 1.29 0.85

(3) 0.15 M sod
ium ch lo ride  with 
10"^ M magnesium 
su lfa te

l . l i l 0.93 1.25 0.82

(U) Same as (3), 
but w ith 1:100 
NRS

1.22 0.80 1.09 0.72

(5) 0 .15 M sod
ium ch lo ride  with
5 X 10“^ mag
nesium su lfa te

l . l i l 0.93 1.25 0.82

(6) Same as (5), 
but w ith 1:100 
NRS

1.26 0.83 1.39 0.92

a 7 - 1Plaqae-formera a t  zero time •  1.52 x 10 , ml .

^ Normal rab b it semm.
c 7 1P ■ plaque-formers x 10 , ml"^.

^ P_ “ mean value of plaque-formers ml“ ^ fo r con tro l a t  zero, 30, 
and 60 m inutes.
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TABI£ 5

STAHIIITT OF /%17Lb IN BROTH WITH 1:100 NRŜ  AT 37 C

Plaque-formers ml~^
Time . —. ■   -  -  ■ ,     _ ■ , ■

(Hours) ^ 2g6 * 10^ x 10^ x 10^

Zero 6.26 7.1,3 7.08 9.11

1 6.38 7.06 7.05 8.50

2 6.85 8.80 9.50 6.69

I 7.50 8.50 9.20 9.60

8 9.30 6.92 8.1,0 8.60

U8 2.19 2.95 3.80 3.00

*Normal ra b b it serum.
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of phage decreased in a l l  four m ixtures.

The r e s u l ts  of incubating various concentrations of /X17kb a t  

UÜ C fo r  various lengths of time in broth w ith 1:100 NRS are given 

in  Table 6 . I t  may be seen th a t  the phage was extremely unstab le  

a t  LÜ 0. In ac tiv a tio n  of the  phage was noted as ea rly  as the second 

hour. A fter L8 hours of incubation, no ac tiv e  phage was found in  the 

tubes which o r ig in a lly  contained the  two lowest concentrations of 

phage. Only about th ree  per cent of the  phage survivied  a t  the two 

higher leve ls  stud ied .

N eu tra liza tio n  S tudies

Production of anti-/X 17b an tib o d ie s . Sera obtained from a l l  of 

the ra b b its  p rio r to  th e ir  inocu lation  with /%17W or with the  host 

m ateria l preparation showed no n e u tra liz in g  a c t iv i ty  fo r /X17ü. In 

ad d itio n , the se ra  from the  ra b b its  which received  the host m ateria l 

showed no n e u tra liz in g  a c t iv i ty  fo r  ffXllh- One of the ra b b its  which 

received bacteriophage /%17W died during the  immunization procedure. 

The n e u tra liz in g  a c t iv i ty  fo r fSlllh  of the se ra  from the two surviving 

ra b b its  showed c h a ra c te r is t ic  primary and secondary antibody responses. 

The n e u tra liz in g  a c t iv i ty  of the sera  was measured and th e i r  K values 

were determined. The re s u l ts  a re  shown in Table 7* I t  can be seen 

th a t  the K values of sera  frran both rab b its  increased a f te r  the  f i r s t  

in je c tio n  of phage and th a t  the values increased more rap id ly  and to  

a g rea te r ex ten t follow ing the second in je c tio n  of phage. The serum 

obtained from ra b b it  #2 on the  s ix th  day a f t e r  the second in je c tio n  

of phage was lab e lled  S2U.
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TABLE 6

STAHEUTT CF fSXllhb IN BROTH WITH 1:100 NRS® a t  kh C

Time
(Hours)

Plaque-formers ml**̂

. 1 0 ^ x l o '
u

X 10 X 10^

Zero 6.00 6.17 7.31 7.73

1 5.28 6.33 9.78 -

2 U.58 6.57 5.52 k.hO

h U.93 5.kO 7.90 7.50

8 2.20 3.00 2.60 3.00

liB 0.08 0.10 0 0

®Normal ra b b it serum.

- ,  no t done.
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TABLE 7

ANTI-/I17Ü ANTIBODY PRODUCTION IN RABBITS

iDay on which sera  were co llec ted  a f te r :

F i r s t  In jec tio n Second In jec tio n

5 7 9 Ix 6 8

Rabbit 1 31^ 52 Ul 125 3110 2367

Rabbit 2 126 371 2li3 8 2990 3262

value (m inute"^).
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N eu tra liza tion  of /I17üd by S2h> In  prelim inary experiments the

K value fo r S2U was determined to  be 2990 minute By using formula

(2) I t  can be estim ated th a t  a f te r  one h o u r's  Incubation of a mixture

of /I17W  and d ilu ted  (2.6 x 10^ times) S2U there  should be approx- 
—3Imately 10 surviving phage:

K -  2.3 D /t X logio Pq/P 

2990 -  2.3 (2.8 X 10^)/6 0  x log^Q P^/P 

logio Pq/P -  2990/1000 -  2.77 

Po/P -  598

P/Pjj -  1 .6 5  X lo"^

An experiment was there fo re  performed to  determine how c lo se ly  an 

experim entally  determined value would correspond w ith the  th e o re tic a l .  

The n e u tra liz a tio n  experiment was performed with four phage-antiphage 

rea c tio n  mixtures In order to  in v es tig a te  the e ffe c t  of i n i t i a l  phage 

concentra tion , Pq, on the survivor f ra c tio n . The P^ ranged from 1.22
8 5 -1

X 10 to  1.22 X 10 plaque-formers ml . The P^ fo r the  con tro l

rea c tio n  mixture without antiserum  was 1.22 x 10^ plaque-formers ml“^.

The re s u l ts  of the  experiment are  shown in  Figure 3* I t  can be seen

th a t  the  fra c tio n  of phage surviving n e u tra liz a tio n  was about the  same

w ith each Pq fo r the f i r s t  20 minutes of incubation. A fter th is  time,
0

the  reac tio n  mixture which i n i t i a l l y  contained 1.22 x 10 plaque- 

formers ml ^ (curve A) showed a decline  in i t s  ra te  of n e u tra liz a tio n . 

The two reac tio n  mixtures (curves B and C) contain ing  the interm ediate 

Pq' s showed g rea te r ra te s  of n e u tra liz a tio n  than was shown w ith reac

tio n  mixture A and the ex ten t of n e u tra liz a tio n  was g rea ter by a fac -
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Figure 3- N eu tra lization  of /XIYW by S2li d ilu ted  2.8 x 10
Incubated a t  37 C in broth with 1:100 NRS.

1 - 1

tim es.

(plaque-formers ml"-*-) :
A -  1.22 X lO! 
B -  1.22 X 10'

Pp fo r reaction  mixtures
6 C

D
1.22 X
1.22 X 10^
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to r  of approximately 10. Curves B and C were not exponential. The

ra te  of n e u tra liz a tio n  occurring in the reac tio n  mixture (curve D)
5 -1which i n i t i a l l y  contained 1.22 x 10 plaque-formers ml was exponen

t i a l  only during the f i r s t  hS minutes of the  experiment. This ex-
7

périment a lso  showed th a t, w ith  in a range from 1.22 x 10 to

1.22 X 10^ plaque-formers ml the f ra c tio n  (approximately 10 of

Pq surviving n e u tra liz a tio n  a f t e r  60 minutes was the  same as th a t

ca lcu la ted  on a th e o re tic a l b a s is .

The data presented in F igure 3 were derived from samples taken

a t  10, 20, 30, hS, and 60 minute in te rv a ls . Since i t  seemed possib le

th a t  more d e f in itiv e  inform ation might be gained by tak ing  samples

more frequen tly  during the n e u tra liz a tio n  period, an experiment was

performed in which samples were taken every 2.5 minutes over a period
0

of one hour. In  th is  experiment, P^ ranged between 1.03 x 10 and

7.5U X 10^ plaque-formers ml S2L was used a t  a d ilu tio n  of 2 .8

X 10^. The r e s u l ts  are shown in Figure h- Curve A represen ts a

reac tio n  mixture w ith a Pq of 1.03 x 10^ plaque-formers ml”^. The

ra te  of n e u tra liz a tio n  in th is  system was not exponential and the

fra c tio n  of P^ surviv ing  a f t e r  60 minutes of incubation a t  37 C was
6

0 .1 . Curve B, rep resen ting  a P^ of 9.70 x 10 plaque-formers ml 

appeared to  be logarithm ic fo r  about the f i r s t  ten  minutes a f te r  

which time the  r a te  of n e u tra liz a tio n  slow ly decreased. Curve C 

rep resen ts  a reac tio n  mixture w ith a Pq of 9.51 x 10^ plaque-formers 

ml~^. At th is  serum concentration/t*p r a t io  the system appeared to  

have exponential n e u tra liz a tio n  c h a ra c te r is tic s  fo r  about the f i r s t  

30 minutes of n e u tra liz a tio n , followed by a slower r a te  of n e u tra l-
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Figure ü. N eu tra liza tion  of /X17W by S2h d ilu ted  2.8 x 10^ 
tim es. Incubated a t  37 C in  broth  with 1:100 NRS. fo r reac tio n  
m ixtures (plaque-formers m l"!):

A -  1.03 X 10? C “ 9.51 X 10?
B -  9.70 X 10^ D -  7 . 5I4 X 10^
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iz a tlo n . Curve D, which rep resen ts a reac tio n  mixture containing 

7.5Ü X 10^ plaque-formers ml ^ i n i t i a l l y ,  appeared to  be exponential

fo r the e n tire  60 minutes. I t  can a lso  be seen th a t ,  with in a
6 L -1

range of 9.70 x 10 to  7.5k % 10 plaque-formers ml , the f rac tio n

of Fq surv iv ing  n e u tra liz a tio n  a f te r  60 minutes was approxim ately

10“^.

In  fu rth e r study of the  n e u tra liz a tio n  of /Z17Ld by S2U d ilu ted

2.8 X 10^ tim es, the k in e tic s  of n e u tra liz a tio n  was determined by 

doing e ig h t, ra th e r  than four re p lic a te  p latings on each sample taken 

from the rea c tio n  m ixtures. In  th is  experiment, the  samples were 

taken a t  ten  minute in te rv a ls  during a one hour incubation period.

The re s u l ts  a re  shown in  Figure 5 where i t  w il l  be seen th a t  

ranged from 1.23 x 10^ (curve D) to  7.80 x 10^ plaque-formers ml ^

(curve A). A ll of the n e u tra liz a tio n  curves were exponential fo r

about the f i r s t  1$ to  20 minutes of incubation. The subsequent ra te  

of n e u tra liz a tio n  appeared to  be s l ig h t ly  less in a l l  of the m ixtures, 

except in the mixture represented by curve D. Curve D appeared to  be 

exponential throughout the  e n tire  incubation period. A fter 60 minutes 

of incubation, the f ra c tio n  of Pq surv iv ing  n e u tra liz a tio n  was approx

im ately  li X 10 ^ and 10 ^ in the reac tio n  mixtures represented  by 

curve A and curve D, re sp ec tiv e ly . For reac tio n  m ixtures represented  

by curves B and C, the fra c tio n  of P^ surviving was approxim ately 

i o - \

To th is  point the  stu d ies  on the  n e u tra liz a tio n  of /ll7L d  by 

S2U had depended e n t i r e ly  on a one hour incubation period. A ttention  

was th e re fo re  focused next on the f ra c tio n  of phage surv iv ing  n e u tra l-
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Figure 5. N eu tra lization  of /X17W by S2k d ilu ted  2.8 x 10 times.
Incubated a t  37 C in broth w ith 1:100 NRS.
(plaque-formers ral”^ ) : /

A -  7.80 X log C
B -  9.66 X 10^ D

Pq for reaction  mixtures

8.80 X 10;
1.23 X 10
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iza tlo n  a f te r  6 to  12 hours of incubation. I t  seemed possible th a t 

w ith prolonged incubation the ex ten t of n e u tra liz a tio n  might be found 

to  be independent of P^. For th is  purpose S2h, d ilu ted  2.8 x 10^ 

tim es, was incubated w ith /X17W with ranging between 6.20 x 10^ 

and 6.20 X 10^ plaque-formers ml”^ Samples were removed from the 

reac tio n  mixture a f te r  one, two, four, s ix , nine, and 12 hours of in 

cubation and assayed fo r su rv iv ing  phage. The re s u l ts  of th is  experi

ment, shown in  Figure 6, in d ica te  th a t  the d iffe ren ces observed pre

v iously  in  the  frac tio n  of P^ su rv iv ing  n e u tra liz a tio n  in various reac 

tio n  mixtures were magnified remarkably by increasing  the incubation 

period. A fte r 12 hours of incubation a 10,000-fold d ifference in the 

fra c tio n  of Pq surviving n e u tra liz a tio n  was observed between curve B 

and curve C. An in s ig n if ic a n t d ifference  was observed between curves 

C and D. About a ten fo ld  d iffe ren ce  was observed between curves A and 

B. The f ra c tio n  of P^ su rv iv ing  n e u tra liz a tio n  in the reac tio n s  rep re

sented by curves C and D was approximately 3 % 10 for curve B, 6 x 

10~^j and fo r  curve A, 0 .8 . The general shapes of curves C and D were 

e s s e n t ia l ly  the  same throughout the course of the experiment. The 

shapes of curves A and B were d if fe re n t  w ith re sp ec t to  each other 

and w ith re sp ec t to  curves C and D.

