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dines, which is in contrast to the composition of the intact polymerized TMV-NA 
and hence it is likely that the chemical composition and not the size that influences 
the hyperchromic effect. 
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SUMMARY 

The effect of alkali, leaf ribonuclease and pancreatic ribonuclease on the changes in absorp t ion  
of TMV-NA and its core was  studied. I t  was  found t h a t  alkali and leaf ribonuclease b rough t  about  
increase in absorp t ion  ranging from 32 to 37%, while the  pancreat ic  ribonuclease b r ough t  abou t  
a 15 % increment.  The increase in the absorpt ion  obta ined following the t r ea tmen t  of the core wi th  
ribonuclease or N N a O H  accounts  for abou t  6o% of the  tota l  increment  b rough t  abou t  by  the  
action of N N a O H  or leaf ribonuclease on the  intact  TMV-NA. I t  was concluded tha t  the  polypur ine  
nucleotide segments  of TMV-NA are responsible for the major  increase. 
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MECHANISMS OF A N T I B O D Y  G L O B U L I N  S Y N T H E S I S  

BY L Y M P H O I D  T I S S U E  I N  V I T R O *  

ABRAM B. STAVITSKY** AND B E N J A M I N  WOLF*** 

Department o] Microbiology, Western Reserve University School o] Medicine, 
Cleveland, Ohio (U.S.A .) 

In a previous study 1 evidence was presented for de novo synthesis of diphtheria anti- 
body when lymphoid tissue from immunized animals was incubated in a suitable 
medium. The increase in the antibody activity of the system during incubation ap- 
parently required intact cells and a source of energy since disruption of the tissue, 
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anaerobic cultivation of tissue or metabolic inhibitors such as dinitrophenol or cyanide 
inhibited antibody production 1. 

The purpose of the present investigation, which has been reported briefly ~, 3, was 
to obtain evidence of net synthesis of antibody in vitro and to study some of the 
mechanisms of this synthesis. It was hoped especially to learn whether antibodies were 
derived from free intracellular amino acids or from more complex precursors such as 
proteins or poiypeptides. Although the results of in vivo studies4, s, e suggested that 
antibody was derived from free amino acids, it was evident that this question could be 
analyzed more thoroughly with an in vitro system. In order to obtain maximal anti- 
body formation we have employed lymph nodes removed from rabbits during the 
secondary antibody response; a greater response occurs following the second injection of 
protein than after the primary inoculation. Diphtheria toxoid has been used since it 
evokes a striking secondary response. 

MATERIALS AND METHODS 
Immunizat ion and tissue culture 

6o #g (2o Lf units) of alum-precipitated diptheria toxoid (Lederle Laboratories) were injected into 
the hind foot pads of 2.5- 3 kilo rabbits.  One mon th  later the injections were repeated. At various 
t imes thereafter the regional popliteal lymph nodes were removed and cut  into f ragments  about  
3 mm3. All procedures were done aseptically. About 2o mg of fragments (3 pieces) were placed in a 
13 × IOO m m  tube containing a medium. The tubes were stoppered, placed in a roller machine 
(12 rotation]hour) and incubated for 2o-24 hours. Two media were employed, Solution V-6147 
supplemented with 20% (v/v) sterile rabbit  serum, hereafter designated FS, and a chemically 
de ned medium designated W , which contained more amino acids and a higher concentration of 
each. After incubation the medium was decanted and clarified by centrifugation. Since 75-90% of 
the ant ibody was in the medium x after incubation the ant ibody content  of the tissue at  this t ime 
was not  assayed. For analysis of the tissue before incubation it was homogenized in cold physiolog- 
ical saline, the homogenates  clarified by centrifugation, and protein precipitated by the addition 
of an equal volume of 5% trichloracetic acid (TCA). The precipitate was dissolved in phosphate  
buffered saline, p H  7.4, and its ant ibody content  determined by hemagglut inat ion or quant i ta t ive  
precipitation. Its protein content  was measured by the method of LowRY et al. 9. 