I t  seemed of in te re s t  next to  determine whether a ten fo ld  in 

crease in serum concentration  would a f fe c t  the k in e tic s  of n e u tr a l i 

za tio n . S2li d ilu ted  2.8 x 10^ times was incubated w ith /XlTl^d a t  P^
8 5concentrations ranging between 2.80  x 10 and 2.80  x 10 plaque- 

formers ml"^. Samples were removed from the reac tio n  mixtures a t  one, 

two, four, s ix , and nine hour in te rv a ls  and assayed fo r surv iv ing
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Figure 6. N eutralization  of /Z17W by S2U d ilu ted  2.8 x 10^ tim es. 
Incubated a t  37 C in broth with 1:100 NRS. Pq fo r reac tion  mixtures 
(plaque-formers ml"^) : g ^

A
B

6.20 X 10
6.20 X 10'

G -  6 .2 0  X lOj. 
D -  6 .2 0  X ICK
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phage. The re s u l ts  presented In Figure 7 rev ea l th a t  the f ra c tio n  of

phage surviving n e u tra liz a tio n  was approxim ately the  same (10~^) when
7 6  ̂ 1

Pq was 2.80 X 10 , 2.60 x 10 , or 2.80 x 10 plaque-formers ml” . In
8 -1 marked c o n tra s t, when was 2.80  x 10 plaque-formers ml the su r-

v iv ing  fra c tio n  was 6 x 10” a f te r  nine hours of incubation.

Another experiment was performed in which the  concentration of 

S2U was ten  times less  than the u su a l concen tra tion . S2L d ilu ted

2.8 X 10^ tim es was incubated fo r s ix  hours w ith /X17W a t  concentra

tio n s  of Pq ranging between li.9U x 10® and U.9U x 10^ plaque-formers 

ral”^. Samples were removed from the reac tio n  m ixtures a t  one, two, 

th re e , four, and s ix  hour in te rv a ls  and assayed fo r  surviving phage.

I t  can be seen from the r e s u l ts  presented in F igure 8 th a t when P^ was

b.9b X 10^ plaque-formers ml ^ the surv iv ing  f ra c tio n  was 0 .1 . With
7 8re a c tio n  mixtures having P^ of li.9U x 10 and U«9U x 10 plaque-formers 

ral”^ no appreciable n e u tra liz a tio n  occurred during the six  hour incu

ba tion  period. When Pq was h^9h x 10^ plaque-formers ml ^ a very slow 

r a te  of n e u tra liz a tio n  occurred and th e  fra c tio n  of Pq surviving neu

t r a l iz a t io n  a f te r  s ix  hours of incubation was approxim ately 0.$5-

Examination of the r e s u l ts  of n e u tra liz a tio n  s tud ies  i l lu s t r a te d  

in  Figures 6, 7, and 8 rev ea ls  one c h a ra c te r is t ic  which appears to  be 

f a i r l y  uniform throughout. In  those reac tio n  m ixtures in which s ig n i

f ic a n t  n e u tra liz a tio n  occurred the i n i t i a l  ra te  of n e u tra liz a tio n  was
-5  -6f a i r l y  constan t, and ra th e r  marked, down to  10 to  10 surviving 

phage. l a t e r  the  n e u tra liz a tio n  r a te  decreased g re a tly  and eventually  

approached zero . I t  seemed possible th a t  re v e rs ib le  n e u tra liz a tio n  

might account fo r th is  decreasing r a te  of n e u tra liz a tio n . The
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Figure 7» N eutralization  of /X17W by S2h d ilu ted  2.8 x 10 times. 
Incubated a t  37 C in broth with 1:100 NRS. fo r reaction  mixtures
(plaque-formers ml“^ ): „ 5

A = 2.80  X lOX C = 2.80  X 10.
B = 2.80 X 10^ D = 2.80  X 10^
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Figure 8. N eutra lization  of /X1?W by S2U d ilu ted  2.8 x 10 times. 
Incubated a t  37 C in broth with 1:100 NRS.
(plaque-formers ml"^):

Pq for reaction  mixtures

A
B

h-9h X 10!
X 10'

8 C
D

k.9ü X 10[ 
k.9k X 1 0 '
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phenomenon appeared to  be most apparent when the Pq was approxim ately

10® plaque-formers ml To explore th is  phenomenon fu r th e r , S2k was

d ilu ted  2.8 x 10^ times and mixed w ith /I17hd such th a t ? q was l.OL 
8

X 10 plaque-formers ml . Two id e n tic a l m ixtures were prepared.

One of the m ixtures, serving as the  con tro l, was incubated a t  37 C 

continously  fo r 60 minutes. The other mixture was incubated fo r ten 

minutes, d ilu ted  1;$0 in pre-warmed broth contain ing  1:100 NRS to  stop  

n e u tra liz a tio n , and incubated fo r  an ad d itio n a l 60 m inutes. At various 

in te rv a ls  samples were removed from the two reac tio n  m ixtures, d i

lu ted , and assayed fo r surv iv ing  phage. The r e s u l ts ,  as given in 

Figure 9, showed th a t the  n e u tra liz a tio n  rea c tio n  mixture serving 

as the  c o n tro l (so lid  curve) gave a non-exponential surv ivor curve. 

A fter ten  minutes of incubation, the  fra c tio n  of Pq surv iv ing  n e u tra l

iza tio n  was 0 .31  in the  co n tro l reac tio n  mixture and 0.32 in  the reac 

tio n  mixture th a t  was d ilu ted  1:50. On continued incubation the l a t t e r  

reac tio n  mixture (broken curve) showed n e ith e r  an increase nor a de

crease in the  frac tio n  of P^ su rv iv ing  n e u tra liz a tio n . Apparently no 

rev e rs ib le  n e u tra liz a tio n  occurred in the p a r t ia l ly  n eu tra lized , d i 

luted phage-antiphage m ixture.

I t  a lso  seemed possib le  th a t  the s t r a in  of host bacterium  used 

fo r  assay of surviving phage might account fo r  the  ir re g u la r  neu

t r a l iz a t io n  curves seen above. To t e s t  th is  p o s s ib il i ty  samples 

taken from a phage-serum mixture were assayed fo r  surv iv ing  phage on 

the  usual host s t r a in  (E. c o li  C) and on s t r a in  H. In  th is  experiment, 

S2li was used a t  a d ilu tio n  of 2.8 x 10^. P^ was 8.93 x 10^ plaque- 

formers ml” ^ when assayed on E. c o l i  C, but when measured on E. c o li
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Figure 9- F a ilu re  of d ilu tio n  to  reverse the /X17iid-S2li n e u tra l
iz a tio n . Two id e n tic a l reac tio n  m ixtures, containing S2li d ilu ted  2.8 
X 10^ times and 1.0b x ID® plaque-formers ml“^ of /X17bd, were incu
bated a t  37 C in broth with 1:100 NRS. A fter ten  minutes of incuba
tio n , one mixture was d ilu ted  1:$0 in broth and incubation was con
tinued (broken cu rve). The other reac tion  mixture was untreated  (so l
id curve).
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H the Pq was $.60 x 10^ plaque-formers ml"^. Thus the e ffic ien cy  of

p la tin g  (e .o .p .)  of ^X17li on E. c o li  H was O.6 3 . A sing le  phage-

antiphage reac tio n  mixture was prepared and incubated a t  37 C for

60 minutes. At ten minute in te rv a ls  samples were removed, d ilu ted ,

and assayed on the two host s t r a in s .  The re s u l ts  a re  shown in Figure

10. I t  can be seen th a t  the host s t ra in  had no e ffe c t on the  ra te

or extent of n e u tra liz a tio n  of ^X17lid. The f ra c tio n  of surviving

n e u tra liz a tio n  was about 2.70 x 10~^ on both s tra in s  a f te r  60 minutes

of incubation a t  37 C.

Most of the preceding experiments had been so designed th a t the

fra c tio n  of Pq surviving n e u tra liz a tio n  a f te r  60 minutes of incubation 
-2 -3was between 10 and 10 . In the next experiment an attem pt was

made to  increase the f ra c tio n  of P^ surviving n e u tra liz a tio n  up to
•1  "*2a range of from lo" to  lO” by reducing the  concentration  of S2I4.

S2li was d ilu ted  6 x 10^ times and the  P^ ranged between 6 .1b x 10® 

and 6.1b x 10^ plaque-formers ml From the r e s u l ts  presented in 

Figure 11 i t  w ill  be seen th a t each of the reac tio n  m ixtures gave 

about the same ra te  and ex ten t of n e u tra liz a tio n . However, each of 

the  four curves was c u rv ilin e a r, suggesting th a t  the ra te  of n e u tra l

iza tio n  fo r each of the  four reac tio n  mixtures decreased w ith tim e. 

A fter 60 minutes of incubation the  frac tio n  of P^ surviv ing  n e u tra l

iz a tio n  was approximately 2 x lO”^.

Demonstration of the percentage law. In  th is  experiment the 

phage used was th a t designated lo t  I I I ,  /X17bb. S2b was d ilu ted  6 x
I 8 5

10 times and the ranged between b -08 x 10 and b .08 x 10 plaque- 

formers ml“^. The re s u l ts  presented in F igure 12 show th a t  a l l  of the
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Figure 10. N eu tra liza tion  of /X17W by S2k d ilu ted  2.8 x 10 
tim es. Incubated a t  37 C in broth with 1:100 NRS. Pq was 6.93 x 10  ̂
plaque-formers ml“^. Samples taken from the reac tio n  mixture were 
plated on E. c o li  C (curve A) and on E. c o li  H (curve B).
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Figure 11. N eu tra liza tion  of ffXYîhà by S2ii d ilu ted  6 x 10^ tim es. 
Incubated a t  37 C in broth w ith 1:100 NRS.
(plaque-form ers m l"^): „ ,

6 .1k X 10° C = 6.1k X 10:

Pp for reac tio n  mixtures

A * 6.1k X 10_ C — u.xu A
B -  6.1k X 10' D -  6.1k X 10>
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Figure 12. N eu tra lization  of /X17bb by S2U d ilu ted  6 x 10 times. 
Incubated a t  37 C in broth w ith  1:100 NRS.
(plaque-form ers ml“^)i

Pq fo r reac tion  mixtures

A ■ U.08 X 
B ■ Ü.08 X

c - 4.08 X 10:
D -  4.08 X 10^
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n e u tra liz a tio n  reactions exh ib ited  f i r s t - o rd e r  k in e tic s  over the  60 

minute incubation period and the f ra c tio n  of surv iv ing  n e u tra liz a 

tio n  was approximately ü x 10“^. In  a d d itio n , the fra c tio n  of 

surv iv ing  n e u tra liz a tio n  a t  any p a rtic u la r  time was approximately the 

same in each of the  reac tio n  m ixtures. The re s u l ts  of th is  experiment 

demonstrated th a t  the /X17L-anti-f^X17L system obeys the  percentage

law over a 1,000-fold concentration  range of P^, w ith the  highest P^
8 -1 being L.08 x 10 plaque-formers ml . In  th e  next experiment, the

k in e tic s  of n e u tra liz a tio n  of /X17iib was stud ied  w ith a sing le  P^ 

which had been shown in the previous experiment to  be covered by th e  

percentage law. In  add ition , ten  re p lic a te  p la tin g s were made from 

each sample taken from the re a c tio n  m ixture. S2li was d ilu ted  6 x 10^ 

times and the Pq was 3.93 x 10^ plaque-formers ml The re s u lts  a re  

given in  Figure 13. The n e u tra liz a tio n  curve showed f i r s t -o rd e r  k i 

n e tic s , w ith only s l ig h t  d ev ia tio n s, during the  course of one hours’ 

incubation. The r e s u l ts  of t h i s  and the  previous experiment show 

c le a r ly  th a t the  use of /X17lib in  n e u tra liz a tio n  reac tio n s  o b lite ra ted  

the c u rv ilin e a r  c h a ra c te r is t ic  seen w ith /X17W.

Dependence of the  ra te  of n e u tra liz a tio n  on the serum concentra

t io n . The ra te  of in ac tiv a tio n  of phage by antiserum  is  d ire c tly  

proportional to  the  concentra tion  of antiserum  used (Andrewes and 

E lfo rd , 1933*1) .  I t  seaned of in te re s t  to  determine whether the ^X17ii- 

anti-/X 17li system possessed th i s  c h a ra c te r is t ic .  To t e s t  th is  pos

s i b i l i t y  S2li was d ilu ted  6 x 10^, 3 x 10^, 1 x 10^, and 6 x 10^ tim es. 

To each d ilu tio n  of serum was added /XlT^b a t  a Pq of 5*36 x 10^ 

plaque-formers ml”^. At ten  minute in te rv a ls  a f te r  preparing th e  r e -
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N eutra liza tion  of /%17Lb by S2ii d ilu ted . 6 x 10 tim es.
6

Figure 13.
Incubated a t  37 C in broth w ith 1:100 NRS. 
formers

Pq was 3.93 x 10 plaque-
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action  m ixtures, samples were removed, d ilu te d , and assayed fo r sur

viving phage. The re s u l ts  a re  shown in Figure lij. I t  can be seen 

th a t  the  r a te  of n e u tra liz a tio n  of /%17Lb by S2h was proportional to  

the  concentration  of serum. The g rea te s t ra te  of n e u tra liz a tio n  was 

obtained w ith the g rea te s t concentration  of S2li (curve D). The lowest 

ra te  of n e u tra liz a tio n  was obtained w ith the  lowest concentration of 

S2li (curve A). I t  is  a lso  s ig n if ic a n t th a t  each reac tio n  gave an 

exponential n e u tra liz a tio n  curve.

The re s u l ts  of the  la s t  experiment perm itted the ca lcu la tio n  

of SNI fo r  S2li. A p lo t of log D (logarithm  of the d ilu tio n  of S2li 

used) ag a in st log P^/P is  given in Figure 1$. The slope n of the 

lin e  was found to  be 1 .$ . The value fo r  SNI was found by ex trapo la ting  

the  curve to  the y ax is  and determining the in te rc e p t. This procedure 

gave a SNI value of ^.8k  fo r S2U a f te r  60 minutes of incubation with 

/X17üb a t  37 C. The value fo r SNI determined by the use of formula 

(6) was found to  be $.90 when n ■ 1.$.

Determination of the d%17üb-S2k system. In th is  experi

ment, m ixtures of ^ 1 7 lib a t  a P^ of $.0U x 10^ plaque-formers ml**̂  

and S2li d ilu ted  6 x 10^ tim es, were incubated a t  0, 10, 22.$, and 

37 C. At 10, 20, UO, and 60 minute in te rv a ls  samples were removed 

from the m ixtures, d ilu te d , and assayed fo r  surv iv ing  phage. The 

re s u l ts  a re  shown in Figure 16. I t  can be seen th a t  the r a te  and 

ex ten t of n e u tra liz a tio n  were d ire c tly  p roportional to  the temperature 

of incubation employed. An Arrhenius p lo t of these data is  given in 

Figure 17. I t  is  seen th a t  there  was a lin e a r  re la tio n sh ip  between 

th e  logarithm  of the n e u tra liz a tio n  r a te  constant, K, and the rec ip ro -
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Figure lli. Dependence of the r a te  of n e u tra liz a tio n  of /X17kb 

on the concentration  of S2li. Incubated a t  37 C in  broth with NRS.
Pq was 5*36 X 10^ plaque-formers ml"^. S2U d ilu ted a
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Figure 15. N eu tra lization  of ^X17iib by S2h- Incubated a t  37 C 

fo r  60 minutes in broth with 1:100 NRS. Fq was 5-36 x 10&. D ^  d i
lu tio n  of S2h. Po/P ® r a t io  of i n i t i a l  to  surviving phage.
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Figure 16. Dependence of the r a te  of n e u tra liz a tio n  of f i l l lkh  on 
the  temperature of incubation. Pq was $.0k  x 10^ plaque-formers ml“^. 
S2L was d ilu ted  6 x 10^ tim es. The tem perature of incubation fo r  the 
mixtures :
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c a l of the abso lu te  tem perature of incubation employed. The Arrhenius 

constant vas calcu lated  by use of equation (?) and found to  be approx

im ately 9,600  c a lo rie s  mole

The tem perature c o e f f ic ie n t , of the /X17l4b-S2li rea c tio n ,

calcu la ted  by determining the  r a t io  of the  ra te s  of n e u tra liz a tio n

a t  T® + 10 C and a t  T° C, was found to  be 1.8.

C harac te riza tion  of the Phage

Surviving N eu tra liza tion  

In a c tiv a tio n  by lupus erythematosus (l£ ) serum. The p o s s ib il i ty  

th a t  the phage escaping n e u tra liz a tio n  might be due to  a mechanism 

involving in fec tio u s nucle ic  acid was explored f i r s t  through the  use 

of anti-DNA antibodies present in serum of p a tien ts  w ith IE. The re 

s u l ts  of a  ty p ic a l experiment, using IE 8, are  shown in Figure 18. I t  

can be seen th a t  the r a te  of n e u tra liz a tio n  of /X17bb during the  f i r s t  

th ree  hours of n e u tra liz a tio n  was e s s e n t ia l ly  exponential and th a t the 

r a te  decreased subsequently u n t i l ,  a t  ten  hours, i t  was approxim ately 

zero . At t h i s  point, the  add ition  of e ith e r  broth  or S2li to  the reac 

t io n  mixture re su lted  in a s l ig h t  increase in the  ra te  and ex ten t of 

n e u tra liz a tio n . The ad d itio n  of IE 8 re su lted  in  an increase in  the 

r a te  of n e u tra liz a tio n  approxim ately ten  times g rea te r than th a t  seen 

w ith  bro th  or S2U.

The next experiment was designed to  determine whether IE serum

would have any e ffe c t on ^117Ub not p reviously  tre a te d  w ith S2U.
8 1

The ?o of /H 7lib  was 5.20 x 10 plaque-formers ml” . S2k was used

a t  a d ilu tio n  ( l  x 10^) which, in prelim inary s tu d ie s , gave a su r-
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Figure 16. In ac tiv a tio n  of surviving /X17bb by IE 8. Incubated 
a t  37 C in broth  with 1:100 NRS. S2h was used d ilu ted  6 x 10^ times
and Pq was 3.26 x 7 ^10 plaque-formers ml” . A fte r ten hours of incu
bation (arrow ), 0.9 ml samples of the reac tio n  mixture received 0 .1  ml 
broth (curve A); 0 .1  ml S2li d ilu ted  6 x 10^ tim es (curve B)j and 0.1 
ml IE 8 (curve C).
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viving f ra c tio n  of approxim ately 1.22 x 10"^ a f te r  four hours of 

incubation a t  37 C. At the end of four hours of incubation, a con

t r o l  suspension containing no S2L was d ilu ted  10^ times so th a t  i t s  

concentration  of phage would be approxim ately the same as th a t in the 

reac tio n  mixture containing S2U. To 0.9  ml of the con tro l phage 

suspension was added 0.1 ml of b ro th , to  another 0.9 ml portion of 

the con tro l suspension was added 0 .1  ml of IE 8. Two 0.9 ml portions 

of the phage-serura reac tio n  mixture were tre a te d  in exactly  the same 

manner. The r e s u l ts  presented in Figure 19 show th a t IE 8 a ffec ted  

/X17kb only i f  the l a t t e r  was f i r s t  p re -trea ted  w ith S2k.

A ll of the  IE sera  l is te d  in Table 1 were te s te d  fo r th e ir  

a b i l i ty  to  in ac tiv a te  /X17l|b p reviously  trea te d  w ith S2li. Only IE 

2, 8, 9, 11, and 12 were found to  be e ffe c tiv e . Ten sera from nor

mal persons and h o sp ita lized  ind iv iduals who did not have IE were 

found to  be in e ffe c tiv e .

E ffec t of DNAase. DNAase in f in a l  concentrations of 0.2$, 2 .5 , 

and 25 micrograms ml ^ had no e f fe c t  on the in fe c t iv i ty  of e ith e r  

un trea ted  phage or of phage p re -trea ted  w ith S2h.

A b ility  to  in fec t E. c o li  K12S p ro to p la s ts . Further in v e s ti 

gation in to  the p o s s ib i l i ty  th a t  the  phage surviving n e u tra liz a tio n  

might be due to  a mechanism im plicating  in fec tio u s nucleic acid  in 

volved the use of p ro to p lasts . The experiment was performed th ree  

times w ith e s s e n t ia l ly  the same r e s u l ts .  In  a ty p ic a l  experiment su r

viving phage was obtained from a rea c tio n  mixture in which Pq was
7 "1 )3.02 X 10 plaque-formers ml and S2ii was d ilu ted  Ü.5 x 10 tim es.

A fte r fiv e  hours of incubation a t  37 C the concentration  of surviving
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Figure 19. In ac tiv a tio n  of surv iv ing  /Z17üb by IE 8. The mix
tu re s  were incubated a t  37 C in  broth with 1:100 NRS. S2h was used 
d ilu ted  1 X 10^ times and Pq was S .20 x 10® plaque-formers m l 'l .  Af
t e r  four hours of incubation the c o n tro l mixture (without S2b) was 
d ilu ted  1:10^, as shown by the v e r t ic a l  broken l in e , and 0.9 ml sam
ples received 0 .1  ml broth (curve A) and 0 .1  ml IE 8 (curve B). Af
t e r  four hours of incubation of the /X17üb-S2k mixture (so lid  l in e ) ,  
0 .9  ml samples received 0 .1  ml broth (curve C) and 0.1 ml IE 8 (curve 
D).
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phage was 2.30 x 10  ̂ plaque-formers ml”^. A con tro l reac tio n  mixture,
7 -1in which was a lso  3.02 x 10 plaque-formers ml” , contained no S2b.

A fter f iv e  hours of incubation i t s  t i t e r  dropped to  $.L0 x 10^ plaque-
-1

formers ml . This mixture was then d ilu ted  1:70 to  give a concentra

tio n  of phage which approximated th a t  contained in the mixture con

ta in in g  S2l|. Each of these m ixtures were then mixed 1:2 w ith E. c o li  

K12S p ro top lasts  and incubated a t  37 C. Further experim ental d e ta ils ,

and the r e s u l ts ,  are shown in Figure 20. I t  can be seen th a t  a f te r

ten  minutes of incubation Adsorption Mixture A contained 0.1: x 10  ̂

infected  p ro top lasts ml ^ and th a t  a f te r  80 minutes of incubation
5 ■ -1Growth Mixture A contained 2.97 x 10 plaque-formers ml . This rep 

resented an average y ie ld  of approxim ately 750 plaque-formers per in 

fected  p ro to p last. On the other hand, Adsorption Mixture B contained 

no in fec ted  p ro top lasts a f te r  ten  minutes incubation and Growth Mixture
It —1

B contained only 2.68 x 10 plaque-formers ml . This represented  no 

increase in the concentration of phage and hence no in fec tio n  of the 

p ro to p las ts .
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Figure 20. In fec tio n  of E. c o li  K12S p ro to p lasts  with surviving 
phage. PNB = p ro top last n u tr ie n t broth w ith 2.0 per cent BSA.
CHCI3 = chloroform w ater.



CHAPTER IV 

DISCUSSION

Of the th ree  phage preparations described in the present in 

v estig a tio n , the g rea te s t y ie ld s  were obtained with /I17W  and 

/X17La. In  agreement with the re p o rt of So H e r  (1961), the f(X17W 

v irions were found to  be s ta b le  during d ia ly s is  against carbowax 

li,000. Only about a one per cent recovery was obtained w ith the  phage 

(/%17üb) concentrated by equilibrium  density  gradient u l t r a c e n t r i f 

ugation. This could be due to  the fa c t th a t  more cen trifuga tions 

and washings were employed in th is  technique than in the procedures 

used fo r  /X17bd and /X17üa. Sinsheiraer (1959a) reported a recovery 

of about two per cent in one of h is  011\x p reparations a f te r  density  

gradient u ltra c e n tr ifu g a tio n . Rueckert e t  a l .  (1962) p u rified  /X17k 

phage by a m odification of S insheim er's method and recovered less  than 

two per cent of the i n i t i a l  v iru s . Thus the  percentage recovery of the 

/X17lib preparation does not appear to  d if f e r  s ig n if ic a n tly  from th a t 

reported in the l i t e r a tu r e .

S tud ies by Sinsheiraer (1959a) of the sedim entation c h a ra c te r is 

t ic s  of /X17h showed th a t one of h is  phage preparations was composed 

of n i l  S and 70 S p a rtic le s  p rio r to  equilibrium  density  gradient 

u ltra c e n tr ifu g a tio n . The l a t t e r  technique separated the two types of

81
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p a r t ic le s , perm itting the phage f ra c tio n  ( l l i i  S v irions) to  be 

iso la te d . In  a n a ly tic a l  u ltra c e n tr ifu g a tio n  sedim entation stud ies 

of the l a t t e r  f ra c tio n , a s ing le  peak was obtained which was composed 

of the llL  S p a r t ic le s . Sinsheimer showed th a t  the 70 S p a rtic le s  

were DNA-free capsids a n tig e n ic a lly  id e n tic a l to  the llL  S v irio n s . 

Rueckert e t  a l .  (1962) a lso  found th a t  the l l l i  S and 70 S p a rtic le s  

of /X17Ü could be separated by equilibrium  d en sity  gradient u l t r a 

c e n tr ifu g a tio n . The sedim entation pa tterns obtained fo r ^117La and 

/ll7L b  in the present study were thus in agreement with those r e 

ported by o ther workers. As w il l  be discussed la te r  in g rea te r de

t a i l ,  a phage preparation contain ing  both llU S and 70 S p a rtic le s  

would probably give r i s e  to  non-exponential n e u tra liz a tio n  curves 

due to  empty capsids rea c tin g  w ith antibody m olecules. Such r e 

ac tio n s would not be detected  by d iffe rences in  plaque-forming t i t e r s  

since n e ith e r the empty capsid nor the  empty capsid-antibody complex 

would give r i s e  to  plaque form ation.

In general, phages are  s ta b le  in the ly sa te s  in  which they  are 

produced a f te r  removal of in a c tiv a tin g  agents such as b a c te r ia l  r e 

ceptor substances, provided su ita b le  e le c tro ly te s  are  p resen t. A fter 

p u rif ic a tio n , phages a re  u su a lly  s tab le  in  n e u tra l, aqueous so lu tio n s
_3

of 0 .1  M sodium ch lo ride  and 10 M magnesium s u lfa te . Frequently,
9 -1  

i f  th e  phage concentration  is  low ( l  x 10 plaque-formers ml or le s s ) ,

the  add ition  of a sm all amount of g e la tin  to  the  phage suspension pre

vents decreases in i t s  in fec tiv e  t i t e r .  Although the s tu d ies  reported  

herein  on the  s t a b i l i ty  of ^X17ii v ir io n s  under various conditions of 

incubation were not comprehensive nor performed in great d e ta i l ,  they
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did show th a t  the phage was s ta b le  to  continued incubation a t  37 C 

provided 1*100 normal rab b it serum (NRS) was added to  the  medium. 