Antibody assays 

Antibody was measured either by hemagglut inat ion or the quant i ta t ive  precipitin procedure. For 
hemagglut inat ion "Purogenated"  diphtheria toxoid (Lederle Laboratories) was adsorbed on sheep 
erythrocytes and the cell-toxoid complex agglutinated by ant ibody 10. The potency of the ant i serum 
was expressed as the reciprocal of the highest dilution which agglutinated the cells (serum with 
t i ter of 1116o contains 16o units). The data  are expressed on the basis of weight of tissue per tube 
and net  ant ibody production (titer of medium after incubation minus  t i ter  of unincubated t issue 
homogenate) designated as hemagglut inat ing uni ts  per IO mg of tissue. Each result was the average 
o5 triplicate cultures. The quant i ta t ive  precipitin method 11 with purified diphtheria toxoid 
(K3915o containing 26oo Lf uni ts]mg protein N) was employed for more accurate determination of 
ant ibody production. The LOWRY method ~ was employed for the measurement  of protein in the  
immune  precipitates. 

Isotope techniques 

The methods of labeling the TCA-insoluble fraction of tissue will be discussed later. For determina- 
t ions of radioactivity the globulins of the medium or t issue homogenate  were precipitated with 
alcohol as precipitate A of the NICHOL-DI~OTSCH method xz. Radioactive substances,  presumably  

* The W medium consisted of Tyrode 's  solution 8 supplemented with the following compounds 
in mmoles:  fructose diphosphate-o.ooo46 , DL-a-aminobutyric o.o39 , and these amino acids of 
L configuration, alardne-o.34 , asparagine-o.o23, aspartate_o.o37, glutamate.o.o34, glycine-o.Io, 
hydroxyproline-o.olS, ornithine-o.o53, proline-o.o4, serine-o.o47 , arginine-o.Ii ,  cystine-o.o4, 
hisfidine-o.o2, isoleucine-o.2o, lencine-o.i, lysine-o.i, methionine-o.os, phenylalanine-o.o5, 
tyrosine-o.i ,  t ryptophan-o.oi ,  valine-o.i, threonine-o.i .  The medium also contained IOO uni ts  of 
penicillin G and 5o/~g of s t reptomycin per ml. Glutamic (i.46 mmoles) was added jus t  prior to 
use. The authors  are very grateful to Dr. RICHARD HAFF for suggesting these concentrations of 
amino acids. 
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c o m p l e m e n t ,  wh ich  m i g h t  be adsorbed  non-specif ical ly on t he  a n t i g e n - a n t i b o d y  aggrega te  and  
give a false h igh  value,  were r emoved  by  a he te ro logous  a lbumin -an t i - egg  a l b u m i n  a n t i b o d y  
s y s t e m ,  essen t ia l ly  as  descr ibed b y  KESTON AND KATCHEI~ 1~. Th i s  p rocedure  did no t  r emove  a n y  
d i p h t h e r i a  an t i t ox in .  

A n t i t o x i n  was  p rec ip i t a ted  b y  a concen t r a t i on  of K 39/5 o toxoid  wh ich  p rec ip i t a ted  96 -99% 
of  a n t i b o d y  as  d e t e r m i n e d  by  t e s t i ng  t h e  s u p e r n a t a n t  wi th  t h e  h e m a g g l u t i n a t i o n  m e t h o d .  From 
1-  4 % of t h e  a n t i b o d y  was  a lways  d e m o n s t r a b l e  in t he  s u p e r n a t a n t ,  p r e s u m a b l y  due  to  agg lu t ina-  
t i on  of t h e  toxoid-cel ls  b y  soluble a n t i g e n - a n t i b o d y  complexes .  The  prec ip i ta tes  were washed  twice 
in cold sal ine con ta in ing  io  # g  of m e t h i o n i n e  pe r  ioo  ml  and  dia lyzed in t h e  cold for 3 days  aga ins t  
2 changes  of I ~ l i ters  of saline. The  prec ip i ta te  was  collected by  cen t r i fuga t ion  a n d  redissolved in 
sal ine.  100 -75o / ,g  of p ro t e in  were p i pe t t ed  in to  a s teel  p lanche t ,  dried and  rad ioac t iv i ty  de t e rmined  
wi th  a Nuclear  flow counter .  32oo-64oo coun t s  were t aken .  The  a m o u n t  of  a n t i b o d y  in t he  precipi-  
t a t e  w a s  ca lcu la ted  f rom t he  equiva lence  ra t io  of a n t i b o d y  to  an t i gen  (5.5) n so t h a t  t he  radio-  
a c t i v i t y  of t h e  a n t i g e n - a n t i b o d y  prec ip i ta te  could t h e n  be reca lcula ted  in t e r m s  of the  ac t iv i ty  of 
a n t i b o d y  itself. 

As a check  on t h e  abi l i ty  of t hese  m e t h o d s  to e l imina te  non-specif ic  rad ioac t iv i ty ,  i t  was  found 
t h a t  t o x o i d - a n t i t o x i n  prec ip i ta tes  p repared  af te r  i ncuba t ion  of l y m p h  nodes  f rom n o n - i m m u n i z e d  
a n i m a l s  in a rad ioac t ive  m e d i u m  con ta ined  ve ry  l i t t le r ad ioac t iv i ty  (background  or 1/3 greater) .  

EXPERIMENTAL 

optimal time/or removal o/nodes 

The data in Fig. I indicate that maximal antibody production in FS medium is 
obtained with tissue removed from the rabbit 3 days after the reiniection of toxoid. 
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Fig. I. I~  vitro antibody production by  lymph nodes removed at various times after reinjection of 
diphtheria toxoid and cultivated in FS medium. All injections were made into the hind foot pads 

and nodes were removed surgically on days indicated for each rabbit. 

No antibody was made by nodes removed I day after reinoculation. However, not 
shown is the fact that up to I5O units/Io mg tissue were produced by nodes removed 
I day after antigenic restimulation and cultivated in the W medium. Moreover, up to 
5o0 units/Io mg tissue were formed on the W medium by nodes removed as early 
as I hour after reinjection of toxoid, if the node had been pretreated in vivo by the 
injection of 0.25 ml of sheep blood into the homolateral foot pad 3 days previously. 
Since much more antibody was made on both media by tissue ablated 3 days post- 
reinieetion, this interval was used in the following experiments. 

Net synthesis o/ antibody 
In this experiment, summarized in Table I, the antibody content of tissue before 
incubation was compared with that of the medium after incubation. It is apparent 
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that  net synthesis of antibody occurred in vitro. The left node, which was pretreated 
with blood produced about 4 times as much antibody as the right. In IO experiments 
employing nodes which were not pretreated an average of 4o0 ~g of antibody was 
synthesized per gram of tissue. 

T A B L E  I 

NET SYNTHESIS OF ANTIBODY ~n vitro 

Tissue be]ore incuba2ion Medium'* alter Amount antibody Antibody synthesized 
Tissue incubation 

Wet wt. Antibody content Antibody con ten t  synthesized per gram o/ tissue 

L L N *  21o m g  25/*g  225 /zg 200 /zg  950 /~g 
R L N  200 m g  20 /zg  7 ° / z g  50 / zg  250 /zg 

L L N  = left  pop l i t ea l  l y m p h  node;  R L N  = r igh t  pop l i t ea l  l y m p h  node. 
* o.25 ml  of sheep blood was  in j ec ted  in to  the  left  foot  pad  w i t h  second in jec t ion  of toxoid .  

** Medium was  W solu t ion .  

Nature o~ precursors o/ antibody 

In order to study the role of amino acids in antibody synthesis, attempts were made to 
deplete the lymph nodes of amino acid pools so that further antibody synthesis in vitro 
would be completely dependent upon an exogenous supply of amino acids. Thus far 
these efforts have resulted in loss by the tissues of most of their capacity for antibody 
formation. Therefore, in vitro antibody production as a function of the concentrations 
of amino acids in W medium was examined next. It  was found that when the con- 
centration of amino acids in the medium was doubled, there was at least a doubling in 
the amount of antibody produced. When the concentrations were tripled there was a 
decrease in antibody production compared to the basal medium, presumably due to 
damage to cells by the unphysiologically high concentrations of amino acids. However, 
a requirement for amino acids was shown by the fact that antibody production 
usually was far greater on any amino acid-containing medium than in balanced salt 
solutions. 