Apparently the small concentration of NRS used in these experiments 

replaced the requirement fo r g e la tin  mentioned above. The req u ire 

ment for g e la tin  or NRS may not be sp e c if ic , but may rep resen t a gen

e ra l  requirement fo r p ro te in . This p o s s ib il i ty  was not in v es tig a ted .
7 -1 

When approximately 10 plaque-formers ml or le ss  were incubated in

broth w ith 1*100 NRS fo r up to  e ig h t hours a t  37 C no in ac tiv a tio n  

occurred. On the other hand, i f  the  tem perature of incubation was 

ra ised  to  1*1* C, an appreciable in ac tiv a tio n  was observed in two hours. 

Since d e f in itiv e  s tu d ies  were not done on the k in e tic s  of in ac tiv a tio n  

of /X17l* during incubation a t  37 C and U* C, no data on the  temper

a tu re  c o e ff ic ie n t of in ac tiv a tio n  are  av a ila b le .

P u rified  /X17l* is  a very good antigen . Rabbits rece iv ing  /X17W 

responded by producing high lev e ls  of antibody. Since the  f i r s t  serum 

samples were not obtained u n t i l  the  f i f th  day a f te r  in je c tio n  i t  is  

not known how soon the  f i r s t  an tibod ies would have been d e tec tab le .

By the f i f th  day the K values of the two ra b b it sera were 31 and 126 

minute"^. Obviously antibody production must have begun much e a r l ie r .  

Although precise measurements of the  r a te  of /X17h antibody production 

in rab b its  were not made, the g rea te s t K values de tec tab le  a f te r  the 

primary immunization were found on the seventh day a f te r  in je c tio n .

The ra te  of antibody production must have decreased g re a tly  or com

p le te ly  by the ninth  day, since a t  th is  time a s ig n if ic a n t decrease 

in the K values was observed. A fter the second in je c tio n  of phage, a 

heightened antibody response was noted. By the e igh th  day the K values
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of the sera  were approximately 3,000 minute"^. Uhr e t a l .  (1962a) 

found th a t  the i n i t i a l  r i s e  in serum antibody leve ls  a f te r  in jec tio n  

of guinea pigs with /X17L appeared to  be exponential fo r four or fiv e  

days, followed by a much slower r i s e  fo r a t  le a s t  one week. In addi

tio n , they found th a t the k in e tic s  of /X17b antibody production during 

the secondary response was very s im ila r to  th a t during the  primary 

response. Their primary response sera  had K values of about 10 

minute”^ while th e i r  secondary response sera  had K values of approx

im ately 1,000 minute”^. Their r e s u l ts  a lso  showed th a t  in  guinea 

pigs in jec ted  w ith /%17k over a 10,000-fold concentration range both 

the amount of antibody produced and the duration  of antibody pro

duction were re la te d  d ire c tly  to  the concentration of phage used in 

the inoculum. They in te rp re ted  these  find ings as in d ica tin g  th a t 

high concentrations of phage stim ulated  more c e lls  to  produce a n t i 

body. They fu rth e r suggested th a t  the q u a n tita tiv e  d iffe rences be

tween the primary and secondary antibody responses were a ttr ib u ta b le  

to  the number of c e l ls  stim ulated to  produce antibody.

In  the i n i t i a l  s tu d ies  on n e u tra liz a tio n  of /X17W by S2li, i t  

was found th a t  the mathematical expression fo r determ ining the f ra c 

tio n  of phage surviv ing  n e u tra liz a tio n , when K was known, did not 

hold w ith every serum concen trâ tion/Po r a t io  used. The re s u l ts  of 

two s tu d ies  (Figures 3 and h) revealed a t  le a s t  two instances of ex

perim ental dev iations from the mathematical expression. One deviation

was th a t  seen in the reac tio n  mixture containing S2li d ilu te d  2.8 x 10^
8 -1 times and a Pq of 1.22 x 10 plaque-formers ml” (curve D in Figure 3)

showing lO” survivors a f te r  60 minutes of incubation. The surviving
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frac tio n  calcu lated  m athem atically was approxim ately 10"^. The second 

instance was th a t i l lu s t r a te d  by the non-exponential n e u tra liz a tio n  

reac tions observed in Figures 3 and U when the Pq was higher than 

about 10^ plaque-formers ml The re s u l ts  shown in F igure 3 d if fe r  

from those in Figure L la rg e ly  in the frequency with which samples 

were removed from the reac tio n  m ixtures. The fa c t th a t the  deviations 

mentioned above occurred in both experiments suggested th a t  they were 

not a r t i f a c t s  re la ted  to  the frequency of sampling. F urther s tud ies 

of the non-exponential n e u tra liz a tio n  curves seen with high revealed  

th a t they  were a lso  not a r t i f a c t s  produced by sampling v a riab le s  since 

they occurred even when the number of r e p l ic a te  p la tings on each 

sample was doubled (Figure 5).

According to  the percentage law (Andrewes and E lfo rd , 1933a), 

the  f ra c tio n  of Pq surviving n e u tra liz a tio n  should be independent 

of the i n i t i a l  phage concentration over a wide range of the  l a t t e r .

In the th ree  experiments ju s t  discussed, and i l lu s t r a te d  in  Figures 

3, h, and 5, i t  appeared th a t  the range of Pq covered by the per

centage law was ra th e r  narrowly lim ited . In  fa c t ,  i t  appeared th a t

the upper lim it of Pq covered by the percentage law was between 10^
V •• 1and 10 plaque-formers ml . In  add ition , i t  appeared th a t  the mathe

m atical expression fo r f i r s t - o rd e r  n e u tra liz a tio n  k in e tic s  did not 

apply to  the /X17L-anti-/X17L system. Two fac to rs  which have been 

estab lished  as responsib le  fo r breakdown of the  percentage law a re  the 

use of low concentrations of antibody and th e  use of high Pq (Burnet 

e t a l . , 1937; Hershey e t  a l . ,  19^3). The r e s u l ts  given in Figures 

6, 7, and 8 tend to  support the concept th a t  the  breakdown of the
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percentage law in  the ea rly  phaaea of the present study was re la te d  

to  the aerum/Pg r a t io .  In  each of these experiments approximately 

the same range of P^, but d if fe re n t concentrations of S2li were used, 

i . e .  the serum was d ilu ted  2.80 x 10^ times (Figure 6 ), 2.80 x 10  ̂

tim es (Figure 7), and 2.80 x 10^ times (Figure 8 ). When S2li was used 

a t  a d ilu tio n  of 2.80 x 10^ tim es, two leve ls  of Pq appeared to  obey 

the  percentage law (curves 0 and D, Figure 6 ). When the concentration 

of serum used was increased ten fo ld  (Figure 7) th ree  lev e ls  of P^ 

appeared to  obey the percentage law (curves B, C, and D). However, 

when the concentration  of serum used was decreased ten fo ld  (Figure 8) 

the  percentage law could not be demonstrated. I t  is  apparent from 

these  r e s u l ts  th a t  a c e r ta in  minimal serum/p^ r a t io  is  necessary fo r 

demonstration of the percentage law. Unless i t  is  known d e f in i te ly  

th a t  the  serum/Pg ra t io  being used gives percentage law n e u tra liz a tio n , 

completely erroneous estim ates of the  ra te  and ex ten t of n e u tra liz a tio n  

may be obtained.

Jerne and Avegno (1956) demonstrated th a t  phage Tl̂  was rev e rs ib ly  

n eu tra lized  by primary-response semm but ir re v e rs ib ly  n eu tra lized  

by seccndary-response serum. The r e v e r s ib i l i ty  of the former system 

was demonstrated by showing an increase in  the  fra c tio n  of P^ su r

viving n e u tra liz a tio n  when the phage-antiphage mixture was d ilu te d .

In the present in v es tig a tio n , d i lu t in g  a p a r t ia l ly  n eu tra lized  

suspension of /X17iid 1:50 in broth containing 1:100 NRS did not r e 

s u l t  in an increase in the  fra c tio n  of Pq surviv ing  n e u tra liz a tio n  

on subsequent incubation. I t  thus seems possib le  to  conclude th a t  

n e u tra liz a tio n  of /XI7I4 by secondary response serum is  ir re v e rs ib le
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and, th e re fo re , th a t  rev e rs ib le  n e u tra liz a tio n  cannot account fo r non

exponential n e u tra liz a tio n  r a te s .  These re s u l ts  a re  in agreement 

w ith those of Jerne and Avegno (1956). Also, Hershey (I9li3) found 

no evidence of re v e rs ib le  n e u tra liz a tio n  w ith phage T2.

I t  is  known th a t d if fe re n t  s t ra in s  of host b a c te r ia  may give 

d if fe re n t  estim ates of the f ra c tio n  of surv iv ing  n e u tra liz a tio n . 

Kalm&nson and Bronfenbrenner (19Ü2) analyzed th is  host e ffe c t w ith 

a s t r a in  of T2 th a t  plated on c e r ta in  s tr a in s  of S h ig e lla  dysenteriae 

w ith very  nearly  the same e ff ic ie n c y  of p la tin g  as on E. c o l i . How

ever, when the k in e tic s  of n e u tra liz a tio n  was s tu d ied , i t  was found 

th a t th e  ra te  of n e u tra liz a tio n  appeared to  be g rea te r when S. dysen

te r ia e  was used. This was in te rp re ted  to  mean th a t  a c e r ta in  f ra c tio n  

of the  i n i t i a l  phage suspension lo s t  i t s  a b i l i ty  to  produce plaques on 

S h ig e lla  but re ta in ed  i t s  in fe c t iv i ty  fo r  E. c o l i . In  other words, the 

reac tio n  with antiserum  had apparen tly  a lte re d  the  host range. The 

e f fe c t  was thought to  be due e i th e r  to  d iffe ren ces in phage recep to r 

s i te s  on the d if fe re n t  b a c te r ia l  hosts or to  a he terogeneity  inherent 

in in d iv id u a l phage p a r t ic le s . The re s u l ts  of the present stud ies 

suggest th a t  the  reac tio n  between ^ÏTîh  and antiserum  does not r e s u l t  

in  an a l te ra t io n  of the  host range of /I17Ü with re sp ec t to  E. c o li  

s t r a in s  C and H.

In  most of the prelim inary s tu d ies  on n e u tra liz a tio n  of /X17U by 

S2li serum the f ra c tio n  of surv iv ing  n e u tra liz a tio n  was about 0 .1  

a f te r  te n  minutes of incubation. I t  seemed possible th a t ,  in order 

to  c h arac te rize  more q u a n tita tiv e ly  the r a te  of n e u tra liz a tio n , i t  

might be d esirab le  to  decrease the r a te  such th a t  about 60 ra th e r  than
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ten minutes would be required to  a t ta in  a phage survivor f rac tio n  of 

0 .1 . This was accomplished by using S2li d ilu ted  6 x 10^, ra th e r  than 

2.8 X 10^ tim es. In  the f i r s t  experiment, using lo t  I  phage, /I17W , 

i t  was found th a t  four d iffe re n t serum concentrâtion/P^ r a t io s ,  a l l  

of which were sm aller than had been used previously, gave almost iden

t i c a l  phage survivor frac tio n s  throughout the  e n tire  course of incu-
^ 8bation  (Figure 11). The ranged from 6.11 x 10 up to  6.11 x 10 

plaque-formers ml These r e s u l ts  suggested th a t  th e  percentage law 

was operating in the /X 17l-anti-/X 17l system. However, the k in e tic s  

of the  reac tions were s t i l l  not free  of com plications, since the 

n e u tra liz a tio n  curves were not exponential.

Since n e ith e r preparation had been subjected to  equilibrium  den

s i ty  gradient cen trifu g a tio n  i t  seems reasonable to  assume th a t  /I1 7 ld , 

lik e  /H 7 la ,  was composed of a t  le a s t  two types of phage p a r t ic le s . 