A number of amino acid analogs were then tested as competitive inhibitors of 
antibody production. The data presented in Table II  indicate that d/-ethionine 
inhibited antibody synthesis competitively since inhibition was reversed by homo- 
cysteine. Reversal also was accomplished by methionine, but methionine itself some- 
times stimulated antibody production. Comparable concentrations of gamma ethyl 
amido glutamic acid* and p-fluorophenylalanine* were also inhibitory and their 
effects were reversed by glutamic acid and tyrosine plus phenylalanine respectively. 
Although it is known that amino acids can serve as precursors of antibody4,~,e,13,z, 3 
and the foregoing data suggest a role for these compounds in in vitro antibody 
synthesis, it was possible that other types of precursors could be converted to anti- 
body. An amino acid analog might block conversion of a precursor to antibody if this 
reaction involved the addition of the natural amino acid to the precursor. I t  was, 
therefore, desirable to label the potential TCA-insoluble tissue precursors such as 
peptides and proteins and ascertain whether any of the label appeared in the antibody 
synthesized by the tissue. It  was essential that the TCA-soluble amino acid-containing 

* K i n d l y  supp l ied  by  Dr. HARLYN HALVORSON. 
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TABLE II 
COMPETITIVE INHIBITION OF ANTIBODY SYNTHESIS BY ETHIONINE 

HA units % Inhibition Conaposition o! medium ~ per xo nag tissue 

W 
W -[- DL Ethionine (i. io-3M) 
W + DL Ethionine (i. io-3M) + L-Homocysteine (7' IO-43I) 
W + L-Homocysteine (7.5" Io-4M) 
HA-hemagglutinating 

128 

23 82 
lO 3 20 
116 9.5 

* In the concentrations employed in these experiments neither the Ethionine or the Homo- 
cysteine affected the results of the hemagglutination titration. 

fraction of tissue possess negligible radioactivity so that  its contribution to activity of 
antibody not be detectable. I t  was also desirable to limit the total radioactivity of the 
TCA-insoluble fraction because from 8-15 % of cellular protein was catabolized during 
incubation and radioactive amino acids derived from protein would thereby be made 
available for incorporation into antibody. Incorporation of labeled amino acids into 
antibody also was minimized by dilution of these acids with unlabeled exogenous and 
endogenous amino acids. The experiments were carried out in the chemically defined 
W medium so there was no source of protein other than the labeled protein in the node. 
Since it was found that  antibody and normal gamma globulin were synthesized while 
there was a net loss in total protein during incubation it is likely that  little synthesis of 
proteins other than gamma globulins occurred. Therefore, conditions were suitable for 
detection of the conversion of potential labeled TCA-insoluble precursors to antibody. 
Since these precursors were labeled with 35S only their conversion to S-containing 
proteins such as rabbit  antibody 14 was detectable. 

I t  was found that  the desired level and specificity of labeling could not be achieved 
by exposing the tissues to radioactive amino acids i n  vitro since this resulted in appreci- 
able radioactivity in the TCA-soinble fraction. However, the desired labeling was 
produced by  iniecting 500 ~c of 35S yeast protein hydrolysate (Abbott Laboratories) 
intraperitoneally into the immunized rabbit 16 hours before removal of the nodes for 
culture. 

Table I I I  presents the results of 2 experiments of this type. The data from the 
first are consistent with the interpretation that  all of the radioactivity of the antibody 
in the medium can be accounted for by dilution of the activity of the antibody present 
before incubation. If  the radioactivity had been derived from the pre-existing antibody 
and the bulk of the antibody was made from an unlabeled fraction of cellular protein, 
the remaining protein should have had a higher specific activity than initially. This 
explanation is excluded by  the fact that  the protein at the end of incubation had a 
somewhat lower (IO %) specific activity than initially. The discrepancy between 
calculated activity of 41o and the actual 360 may in part  be due to breakdown during 
incubation of the antibody present initially. There was no apparent source of the radio- 
activity found at the end of incubation other than preformed labeled antibody since 
not enough radioactivity was found to be released during incubation to provide high 
specific activity precursors of antibody. Moreover, it was shown that  the radioactive 
contribution to antibody of a TCA-soluble fraction with the activity of that  in experi- 
ment i could not be detected. 
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TABLE III  