/X17la was inhomogeneous with resp ec t to  i t s  sedim entation charac te r

i s t i c s  and gave two peaks in the a n a ly tic a l  u l tra c e n tr ifu g e . These 

peaks were in te rp re ted  to  rep resen t p a r t ic le s  having d if fe re n t  se d i

mentation constan ts. One peak corresponded w ith v irio n s  having a 

sedim entation constant of 111 S and the o ther peak corresponded with 

p a r t ic le s  having a sedim entation constant of 76 S. E sse n tia lly  the 

same find ings were observed by Sinsheimer (1959a) w ith one of h is 

phage p reparations. He showed th a t  the 111 S v irio n s , but not the 

70 S p a r tic le s  were in fec tio u s . F urther in v estig a tio n s by Sinsheimer 

revealed th a t  the 70 S p a rtic le s  were empty capsids devoid of DNA.. On

the  other hand, the  In fec tious 111 S p a r t ic le s  contained th e i r  f u l l  

complement of DM. The p o s s ib il i ty  th a t  the  /X17ld preparation  a lso
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consisted  of In fec tions and non-in fec tions p a rtic le s  permits a reason

able explanation fo r the c n rv ilin e a r  n e n tra liz a tio n  cnrves in Figure 

11. As estim ated from the s iz e  of the  peaks in a n a ly tic a l n ltra c e n -  

t r i f n g a l  s tu d ies  on /X17üa, the  r a t io  of l lü  S to 76 S p a rtic le s  was 

assumed to  be approximately 1 .0 . Therefore, the n e u tra liz a tio n  reac 

tio n  mixtures contained approximately equal amounts of llU S v irions 

and 76 S p a r t ic le s . During the n e u tra liz a tio n  reac tio n  both types of 

phage p a r tic le s  reacted  w ith antibody. When the l l l i  S p a rtic le s  

reacted  w ith antibody they  were in ac tiv a ted  and a t  any given time the 

amount of free  re s id u a l antibody would be inversely  proportional to  

the amount of phage in ac tiv a te d . When the  76 S p a r t ic le s  reacted  with 

antibody they  a lso  bound antibody molecules and removed them from the 

system. I t  would not be obvious immediately th a t antibody was being 

removed from the system by the  76 S p a r t ic le s ,  since th e re  is  no 

q u a n tita tiv e  assay  fo r them, e ith e r  free  or bound to  antibody. Hence 

the decrease in concentration of antibody in the reac tio n  mixture 

would appear to  be much g rea te r than i f  only one type of phage par

t i c l e  had been present o r ig in a lly . I t  i s  a lso  possible th a t empty 

capsids have more s i te s  a v a ilab le  w ith which antibody may re a c t than 

do in ta c t  v irions-and  th is  would add to  th e  com plication. In  add ition , 

i t  is  not known whether fragmented capsomeres were present in the 

/I17W  preparation . I f  fragmented capsomeres were present n e u tra li

zation  would be complicated fu r th e r . In  such case, the  minimum serum 

concentration/Pp r a t io  necessary fo r  exponential n e u tra liz a tio n  may 

be reached and passed in  n e u tra liz a tio n  experiments with a preparation 

such as /X17&d. The net r e s u l t  would be th a t  the o rig in a l antibody
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concentration would decrease a t  a r a te  much g rea ter than could be 

accounted fo r simply by the  in te rac tio n  of antibody molecules and 

llL  S v irio n s .

For these  reasons i t  seemed d esirab le  to  prepare a more highly  

pu rified  lo t  of /I17Ü. This phage, /X17Lb, was used in a n e u tra l i 

zation  experiment and the  percentage law was re a d ily  demonstrated 

w ith Pp ranging from k.08  x 10^ up to  1^.08 x 10® plaque-formers ml 

In add ition , the c u rv ilin e a r  nature of th e  curves was abolished. The 

elim ination  of the c u rv ilin e a r  aspect of th e  n e u tra liz a tio n  curves 

thiough the use of h igh ly  pu rified  phage does not appear to  have been 

reported  previously in the l i te r a tu r e .

Under su itab le  conditions the percentage law could be demonstrated 

w ith e ith e r  density  grad ien t or non-density  gradient pu rified  phage. 

However, w ith the l a t t e r  the  reac tio n s were complicated by the cu rv i

l in e a r  c h a ra c te r is tic  of the  n e u tra liz a tio n  curves. These find ings 

were in te rp re ted  to  mean th a t  the percentage law is  not r e s t r ic te d  to  

phage-antibody systems which follow  only f i r s t - o rd e r  k in e tic s  and 

support work of Burnet e t  a l .  (1937) showing th a t the percentage law 

applied to  coliphages in se ro lo g ic a l group 3 even though n e u tra l i 

zation  deviated markedly from a f i r s t - o rd e r  r a te  reac tio n .

The percentage law has been demonstrated w ith phages C13, Cl6, and 

036 whose p u rif ic a tio n  procedures did not include equilibrium  density  

gradient cen trifu g a tio n  (Andrewes and E lfo rd , 1933a; Burnet e t  a l . .  

1937). In  the work of Andrewes and E lford i t  is  not c le a r  whether 

th e ir  n e u tra liz a tio n  reac tio n s  would be c u rv ilin e a r . The percentage 

law has a lso  been demonstrated w ith po liom yelitis  v irus (Mande1,
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I960) and w ith WEE virus (Dulbecco g t a J . , 1956). Careful examination

of the k in e tic  curve of n e u tra liz a tio n  of WEE by horse antiserum

showed th a t  a f t e r  fiv e  to  ten minutes of incubation, when the  f ra c -
-1  -2

t io n  of WEE surv iv ing  n e u tra liz a tio n  was between 10 and 10 , the

curve began to  ex h ib it c u rv il in e a r i ty . I t  is  of in te re s t  th a t  the 

v iru s  was obtained from supernatant f lu id s  of cu ltu res  of in fec ted  

chicken embryo monolayers, s to red  in the deep-freeze, and not sub

jec ted  to  p u rif ic a tio n  (Dulbecco and Vogt, 195k).

The ra te  of n e u tra liz a tio n  in the /%17kb-S2k system was shown 

to  be dependent on the concentration  of serum used. Thus, in addi

tio n  to  obeying the percentage law, the system agreed w ith the in te 

grated  form of the  f i r s t - o rd e r  r a te  equation (2) over a ten fo ld  range 

of serum concentra tion . Burnet e t  a l ,  (1937) found th a t  the k in e tic s  

of n e u tra liz a tio n  of phage Cl6 agreed s a t is f a c to r i ly  w ith th i s  equa

t io n  a t  serum d ilu tio n s  of from 1:30 to  1:3,000. Hershey e t  a l .  (I9k3) 

found th a t the  in ac tiv a tio n  of phage T2 by antiserum  followed f i r s t -  

order k in e tic s , the K value being independent of D, t ,  and Pq, up to
9

a Pq of about 10 plaque-formers ml” . Above th i s  P^ lev e l, aggrega

t io n  of the phage by antiserum  resu lted  in an increased K value.

As given by a*adish e t  a l .  (1962), the logarithm ic form of the 

equation fo r determ ining the a c t iv i ty  of an undilu ted  serum, equation 

(6) above, was used to  find  log Sq (SNI) fo r S2k. A value of $.9 was 

obtained. A second estim ate of SNI fo r S2li was obtained by p lo ttin g  

the  re s id u a l in fe c t iv i ty  of a n e u tra liz a tio n  mixture ag a in st d ilu tio n  

of antiserum . By the l a t t e r  technique a value of $.8k was obtained.

I t  can be seen th a t  the two values agreed very c lo se ly . Bradish e t
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a l . ( 1962) used foot-and-mouth disease v iru s in t h e i r  se ro lo g ica l 

system and obtained values fo r  SNI of between $.0 and 7.0. A r e 

arrangement of th e  logarithm ic form of the  percentage law equation, 

given as equation (L) above, describes the  f rac tio n  of surv iv ing  

n e u tra liz a tio n  a f te r  a given period of incubation in  terms of the 

o r ig in a l  serum concen tra tion , S^. The terra on the  righ t-hand  side  

of the  equation, K x shows the dependence of th e  percentage law

upon the i n i t i a l  concentration of antiserum . The n e u tra liz a tio n  

curve in a double logarithm ic p lo t is  l in e a r , as defined by the 

percentage law equation (6), only when antiserum  is  present in ade

quate excess and when the depression of in fe c t iv i ty  is  about two log 

u n its .  In  curves obtained from double logarithm ic p lo ts , departures 

of n e u tra liz a tio n  reac tions from the percentage law would be n o tic e 

able by dev iations from a s t r a ig h t  l in e . Curvatures of th is  kind 

would be expected w ith high d ilu tio n s  of antiserum  or w ith high P^.

F urther s tu d ies  of the  ^X17Ub-S2li system showed c le a r ly  th a t  the 

n e u tra liz a tio n  ra te  constan t, K, was tem perature dependent. An 

Arrhenius p lo t of the  data (Figure 17) y ielded a s t r a ig h t  line  r e 

la tio n sh ip . This suggests th a t  the  /X17bb-S2b system followed the  

Arrhenius equation (7) over a tem perature range of 0 C to  37 C. Since 

no breaks or bends were observed in the  curve, i t  can be concluded 

th a t  n e ith e r  of the  components of the  n e u tra liz a tio n  reac tio n  mixture 

underwent s ig n if ic a n t physical or chemical change. In  enzyme r e 

a c tio n s , breaks in  the  curve a re  in te rp re ted  to  rep resen t a s h i f t  in 

the configuration  of the enzyme molecule (S izer, 19U3).

With most chemical rea c tio n s , an increase  in tem perature leads



93

to  an increase in ra te , and thus an increase  in the  sp e c ific  ra te  

constan t. With many rea c tio n s , includ ing  the heat dénaturation  of 

p ro teins and enzyme catalyzed rea c tio n s , the ra te  may double or even 

t r i p l e  fo r every 10 C r i s e  in tem perature. In  o ther words the 

fo r  the re a c tio n  may be 2 .0 , 3 .0 , or more. I t  appears th a t  the  Qj q̂ 

fo r  the n e u tra liz a tio n  of bacteriophages and animal v iruses is  

somewhat sm aller. In  the present study the fo r  the /X17lj-S2li 

system was ca lcu la ted  to  be 1.8. This value is  only s l ig h tly  larger 

than the (l-U) estim ated fo r  the  T2 phage-anti phage system

(Cann and C lark, 195U; 1956). The tryp tone  broth medium employed 

fo r  the  determ ination of the  fo r  th e  /I17li-S2L n e u tra liz a tio n  

contained I4 x 10  ̂ M potassium ch lo rid e , 5 x 10“^ M sodium ch lo ride , 

and 10“^ M magnesium s u lfa te .  Although Adams (1959) attem pted to  

r e la te  low values to  the  use of concentrations of sodium chloride 

lower than 0.15 M in n e u tra liz a tio n  re a c tio n s , Cann and Clark (195b; 

1956) showed th a t  th is  re la tio n sh ip  was not r e a l .  The present stud ies 

on the /X17b-S2b system show th a t Q̂ Q values higher than l .b  can be 

a tta in e d  in n e u tra liz a tio n  experiments u t i l i z in g  various s a l t s  a t  

concen tra tions lower than 0.15 M.

A Q̂ Q value of l.U  rep resen ts  a sm all energy of a c tiv a tio n  and 

suggests a d iffu sio n  con tro lled  re a c tio n  (Cann and C lark, 195b) yet, 

as shown w ith the  T2-anti-T2 system (Cann and Clark, 195b) and the 

WEE-anti-WEE system (Dulbecco e t  a l . , 1956), the  tem perature dependence 

of the r a te  of n e u tra liz a tio n  s t i l l  obeys the Arrhenius equation. The 

energy of a c tiv a tio n  in these  systems most be the energy of a c tiv a tio n  

fo r  the  viscous flow of the  so lven t. This probably means th a t  in
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diffuflion con tro lled  reac tio n s  the dependence of the sp e c if ic  ra te  

constants on tem perature is  due to  the increased frequency of en

counter between phage and antibody molecules in the le ss  viscous 

solvent a f  the higher tem perature (TaImage and Cann, 1961). The 

energy of a c tiv a tio n  obtained fo r the  /X17üb-S2ü system (9,600 c a l

o rie s  mole was larger than the energ ies of a c tiv a tio n  th a t have 

been reported  fo r  the T2 system. I t  seems lo g ic a l to  conclude, th e re 

fo re , th a t  in ac tiv a tio n  of ^IlTi^ by S2L was dependent on a mechanism 

req u irin g  more energy than th a t requ ired  simply fo r  the energy of 

a c tiv a tio n  fo r  the viscous flow of the  so lven t. The nature of th is  

mechanism is  unknown.

The re la tio n sh ip  between values and the  type of bonding 

mechanisms involved in phage-antiphage reac tio n s  i s  la rg e ly  unknown 

(Talmage and Cann, 1961). I t  is  com pletely unknown in  the  ^X17ii-S2ii 

system. Sever (1963) has pointed out the  s im ila r i ty  between the 

Arrhenius constant fo r  the  /X17li-S2U system and th a t fo r  the  enzymatic 

t ra n s fe r  of two moles of phosphate from adenosine triphosphate  (ATP) 

to  an acceptor which r e s u l ts  in form ation of low-energy phosphate e s te r  

compounds. For example, in the t r a n s fe r  of one phosphate group from 

AT? to  glucose, y ield ing  adenosine diphosphate and glucose-6-phosphate, 

the  free  energy change of the  reac tio n  would ind ica te  a net change of 

approxim ately U,500 c a lo r ie s  mole"^. S im ila rly , the  u t i l i z a t io n  of 

ATP fo r the tra n s fe r  of a c y l groups to  form e s te r  linkages as in the 

syn thesis  of a c e ty l choline re s u l ts  in  a net change of - 14,000 to  

-5,000 c a lo r ie s  per mole of ATP u t i l i z e d .  He has suggested th a t  the 

t r a n s fe r  of phosphate groups could be involved in  the  in ac tiv a tio n  of
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one v irio n  of ^X17li. However, th is  explanation does not provide a 

clue as to  whether the  phage or the antibody is  the phosphate donor 

or accep tor.

A ntibodies to  DNA have been produced in experim ental animals and 

are known to  occur n a tu ra lly . Elxperimentally produced antiserum  to  

disrupted  TU bacteriophage was shown by Levine e t  a l .  (i960) to  con

ta in  an tibod ies to  DNA. They showed th a t  bacteriophage TU DNA which 

had been therm ally  denatured, presumably in the sin g le  stranded form, 

was a much more e ffe c tiv e  antigen than native  DNA. Butler e^  a l .  