F A I L U R E  O F  C O N V E R S I O N  O F  T C A - I N S O L U B L E  C O M P O U N D S  T O  A N T I B O D Y  

Expl. * * * 

Tissue be/ore incubation* Medium alter incubation** 

Antibody Sp. ext. Protein Sp. act. protein Antibody Sp. act. Cale. sp. act. 
content  antibody*** TCA -insol. TCA-ins6l. content  antibody *** antibody§ 

~g e/m,'ioo ~g tlg c/m/zoo l~g I~g e/m/Ioo I~g e/m/roo I*g 

i 25 3680 876 3360 225 360 41o 

2 0.94 §§ 756 lOO2 7 ° o §§ 

* c/m in Expt. i :  Total homogenate-39,232; total TCA-insoluble-29,424; total TCA-soluble- 
280o. c]m in Expt. 2: Total TCA insoluble-772o; total TCA-soluble-o. 

** In Expt. I the tissues and media from io tubes which were incubated individually were 
pooled for these analyses. In Expt. 2 the contents of 8 tubes were similarly combined. 

*** Antibody refers to amount calculated from optimal ratio (5.5) of antibody to antigen in 
specific precipitate. 

§ On basis of 9-fold dilution of original specific activity of antibody by newly made antibody. 
§§ Inaccurate since it depends upon hemagglutination rather than quantitative precipitation. 

This inaccuracy precluded any determination of specific activity of antibody before incubation or 
any calculation of specific activity of antibody in the medium after incubation. 

The  conclusion tha t  an t i body  was not  synthesized to any  ex ten t  from pre-exist ing 
prote ins  and pept ides  was fortified b y  the  results  of Expe r imen t  2. The specific ac t iv i ty  
of the  an t ibody  in the  tissue could not  be de te rmined  accurately.  However,  the  ant i -  
body  in the  med ium was co-precip i ta ted  b y  the addi t ion  of toxoid  and  an t i tox in  and  
the  prec ip i ta te  conta ined r ad ioac t iv i ty  comparable  to t ha t  found in control  experi-  
men t s  in which nodes from non- immunized  animals  were incuba ted  in radioac t ive  
med ium to which an t ibody  was added.  

In  conf i rmat ion  of previous  observationslSO e, 35S/-methionine was incorpora ted  
into an t ibody  produced  b y  nodes in vitro. In  subs tan t ia t ion  of earlier in vivM and 
t r a n s p l an t a t i on  exper iments  3,17, 35S_labele d normal  r abb i t  g a m m a  globul in  added  to 
the  med ium in which nodes were incubated  was not  incorpora ted  into the  result ing 
an t ibody.  However ,  i t  is conceivable tha t  extracel lular  globulins cannot  gain entrance 
into an t ibody- forming  cells and  are consequent ly  unable  to par t i c ipa te  in this  process. 

DISCUSSION 

L y m p h  nodes mus t  remain  in the  animal  for 3 days  after  the  second inject ion of 
ant igen in order  to ob ta in  max ima l  in vitro an t ibody  synthesis.  Since recent studies is 
impl ica te  i m m a t u r e  p l a sma  cells in the  format ion  of an t ibody ,  the  residence of 3 days  
in the  animal  m a y  be required for the  deve lopment  of adequa te  numbers  of these cells 
in the  node. The  decrease in an t ibody  product ion observed b y  cul t iva t ion  of nodes 
removed  more t han  3 days  af ter  the  reinject ion of ant igen (Fig. I) m a y  reflect the  
conversion of the  act ive an t ibody-produc ing  immatu re  p l a sma  cells into the  less act ive 
p lasma  cell. W h a t e v e r  the  na ture  of the  physiological  events  required for max ima l  
an t ibody  formation,  thus  far t hey  have  been observed to  occur most  effectively in 
vivo. However ,  these events  appa ren t l y  occur to some ex ten t  in v i t ro  in the  W bu t  not  
the  FS  med ium since an t ibody  was synthesized in vitro b y  nodes ab la ted  i day  af ter  
ant igenic  res t imula t ion  and  cu l t iva ted  in the  W medium.  
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Antibody synthesis in vitro has been stimulated non-specifically in 6 out of io, 
experiments by pre-treatment of the nodes in vivo with sheep blood. The injection of 
sheep blood also has promoted antibody synthesis by lymphoid cells upon trans- 
plantation from immunized to normal animals 19. The manner whereby the blood 
affects these phenomena is not known, but the active factor appears to be in the plasma 
rather than cellular fraction of blood 19. 