( 1962) found th a t  a ra b b it  antiserum  to  purinoyl-pro tein  conjugates 

fixed  complement in the  presence of na tive  DNA from /X17U and heat 

denatured DNA from E scherich ia  c o ll ,  B acillus s u b t i l l s ,  and Hemophilus 

in fluenzae .

In the case of n a tu ra lly  occurring an tibod ies to  DNA, one of the 

most in te n s iv e ly  studied phenomenon has been the apparent occurrence, 

in  serujii of p a tien ts  w ith lupus erythematosus (IE ), of an tibod ies to 

n u c le i, nucleoprotein , or DNA. S to l la r  and Levine (1961), using 

q u a n tita tiv e  complement f ix a tio n , described a reac tio n  between DNA 

and the serum of a p a tien t w ith dissem inated lupus erythematosus.

They found th a t  therm ally denatured DNA was a more reac tiv e  antigen 

than native  DNA. In  a d d itio n , th e i r  IE serum detected se ro lo g ic a l 

d iffe rences in  denatured DNA preparations from c a lf  thymus, C lo s tr i

dium k luyveri. Streptococcus s a l iv a r iu s , and Staphylococcus au reus. 

However, the d ifferences could n o t be co rre la ted  w ith  phylogenetic 

re la tio n sh ip s  among the species studied or w ith the  v a ria tio n s in  the 

guanine + cytosine or adenine + thymine content of the  DNA.



96

S to lla r  e t  a l .  (1961) showed by complement f ix a tio n  t e s t s  th a t  

an tibod ies rea c tin g  w ith denatured DNA could be found in 11 of 37 

samples of IE serum and in  none of 12h se ra  of p a tien ts  w ith o ther 

d iseases and of normal persons. The r e s u l ts  of th e i r  o rig in a l ex

periments led them to  the  hypothesis th a t  sera  of p a tien ts  w ith sys

temic lupus erythematosus contained an tibod ies which reacted  more 

e ffe c tiv e ly  w ith denatured than with na tive  DNA. They te s te d  an IE 

serum with bo iled  and unboiled samples of DNA from ^X17U- They found 

th a t  both an tigens fixed id e n tic a l  and r e la t iv e ly  la rge  amounts of 

complement. S im ila r r e s u l ts  were obtained w ith another IE serum 

which fa ile d  to  re a c t w ith any other n a tiv e  DNA sample te s te d . Since 

the  DNA of ffX17U is  known to  be s in g le  stranded (Sinsheimer, 1959a), 

and one IE serum reacted only w ith denatured DNA and w ith f(X17h DNA, 

th ey  concluded th a t  the anti-DNA an tib o d ies  in  IE serum reac ted  more 

e ffe c tiv e ly  w ith  sin g le  stranded DNA.

The r e s u l ts  of s tu d ies  by Barbu e t  a l .  (i960) showed th a t  DNA 

ex tracted  from ^IlTli gave a p re c ip it in  reac tio n  w ith  IE se ra . They 

a lso  found th a t  complement was fixed  when various IE sera  were te s te d  

with /Z17k DNA.

B it1er e t  a l .  (1962) showed th a t  DNA-induced transform ation  to  

streptom ycin re s is ta n c e  in pneumococci was in h ib ited  by a n ti-p u rin o y l 

antibody. They a lso  s ta te d  th a t  s tu d ie s  were in progress on the  

possib le  e ffe c ts  of the l a t t e r  antibody on c e l lu la r  in fec tio n  and 

neoplasia  induced by DNA-contain in g v iru se s .

In  the  /Z17i;b-S2U system a need ex is ted  fo r  an agent, such as 

anti-DNA antibody, capable o f in h ib it in g  f(X17h DNA. This need was
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recognized a f te r  the follow ing hypothesis was constructed concerning 

th e  nature of the  phage escaping n e u tra liz a tio n . I t  was assumed th a t ,  

as a consequence of the  reac tio n  between /UTUb and S2U, a f ra c tio n  of 

the  phage was completely inac tiva ted  and th a t th e  remaining f ra c tio n  

was in fec tio u s . The change in the physical s ta te  of the ind iv idua l 

in fec tio u s  p a r tic le s  was assumed to  be due to  e i th e r  ( l)  an a l t e r a 

t io n  of the capsid so th a t  a p a rt of the  DNA was exposed or (2) com

p le te  lib e ra tio n  of th e  DNA from th e  capsid, presumably as f re e  INA. 

F u rth e r, the  exposed or fre e  DNA would be in fec tio u s  fo r E. c o l i  by 

a mechanism s im ila r to  th a t  involved in  the t r a n s fe r  of DNA in tra n s 

form ation. Since the INA would be r e s i s ta n t  to  in ac tiv a tio n  by S2ii 

during i t s  passage frcmi the  capsid to  th e  host bacterium , i t  would be 

expected to  escape n e u tra liz a tio n . Prelim inary attem pts to  d e tec t 

f re e  DNA in  term inal /X17li-S2li reac tio n  m ixtures involved the  use of 

pancreatic  DNAase. The re s u l ts  were completely negative . This may 

be explained by the  fa c t  th a t ,  as shown by F ie rs  and Sinsheimer (1962), 

DNA of /H 7 li probably e x is ts  in  a r in g  form. They found th a t  fSxilh 

DNA not previously  tre a te d  w ith pancreatic  DNAase was about 17 per 

cent hydrolyzed by treatm ent w ith E. c o li  phosphodiesterase. On the 

o ther hand, f(X17ii DNA trea te d  f i r s t  w ith pancreatic  DNAase and then 

by E. c o li  phosphodiesterase was about 8S per cent hydrolyzed.

Subsequent s tu d ies  were d irec ted  toward determ ining whether I£ 

serum would in ac tiv a te  the  surv iv ing  phage. Several IE sera  were 

found to  have th i s  a b i l i ty .  One in  p a r t ic u la r , IE 8, almost com

p le te ly  n eu tra lized  the  in fe c t iv i ty  of a phage suspension which, a f te r  

re a c tin g  w ith S2h, had sev era l thousand plaque-formers ml Phage
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not previously  trea ted  w ith S2li was not a ffec ted  by I f  serum. These 

r e s u l ts  suggest th a t some of the phage surviving n e u tra liz a tio n  by 

S2li could have been physically  a lte re d  to  the ex ten t th a t i t s  DNA 

was exposed, and now se n s itiv e  to  anti-DNA an tib o d ies . The re s u l ts  

of experiments by B btler e t  a l .  (1962) on in h ib itio n  of transform ation 

in  pneumococci by a n tip u rin o y l antibody would seem to  support th is  

concept.

Further support fo r  the suggestion th a t  INA might be involved 

in  the  phenomenon under in v es tig a tio n  was gained by te s t in g  the 

surv iv ing  phage fo r  th e i r  a b i l i ty  to  in fe c t p ro top lasts  of a b a c te r ia l  

s t r a in  r e s is ta n t  to  the in ta c t  phage. Previous s tu d ies  have shown 

th a t  INA from various sources w il l  in fe c t c e lls  normally r e s is ta n t  to  

in ta c t  v iru s . In p a r t ic u la r ,  in fec tio u s  RNA iso la ted  from poliov irus 

was found by Holland e t  a l .  (1959) to  in fe c t non-primate c e l ls  

o rd in a r ily  in suscep tib le  to  in fec tio n  by polio  v iru s . The same workers 

a lso  showed th a t  species of animals in suscep tib le  to  po liov irus, the 

mouse, ra b b it , guinea pig, chick, and hamster, y ielded  in ta c t  v irus 

18 hours a f te r  they  had been inoculated in tra c e re b ra lly  w ith in fec 

tio u s  RNA. Guthrie and Sinsheimer (i960) demonstrated th a t  proto

p la s ts  of E. c o li  K12S were re a d ily  in fec ted  by f l inU  DNA iso la ted  

chem ically, but not by whole v irio n s of /X1?L. S im ila rly , Sekiguchi 

e t  a l . ( i 960) in fec ted  p ro top lasts  of E. c o li  B w ith /X17U DNA but 

not w ith whole v iru s . The re s u l ts  obtained in the  present in v e s ti 

ga tion  showed c le a r ly  th a t  a f ra c tio n  of ^ l l l k  tre a te d  w ith S2h had 

th e  a b i l i ty  to  in fe c t E. c o li  K12S p ro to p la s ts . The p ro top lasts  

were in suscep tib le  to  in fec tio n  w ith /Z1?L which had not been
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trea ted  previously w ith S2L. I t  can be concluded th a t, during 

treatm ent w ith S2k, a f ra c tio n  of the  phage surviving n e u tra liz a tio n  

acquired the  a b i l i ty  to  in fec t p ro top lasts  of a s tra in  of a bacterium 

normally r e s is ta n t  to  /%17ü. These r e s u l ts ,  and those obtained with 

the I£ se ra , give two lin e s  of evidence in support of the  hypothesis 

th a t  a change in the physical s ta te  of a part of the phage occurred 

during n e u tra liz a tio n .

Dulbecco e t  a l .  (1956) reported  th a t excess antibody fa ile d  to  

reduce below a ce rta in  minimum the in fe c t iv i ty  t i t e r  of e i th e r  WEE 

or p o lio v iru s. The re s id u a l in f e c t iv i ty  of up to  one per cent was 

in te rp re ted  as a d is t in c t  population of non-neu tra lizab le  v irus par

t i c l e s ,  the  "p e rs is ten t f ra c tio n ."  Fazekas de S t . Groth e t  a l .  (1958) 

and Fazekas de S t. Groth and Reid (1958) re-analyzed the  data of Dul

becco e t  a l .  and considered the " p e rs is te n t fra c tio n "  to  rep resen t the  

term inal equilibrium  estab lish ed  by the rev e rs ib le  reac tio n  between 

antibody and homogeneous v irus population. H e r r io t t 's  (1961) in te r 

p re ta tio n  of the  same r e s u l ts  centered around th e  concept of a l ib e r 

a tio n  of INA during n e u tra liz a tio n . This idea provides a b io lo g ica l 

mechanism to  account fo r  the v irus escaping n e u tra liz a tio n  known as 

the " p e rs is te n t f ra c tio n ."

The n e u tra liz a tio n  of in fe c tiv i ty  of foot-and-mouth d isease v irus 

by guinea p ig , rab b it, and bovine antiserum  was studied by Bradish e t 

a l . ( 1962) .  The virus escaping n e u tra liz a tio n  was assayed in unweaned 

mice and on monolayers of pig kidney c e l ls .  T heir re s u lts  indicated  

th a t  the  v iru s  survivors in  e q u ilib ra ted  virus-antiserum  mixtures were 

not free  in fec tiv e  p a r t ic le s  but complexes of v iru s and antibody.
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These complexes were sim ultaneously in fec tiv e  and capable of neu

t r a l iz in g  in fe c t iv i ty .  The in fe c tiv e  v iru s in the  complex re s is te d  

n e u tra liz a tio n  by a d d itio n a l sp e c if ic  antiserum . The authors drew 

a tte n tio n  to  the s im ila r ity  between th is  re s id u a l in fe c tiv i ty  and 

Dulbecco's "p e rs is te n t f ra c tio n ."  The r e s is ta n t  complexes showed 

d is t in c t  d iffe ren ces in in fe c t iv i ty  fo r d if fe re n t  host systems, a 

find ing  which would be in co n s is ten t w ith the presence of free  virus 

p a r t ic le s . They believed the e f fe c t  was re la te d  to  the d is t in c t  

responses of the  c e lls  of each host system to  the  p o te n tia l in fec 

t i v i t y  of the  v irus-an tibody  complex. Here, the  s ta tu s  of the 

re s id u a l in f e c t iv i ty  contribu ted  by complexes would be d is t in c t  from 

th a t  of th e  in f e c t iv i ty  of the  i n i t i a l  free  v iru s  p a r t ic le s . I t  

would have been in te re s tin g  i f  the authors had t r ie d  to  determine i f  

part of th i s  re s id u a l in fe c t iv i ty  could have been accounted fo r by 

a mechanism involving INA,.

Rustigan (1962) re c e n tly  described a p e rs is te n t in fec tio n  by 

measles v iru s  in the presence of excess antibody. He found th a t 

measles v iru s continued to  be in fec tio u s  fo r  normal He la  c e l l  cu l

tu re s  a f te r  39 passages in  th e  presence of measles antibody con

ta ined  in human gamma g lobulin . Examination of measles v iru s - in fe c 

ted  Hela c e l ls  by e lec tron  microscopy has revealed  two p a rtic u la te  

s tru c tu re s , one of which appears to  be the f u l ly  developed mature 

v iru s and th e  o ther, immature v iru s  or v i r a l  nucle ic  acid (Tawara 

e t  a l . , 1961) .

I t  seems possible th a t IHA, e ith e r  free  or in  damaged capsids, 

might be responsib le  fo r  v i r a l  in f e c t iv i ty  in  the  presence of a n t i 
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body. The ^I17L-52b system is ,  so fa r  as is  known, the f i r s t  in 

v itro  phage-antiphage system in which (1) the host range of the  

phage was increased by tre a tin g  i t  w ith sp e c ific  antibody and (2) 

the  phage escaping n e u tra liz a tio n  by sp e c ific  antiserum  was in 

ac tiv a ted  by serum from p a tien ts  w ith  IE. The various p roperties 

of INA. may explain a number of conditions p resen tly  considered to  

be anomalous. For example, the re le a se  of sm all amounts of INA from 

v iru s-in fec ted  t is su e s  could lead to  a low lev e l of in fec tion  which 

might help  explain p e rs is te n t immunity. I f  the  nucleic  acid  was 

protected from serum nucleases by an in e r t  envelope, vireraias, with 

or w ithout an tibod ies, would be possib le .



CHAPTER V

SUMMARY

Three lo ta  of p u rif ied  and concentrated bacteriophage /I17L were 

prepared by d if fe re n t  techniques. Lot I  (/X17W) was concentrated 

by d ia ly s is  aga in st carbowax li,000. F urther concentration  and pur

i f ic a t io n  were performed by d i f f e r e n t ia l  c en trifu g a tio n . Lot I I  

phage (/Jxi7lia) was p u rified  and concentrated by ammonium su lfa te  pre

c ip i ta t io n , followed by d i f f e r e n t ia l  c en trifu g a tio n . Lot I I I  phage 

(ffX17hb) was tre a te d  exac tly  as the lo t  I I  phage except th a t i t  was 

fu r th e r  pu rified  by rubidium ch lo ride  equilibrium  d ensity  gradient 

u ltra c e n tr ifu g a tio n . A na ly tica l u ltra c e n tr ifu g a tio n  s tud ies  revealed 

th a t  the  lo t  I I  phage was composed of l l i i  S and 76 S p a r tic le s  and

th a t  the  lo t  I I I  phage contained only l l i i  S v ir io n s .

/X17b v irio n s were s ta b le  in  bro th  containing 1:100 normal ra b b it  

serum (HRS) a t  U G and 37 C but not a t  Uli C.

The antibody le v e ls  of se ra  from ra b b its  in jec ted  w ith /X17Ld 

showed a ty p ic a l  primary response. The leve ls  increased more rap id ly  

and to  a g rea ter ex ten t follow ing the second in jec tio n  of phage.

Serum obtained from one ra b b it on the  s ix th  day a f te r  the second

in je c tio n  of phage was designated S2U and was used fo r  a l l  subsequent 

n e u tra lis a tio n  s tu d ie s . Serum from ra b b its  in jec ted  w ith f i l t r a t e

102



103
m ate ria l from a broth cu ltu re  of the host organism, E scherichia c o li 

s t r a in  C, fa ile d  to  n e u tra liz e  phage.

In  n e u tra liz a tio n  reac tio n s with S2L d ilu ted  2 .8  x 10^ times and
8 ^

/X17W a t  an i n i t i a l  phage concentration  (Pq) of between 10 and 10 
-1

plaque-formers ml , th e o re tic a l  survivor frac tio n s  were not obtained 

with every serum concen trâ tion/Pp r a t io .  This could not be a tt r ib u te d  

to  the frequency of sampling during the incubation period, experimen

t a l  e r ro r  a r is in g  during sampling, rev e rs ib le  n e u tra liz a tio n , nor the  

s tra in  of host bacterium  used fo r  assay of surv iv ing  phage.
8 *5 "1With Pp between 6 x 10 and 6 x 10 plaque-formers ml , neu

t r a l iz a t io n  of /X17Ud by S2U d ilu ted  6 x 10^ times obeyed the per

centage law, but the n e u tra liz a tio n  curves were not exponential.

When /X17kb ( lo t  111 phage) was used in n e u tra liz a tio n  experiments

with S2li d ilu ted  6 x 10^ tim es, the  percentage law was obeyed when
8 ^ XPo was between I4.O8 x 10 and L.08  x 10 plaque-formers ml . In

ad d itio n , a l l  of the n e u tra liz a tio n  curves were exponential.

The sp e c ific  r a te  constant of the /X17l(-S2i& system was dependent 

on the concentration  of serum used.

The serum n e u tra liz a tio n  index (SNI) of S2lx was found to  be 

approxim ately 5 .9 . ^

The Arrhenius constant fo r the  /X17Ü-S2L system was approx

im ately 9,600  c a lo rie s  mole This corresponds to  a Q̂ Q of about 1 .8 .

A fter four to  ten  hours of incubation, e s s e n t ia lly  a l l  of the 

surv iv ing  phage in th e  /X17li-S2l; system was se n s itiv e  to  fu rth e r  in

a c tiv a tio n  by severa l se ra  from p a tien ts  w ith lupus erythematosus (IE ). 

Phage not previously  incubated w ith S2li was r e s is ta n t  to  IE serum.
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DNAase had no e ffe c t on the in fe c tiv i ty  of e ith e r  un trea ted  

phage or of phage p re-trea ted  w ith S2b.

The su rv iv ing  phage in the /X17lib-S2U system acquired the  a b i l 

i ty  to  in fe c t p ro top lasts of E. c o li K12S, which are normally r e s i s t 

an t to  in fec tio n  by in ta c t  /X17li. /X17b not p re-trea ted  with S2li

was unable to  in fec t the p ro to p lasts .

The r e s u l ts  suggest th a t  the  phage escaping n e u tra liz a tio n  might 

be due to  a mechanism involving in fec tio u s nucle ic  acid .



105

REFERENCES

Ackermann, W. W., Ish ida , W., and Maassab, H. F. 1955 Growth charac
t e r i s t i c s  of influenza v iru s concerning the binding of v irus by 
host c e l l s .  J . Exp. Med. 102%5L5-55L.

Adams, M. H. 1959 Bacteriophages. In te rsc ien ce  P ublishers, In c .,  
New York.

Alexander, H. E . , Koch, G., Mountain, I .  M., and Van Damme, 0. 1958
In f e c t iv i ty  of ribonucleic  acid  from po liov irus in human c e l l  
monolayers. J . Exp. Med. 108*L93-506.

Andrewes, G. H. 1928 The ac tio n  of immune serum on vaccinia and 
v irus I I I  v i t r o . J .  P atho l. B a c te rio l. 31:671-698.

Andrewes, C. H. and E lford , W. J .  1933a Observations on anti-phage 
se ra . I  * "The percentage law". B r it . J . Exp. Pathol. 
11:367-376.

Andrewes, C. H. and E lford , W. J .  1933b Observations on anti-phage 
se ra . I I :  P roperties of Incom pletely n eu tra lized  phage. B r it .
J .  Exp. P a tho l. 14^376-383.

Barbu, E ., Seligmann, M., and Joly , M. I960 Réactions en tre  des 
acides désoxyribonucléiques diversement dénaturés ou dégradés 
e t  les an tico rps a n ti-a c id e  désoxyribonucléique du sérum a t 
te in ts  de lupus érythémateux dissém iné. Ann. In s t .  Pasteur 
99:695-707.

Bever, A. T. I 963 Personal communication.

Bonët-Maury, P. and Bulgakov, N. 1944 Recherches sur la  t a i l l e  e t  
la  s tru c tu re  du bacteriophage ^1174. Action des rayons alpha 
du radon. Compt. Rend. Soc. B iol. 138:499-500.

Bordet, J . and Guica, M. 1921 Autolyse microbienne e t  sérum a n t i -  
ly tiq u e . Gompt. Rend. Soc. B iol. 84:280-282.

Bradish, G. J . ,  Farley , J .  0 . ,  and F e r r ie r , E. N. 1962 Studies on 
the n e u tra liz a tio n  reac tio n  and the com petition fo r n e u tra liz in g



106

antibody between components of the v irus system of foot-and-mouth 
d isease. Virology 18:378-1x00.

Brown, F . , S e lle rs , R. F ., and Stew art, D. L. 1958 In fe c t iv i ty  of 
ribonucle ic  acid  from mice and tis su e  cu ltu re  in fec ted  with the 
v irus of foot-and-mouth d isease . Nature 182:535-536.

Burnet, F. M. 1955 Principles of animal virology. Academic Press, 
In c ., New York.

Burnet, F. M. I960 P rin c ip les  of animal v iro logy, 2nd e d itio n , 
Academic P ress, In c .,  New York.

Burnet, F. M., Keog^, E. V., and Lush, D. 1937 The immunological 
reac tio n s  of the f i l t e r a b le  v iru ses . A ustra lian  J . Exp. B iol. 
Med. S c i. 15:227-368.

B utler, J r . ,  V. P .,  B eiser, S. M., E rlanger, B. F .,  Tanebaums, S. W., 
Cohen, S ., and Bendich, A. 1962 P u rin e -sp ec ific  an tibodies 
which re a c t w ith deoxyribonucleic acid  (DNA). Proc. Nat. Acad. 
S c i. U. S. 1x8:1597-1602.

C airns, H. J . F. 1952 Q uan tita tive  aspects of influenza virus 
m u ltip lic a tio n . I I I .  Average lib e ra tio n  tim e. J . Immunol. 
69:168-173.

C airns, H. J . F. and Mason, P. J .  1953 Production of influenza A 
v iru s  in the c e l ls  of the a l la n to is .  J . Immunol. 71:38-1x0.

Cann, J. R. and Clark, E. W. 1951: On the k in etics of neutralization  
of bacteriophage T2 by sp e c if ic  antisemm. J. Immunol. 72:1x63- 
1x77.

Cann, J .  R. and Clark, E. W. 1956 K inetics of the antigen-antibody 
rea c tio n . E ffec t of s a l t  concentration  and pH on the  r a te  of 
n e u tra liz a tio n  of bacteriophage by p u rified  fra c tio n s  of sp e c if ic  
antiserum . J . Am. Chem. Soc. 78:3627-3631.

C oulter, J . S .,  Bird, H. M., and Brown, R. A. 1957 In fe c t iv i ty  of 
ribonucleic  acid  from E hrlich  a s c i te s  tumor c e l ls  infected w ith 
mengo e n c e p h a litis . Nature 179:859-860.

Daems, W. Th., E igner, J . ,  S luys, I .  van der, and Cohen, J . A. 1962 
The fin e  s tru c tu re  of the  lllx S and 70 S components of b a c te r io 
phage f f i n h  as revealed by negative and positive  s ta in in g  
methods. Biochim. Biophys. Acta 55:801-817.

Delbrttck, M. 191x5 E ffec ts  of sp e c if ic  a n tis e ra  on the growth of 
b a c te r ia l  v iru se s . J . B fc te r io l. 50:137-150.



107

Dulbecco, R. and Vogt, M. 19$L One-step growth curve of Western en
cephalom yelitis v irus on chicken embryo c e l ls  grown in v itro  and 
ana ly sis  of v irus y ie ld s  from sin g le  c e l ls .  J . Exp."Red. 
99*183-199.

Dulbecco, R ., Vogt, M., and S trick lan d , A. G. R. 19$6 A study of 
the  basic  aspects of the n e u tra liz a tio n  of two animal v iru ses . 
Western equine e n cep h a litis  v irus and po liom yelitis  v irus. 
V irology 2:162-205.

Fazekas de S t. Groth, S. 19U8 V iropexis, the mechanism of in f lu 
enza v irus in fec tio n . Nature l62:29ü-295.

Fazekas de S t. Groth, S. and Reid, A. F. 1958 The n e u tra liz a tio n  of 
anim al v iru se s . I I .  A c r i t i c a l  comparison of hypotheses. J . 
Immunol. 80*225-235.

Fazekas de S t. Groth, S .,  Watson, G. S .,  and Reid, A. F. 1958 The 
n e u tra liz a tio n  of animal v iiu se s . I .  A model of v irus-an tibody  
in te ra c tio n . J . Iranunol. 80:2l5-22li.

F ie rs , W. and Sinsheimer, R. L. 1962 The s tru c tu re  of the DNA of 
bacteriophage /I17L. I .  The ac tion  of the exonucleotidases.
J . Mol. B iol. 5:108-119.

F lew ett, T. H. 1952 Growth of v iruses of the influenza group as 
revealed by e lec tron  microscopy of infected  c e l l s .  Symp. Soc. 
Gen. M icrobiol. 5:2li9-259.

Fraenke 1-Conrat, H. 1956 The ro le  of the  nucleic  acid  in  the recon
s t i tu t io n  of ac tiv e  tobacco mosaic v iru s . J .  Am. Chem. Soc. 
78*882-883.

F ra se r, D. and J e r r e l ,  E. A. 1953 The amino acid composition of T3 
bacteriophage. J . B iol. Chem. 205*291-295.

F ra se r, D ., Mahler, H. R ., Shug, A, L ., and Thomas, C. A. 1957 The 
in fec tio n  of su b -c e llu la r  Escherichia c o li ,  s t r a in  B, with a DNA 
preparation  from T2 bacteriophage. Proc. Nat. Acad. S c i. U. S. 
13*939-917.

F r i l le y ,  M,, Bulgakov, N., and Bonet-Ifaury, P. 19W: Recherches sur 
la  t a i l l e  e t  la  s tru c tu re  du bacteriophage /I17ü . Action je s  
rayons X (K du molybdène). Compt. Rend. Soc. B iol. 138*726-727.

G ierer, A. and Schramm, G. 1956 I n f e c t iv i ty  of ribonucle ic  acid  from 
tobacco mosaic v iru s . Nature 177*702-703.

Ginsberg, H. S. and Wedgwood, R. J . I960 Properdin and the in a c t i 
vation  of v iru se s . Ann. N. T. Acad. S c i. 83*528-532.



108

O nthrie, G. D. and SinahelUer, R. L. I960 In fec tio n  of p ro top lasts  
of Escherichia c o li  by subv ira l p a rtic le s  of bacteriophage /I17Ü. 
J . Hoi. M o l. ?*^7-305 .