The present data indicate that a substantial net synthesis of antibody occurs in 
vitro*. The amount of antibody produced is comparable to that made in vivo or follow- 
ing transplantation of antibody-producing cells to normal animals 2, 3,20,21,2~. Thus far 
the antibody system and that in which serum albumin is synthesized by chicken liver 
slices 23 are the only mammalian systems in which a net synthesis of protein has been 
demonstrated unequivocally in vitro. 

The requirement of amino acids for maximal antibody synthesis and the inhibition 
of this synthesis by several amino acid analogs point to an important role of these 
amino acids as precursors of antibody protein. It  would be desirable, however, to 
extend the analog data to a wider variety of amino acids before this inhibition could 
be considered a general phenomenon. The most persuasive evidence for the role of 
amino acids in antibody formation is provided by the failure of conversion to antibody 
of pre-existing S-containing compounds other than amino acids (Table III). These 
data are consistent with previous findings in this laboratory 8,17 in which cells from 
immunized animals were transplanted to normal recipients and synthesized antibody 
in these animals. Analysis of this system revealed a tremendous discrepancy between 
the amount of total protein and gamma globulin in the transplanted cells and  the 
amount of antibody produced by these non-proliferating cells. In a typical experiment 
the cells produced IOOO-IO,OOO times as much antibody protein in the recipients as the 
protein they contained before transplantation. These data also concur with the 
finding21,24, 2, ~ that the antibody formed by these transplanted cells apparently is not 
derived from pre-existing protein. However, due to limitations of experiments in 
whole animals it was not possible to exclude a small but nonetheless significant 
conversion to antibody of precursors more complex than amino acids. These conclu- 
sions also are in agreement with recent biochemical studies of protein synthesis in 
bacterial 2s and mammalian 26 tissues. 

It  is evident that the secondary antibody response does not depend upon the 
release of stored intraceUular antibody or the conversion to antibody of pre-existing 
cellular proteins. However, the data provide no information as to the mechanisms 
whereby the amino acids are condensed to form antibody. It  is possible, for instance, 
that this condensation involves the prior formation of small amounts of a rapidly- 
turning over precursor of the structural complexity of antibody. 

In  vitro incorporation of radioactive amino acids into antibody appears to parallel 
the actual net synthesis of antibody 24, but  dissociation of these phenomena compar- 
able to that apparently achieved in bacterial cells 27 has not been attempted. 

I t  is clear from these and other 1,2, s, 20 experiments that the in vitro antibody- 
synthesizing system possesses many advantages for the study of the mechanisms of 
synthesis of antibody and other proteins free from the complexities of the whole animal. 

* After this  s tudy  was  completed and repor ted briefly ~,3, STEINER AND ANKER l0 reported the  
in vitro net synthesis  of comparable  amoun t s  of an t ibody  to bovine s e r u m  albumin by  rabbi t  spleen 
cells. 

Re/erences p. z L  



VOL. 2 7  (x958) ANTIBODY GLOBULIN SYNTHESIS I I  

ACKNOWLEDGEMENTS 

T h e  a u t h o r  i s  g r a t e f u l  t o  M r s .  A N N E  D .  GARDNER a n d  Mr .  F R A N K  C. WILLIAMS f o r  

v a l u a b l e  t e c h n i c a l  a s s i s t a n c e  a n d  t o  D r .  H .  E AR L E  SWIM a n d  D r .  C~ARLES YANOFSKY 

f o r  a t h o r o u g h  a n d  c o n s t r u c t i v e  c r i t i c i s m  o f  t h e  m a n u s c r i p t .  

S U M M A R Y  

L y m p h  nodes  f rom i m m u n i z e d  r abb i t s  effect ~ ne t  syn thes i s  of a n t i b o d y  on a s y n t h e t i c  m e d i u m  in 
vitro. Several  a m i n o  acid ana logs  inh ib i t  th i s  syn t he s i s  and  the i r  effects are  reversed  by  t h e  na tu r a l  
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