H all, C. E ., Maclean, E. C ., and Tessman, I .  1950 S tru c tu re  and 
dimensions of bacteriophage from e lec tro n  microscopy.
J . Mol. B iol. 1:192-191.

H a rr io tt ,  R. M. 1961 In fec tio u s  nucleic ac id s , a new dimension in  
v iro logy. Science 13L:2$6-260.

H a rr io tt , R. M., Connoly, J .  H., and Gupta, S. 1961 Blood nucleases 
and in fec tio u s v i r a l  nucleic  ac id s . Nature 189*817-820.

Hershey, A. D. 192:1 The abso lu te  r a te  of the phage-antiphage re a c 
t io n . J . Innranol. 1:1:299-319 •

Hershey, A. D. 191:3 Experiments w ith bacteriophage supporting the 
l a t t ic e  hypothesis. J . Immunol. 1:7*77-87.

Hershey, A. D ., Kalmans on, G., and Ehronfenbrenner, J . 191:3 Quanti
ta t iv e  methods in  the  study of phage-antiphage re a c tio n . J . 
Immunol. 1:6:267-279.

Hershey, A. D., Kamen, M. D ., Kennedy, J . W., and Gest, H. 1951 The 
m o rta lity  of bacteriophage containing assim ila ted  rad io ac tiv e  
phosphorus. J . Gen. Physio l. 31**305-319.

Holland, J .  J . ,  Mclaren, L. C ., and Syverton, J . T. 1959 Mammalian 
ce11-virus re la tio n sh ip . I I I .  P o liov irus production by non
primate c e l ls  exposed to  poliovirus ribonucleic  a c id . Proc.
Soc. Exp. B iol. Med. 100*81*3-81:5.

Huppert, J . ,  Wahl, R ., and"Emerique-Blum, L. 1961 Conditions de 
1*in fec tio n  par l*acide desoxyribonucleique du phage /X171:. 
Biochim, Biophys. Acta 55*182-291.

Jerne, N. K. and Avegno, P. 1956 The development of th e  phage-
in ac tiv a tin g  p roperties  of serum during the course of sp e c ific  
immunisation of an anim al: Reversible and ir re v e rs ib le  in a c t i 
va tion . J . Immunol. 76:200-208.

Jerne, N. K. and Skovsted, L. 1953 The r a te  of in ac tiv a tio n  of bac
teriophage Tljl in  sp e c if ic  an ti-serum . I .  S a lt  e f fe c t .  I I .  
Cofactor. Ann. In s t .  Pasteur 81::73-89.

Kalmanson, G. M. and Ekonfenbrenner, J . 191*2 Evidence of se ro lo g ic a l 
he terogeneity  u f polyvalent "pure lin e"  bacteriophage. J .
Immunol. 1*5:13-23.



109

Kalmanson, 0. M., Hershey, A. D ., and Bronfenbrenner, J . 19k2
Factors influencing  the  r a te  of n e u tra liz a tio n  of bacteriophage 
by the antibody. J . Immunol. ü$*l-12.

K je llen , L. 1962 S tudies on the  in te rac tio n s  of adenovirus, a n t i 
body, and host c e l ls  in  v i t r o . Virology lB:Wj8-L$6.

Kozinski, A. W. 1961 Uniform s e n s i t iv i ty  to  decay among prog
eny of P^^-free phage /%17ü grown in P32_labeled b a c te r ia . Vi
rology 13:377-378.

Lipine, P ., Bcilet-Maury, P ., Bulgakov, N., and G iuntin i, J . 19W: 
Recherches sur la  t a i l l e  e t  la  s tru c tu re  du bacteriophage 
/I17L. U ltrac en tr ifu g a tio n . Compt. Rend. Soc. B iol. 138:726- 
729.

Levine, L ., Murakami, W. T ., Van Vunakis, H., and Grossman, L. I960 
S pecific  an tibod ies to  therm ally  denatured deoxyribonucleic acid 
of phage Tli. Proc. Nat. Acad. S ci. U. S. ü6:1038-10!j.

Maassab, H. F. 1959 An in fec tio u s  ribonucle ic  acid derived from 
in fluenza-in fec ted  c e l l s .  Proc. Nat. Acad. S c i. U. S. U5:877- 
881.

Maclean, E. 0 . and H all, 0. E. 1962 S tudies on bacteriophage fSinh 
and i t s  DNA by e lec tro n  microscopy. J .  Mol. B iol. L:173-178.

Mandel, B. 1959 R e v e rs ib ili ty  of the poliovirus-antibody rea c tio n .
Federation Proc. 18:582.

Mandel, B. I960 N eu tra liza tion  of v i r a l  in fe c t iv i ty :  c h a ra c te ri
za tion  of the  v irus-an tibody  complex, including asso c ia tio n ,
d isso c ia tio n , and host c e l l  in te ra c tio n . Ann. N. T. Acad. S ci. 
83:515-527.

Mandel, B. 1961 R e v e rs ib ility  of the rea c tio n  between poliovirus
and n e u tra liz in g  antibody of ra b b it o rig in . Virology lii:3 l6 - 
328.

fhndel, B. 1962 E arly stages of v i ru s -c e l l  in te rac tio n  as studied 
by using antibody. Cold Spring Harbor Symp. Quant. B iol. 
27:123-131.

Mandel, J . D, 1955 In a c tiv a tio n  of bacteriophage TUr by sp e c if ic  
antiserum . Ph. D. Thesis, C alifo rn ia  I n s t i tu te  of Technology, 
Pasadena, C a lifo rn ia .

Rappaport, I .  1959 The r e v e r s ib i l i ty  of the  reac tio n  between rab b it 
antibody and tobacco mosaic v iru s. J .  Immunol. 82:526-53U.



110

Rappaport, I .  1961 Acid d isso c ia tio n  of aggregates of antibody and 
tobacco mosaic v iru s , w ith recovery of in fec tio u s v iru s . Bio
chim. Biophys. Acta h7:206-208.

Robbins, W. C ., Holman, H. R ., Deicher, H ., and Kunkel, H. G. 1957 
Complement f ix a tio n  w ith c e l l  nuclei and DNA in lupus e ry the
matosus. Proc. Soc. Exp. Biol. Med. 96:575-579.

Rous, P. and Jones, F. S. 1916 The p ro tection  of pathogenic micro
organisms by liv in g  tis su e  c e l ls .  J . Exp. Med. 23:601-612.

Rubin, H. and F ranklin , R. M. 1957 On the mechanism of Newcastle 
disease v iru s  n e u tra liz a tio n  by immune serum. Virology 3:81i-95*

Rueckert, R. R ., Z i l l ig ,  W., and Huber, K. 1962 An improved proce
dure fo r  the  p u rif ic a tio n  of bacteriophage /X17U. Virology 
17:201-207.

Rustigan, R. 1962 A c a r r ie r  s ta te  in  Hela c e l ls  w ith measles v irus 
(Edmonston s tr a in )  apparen tly  assoc ia ted  w ith noninfectious 
v iru s . Virology l6:101-10U.

Sabin, A. B. 1935 The mechanism of immunity to  f i l te r a b le  v iru se s . 
IV. The nature of the  varying p ro tec tive  capacity  of a n t iv i r a l  
serum in d if fe re n t t is s u e s  of th e  same species and in th e  same 
tis su e s  of d if fe re n t  sp ec ie s . B rit. J . Exp. Patho l. I6 :l6 9 -l8 0 .

Sabin, A. B. 1950 The dengue group of v iru ses and i t s  fam ily r e l a 
tio n sh ip s . B acterio l. Rev. ll:225-232.

Sagik, B. P. 195U A sp e c if ic  rev e rs ib le  in h ib itio n  of bacteriophage
T2. J . B ac terio l. 68:1:30-1:36.

Sekiguchi, M., Taketo, A ., and Takagi, T. I960 An in fec tiv e  deoxy
ribonucle ic  acid  from bacteriophage /X17l:. Biochim. Biophys.
Acta 1:5:199-200.

S e r t ie ,  V. and Boulgakov, N. 1935 C la ss if ic a tio n  e t  id e n tif ic a tio n  
des typhi-phages. Compt. Rend. Soc. B iol. 119:1270-1272.

Sinsheimer, R. L. 1957 Some p roperties of bacteriophage /X17l:. 
Federation Proc. 16:250.

Sinsheimer, R. L. 1959a P u rif ic a tio n  and p roperties of b ac te rio 
phage /X17L. J . Mol. B io l. 1:37-1:2.

Sinsheimer, R. L. 1959b A s ing le-s tranded  deoxyribonucleic acid  from 
bacteriophage ^X17U. J . Mol. B iol. 1:1:3-53*

S izer, I .  W. 191:3 E ffec ts  of tem perature on enzyme k in e tic s . Adv.
Enzymol. 3:35-62.



I l l

Sokol, F ., Libikova, H., and Zeroela, J . 1959 In fec tio u s  ribonucleic  
acid  from mouse brains in fec ted  w ith tick-borne en cep h a litis  
v irus. Nature I8b :l58 l.

S o lle r , A. 1961 Procedure fo r  rap id  concentration of phage ly sa te s . 
Virology 13:267-268.

S te n t, G. S. and F u erst, C. R. 1955 In a c tiv a tio n  of bacteriophages 
by decay of incorporated rad io ac tiv e  phosphorus. J . Gen.
Physiol. 3 8 :lk l- l5 3 .

S to l la r ,  D. and Levine, I .  1961 Antibodies to  denatured desoxy
ribonucle ic  acid  in a lupus erythematosus serum. J . Immunol. 
87:k77-WBk.

S to l la r ,  D., Levine, L ., and Marraur, J . 1961 A ntibodies to  denatured 
deoxyribonucleic acid  in lupus erythematosus serum. I I .  Char- 
a c tiz a tio n  of an tibodies in sev e ra l se ra . Biochim. Biophys.
Acta 61:7-18.

Stone, J . D. and Ada, G. L. 1952 E lectrophoretic  s tu d ies  of v iru s -  
red c e l l  in te ra c tio n : Additive e ffe c t of v iru ses of the in f lu 
enza group and the  recep to r-destroy ing  enzyme of V. cho lerae . 
B rit. J . Exp. Pathol. 31:275-281;.

Ta Image, D. W. and Gann, J .  R. 1961 The chem istry of immunity in 
h ealth  and d isease. Charles C. Thomas, S p rin g fie ld , I l l i n o i s .

Tawara, J . T ., Goodman, J . R., Imagawa, D. T ., and Adams, J . M. 1961 
Fine s tru c tu re  of c e llu la r  inclusions in experim ental measles. 
Virology lli:l;10-l;l6.

Taylor, R. M. 19U1 R eactivation of neu tra lized  influenza A v irus 
by d ilu tio n . J . Immunol. UO:373-38l.

Tessman, I . ,  Tessman, E. S .,  and S ten t, G. S. 1957 The re la t iv e
ra d io s e n s it iv i ty  of bacteriophages S13 and T2. Virology L:209-
215.

Todd, 0 . 1928 On a d ilu tio n  phenomenon observed in the  t i t r a t i o n  of
the  serum of fowls immunized ag a in st the v iru s of fowl plague. 
B rit. J . Exp. Pathol. 9:2kk-252.

T oussaint, A. J . and Muschel, L. H. 1962 Studies on the  b ac te rio 
phage n e u tra liz in g  a c t iv i ty  of serums. I .  An assay  procedure 
fo r  normal antibody and complement. J . Immunol. 89:27-3k.

Tromans, W. J . and Horne, R. W. 1961 The s tru c tu re  of bacteriophage 
A l7L . Virology 15:1-17.



112

T y rre ll, D. Â. J . and H orefa ll, J r . ,  F. L. 1903 N eu tra liza tio n  of 
viniaea by homologous immune serum. I .  Q uan tita tive  s tu d ies  
on fa c to rs  which a f fe c t  the n e u tra liz a tio n  re a c tio n  w ith New
c a s tle  d isease , influenza A, and b a c te r ia l  v iru s  T3. J . Exp.
Med. 97:815-861.

Uhr, J .  W., F in k e ls te in , M. S ., and Baumann, J . B. 1962a Antibody 
form ation: I I I .  The primary and secondary antibody response to
bacteriophage /%17L in  guinea p igs. J . Exp. Med. 115:650-670.

Uhr, J . W., Danois, J . ,  F ranklin  E. C ., F in k e ls te in , M. S .,  and
Lewis, E. W. 1962b The antibody response to  bacteriophage /X17h 
in newborn premature in fa n ts . J .  C lin . In v e s t. 1^1:1009-1013.

Uhr, J .  W., F in k e ls te in , M. S ., and F rank lin , E. C. 1962c Antibody 
response to  bacteriophage plYIh  in  non-mammalian v e rte b ra te s . 
Proc. Soc. Exp. B iol. Med. 111:13-10.

Van Vunakis, H., Barlow, J . L. and Levine, L. 1906 N eu tra liza tion  
of bacteriophage by the  properdin system. Proc. Nat. Acad. S c i. 
U. S . 12:391-391.

Wagner, R. R. 1901i E ffec t of antibody on influenza v iru s in fec tio n  
of transp lan ted  tumors. Federation  Proc. 13:016.

Z ahler, S. A. 1958 Some b io lo g ic a l p ro p ertie s  of bacteriophages 
S13 and /I17h . J . B ac terio l. 70:310-310.


