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ABSTRACT: Poly-y-D-glutamic acid has not been found 
to be immunogenic in pure form but elicits antipoly- 
peptide antibodies when complexed with methylated 
albumin. In either form, tritiated polypeptide was taken 
up by rabbit peritoneal exudate cells, composed largely 
of macrophages, in situ or in the test tube, and was 
found at equal levels in ribonucleic acid (RNA) puri- 
fied by four extractions with phenol and repeated pre- 
cipitation with ethanol. The label was found exclusively 
in the 4-5s RNA fraction, which was the only type per- 
ceptibly synthesized after the introduction of polypep- 
tide, determined by incorporation of uridine-le.  There 
was no association between RNA and polypeptide 
mixed in vitro, but association comparable to  that ob- 
tained with intact cells occurred with cell-free extracts. 
By using %-labeled T2 bacteriophage instead of poly- 
peptide, antigen was again found only in 4-23 RNA. 
After total hydrolysis of RNA-polypeptide complexes 

T he sequence of events initiated by an antigen which 
terminates with the appearance of antibody is still 
largely a mystery. Considerable interest has been engen- 
dered by the provocative report that RNA, extracted 
from peritoneal exudate cells which had been incubated 
with T2 bacteriophage, could induce the synthesis of 
neutralizing antibody by unprimed lymphoid cells (Fish- 
man and Adler, 1963). This activity was sensitive to  
RNase but refractory to  proteolytic enzymes. Sub- 
sequently, several investigators demonstrated the 
presence of antigen in similar RNA preparations, using 
the same (Friedman et af., 1965) and other (Askonas 
and Rhodes, 1965) antigens, raising questions about 
the role of RNA in the experimental system. However, 
a more recent report, if corroborated, definitely assigns 
to the donor RNA an informational capacity (Adler 
et al., 1966). 

The capsular polypeptide of Bacillus anthracis (poly- 
y-D-glutamic acid) has thus far not been found to elicit 
detectable serum antibody in rabbits when injected in 
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followed by high-voltage electrophoresis on DEAE-cell- 
dose  paper, the 3H label was found only in glutamic acid. 
Using uridine-le-labeled RNA, it was shown that the 
associated antigen was still in a polymer form by treat- 
ment of the complex with RNase followed by molecular 
sieving. 

The labeled polypeptide could not be dissoci- 
ated from RNA by sucrose density gradient centrif- 
ugation, adsorption chromatography, gel electrophore- 
sis, equilibrium sedimentation in cesium sulfate, or in 
competition by 10'105-fold excesses of unlabeled poly- 
y-D-glutamic acid, poly-a-o-glutamic acid, poly-a-~-  
glutamic acid, or D-glutamic acid. These results indicate 
that the association of antigen with macrophage RNA 
is an active biologic process and that the association is 
strong and possibly covalent. Association with macro- 
phage RNA does not appear to distinguish between 
antigens on the basis of immunogenicity. 

pure form at doses ranging from 0.01 to 10 mg. On the 
other hand, animals immunized with the polypeptide 
complexed with an immunogenic carrier, methylated 
albumin, regularly respond with antibodies which pre- 
cipitate with the polypeptide itself (Goodman and Ni- 
tecki, 1967). In order to  assess the significance of the 
association of antigen with peritoneal cell RNA in the 
immune response, the uptake by these cells of PO~Y-Y-D- 
glutamic acid in its immunogenic form and in the form 
in which it is at best a very weak immunogen was com- 
pared. The quantitative association of the polymer with 
cellular RNA, as well as the tenacity and specificity of 
this association, was investigated. 

Materials and Methods 

Polypeptides. (1) Poly-y-D-glutamic acid: The puri- 
fication and characterization of the capsular polypep- 
tide of B. anthracis (strain M36) has been described 
(Goodman and Nitecki, 1966). It has an average molec- 
ular weight of 33,500 by end-group analysis. (2) Syn- 
thetic poly-a-D-glutamic acid (average mol wt 42,000) 
was from Yeda, Israel. (3) Synthetic poly-a-L-glutamic 
acid (average mol wt 6400) was kindly provided by Dr. 
Paul Maurer. (4) D-Glutamic acid was obtained from 
Mann Research Laboratories. 

Poly-y-D-glutamic was radiolabeled by exposure to 
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tritium gas (New England Nuclear Corp.). After re- 
moval of the degradation products by exhaustive di- 
alysis and chromatography on Sephadex G-50, the 
high molecular weight material had a specific activity 
of 51 pCi/mg. 

The optical purity of the radiolabeled polypeptide 
was ascertained by gas-liquid partition chromatography 
(Westley, 1967). The hydrolyzed polypeptide was treated 
with N-trifluoracetyl-L-prolyl chloride to  form N-tri- 
fluoracetyl-L-prolylglutamic acid dimethyl esters and 
analyzed on a Varian Aerograph 1200, using a column 
with dimensions of 60 X '/S in. (Goodman et al., 1968). 
During the analyses, the temperature was maintained at 
200" and the nitrogen flow was 30 cc/min. Under these 
conditions, the retention times for the D and L isomers 
were 10.7 and 12.0 min, respectively. The N-trifluor- 
acetyl-L-prolyl chloride reagent contained 3.5 % of the 
o-prolyl form as determined by assay with sterically 
pure (-)-ephedrine. The corrected values for analysis 
of the polypeptide before and after tritiation were in- 
distinguishable and gave a maximum of 3z for the L 
isomer. The precision of the method is about =k 3 %. 

Rabbit Peritoneal Exudate Cells. New Zealand white 
rabbits weighing 2.5-3 kg were injected intraperitoneally 
with 50 ml of sterile liquid petrolatum. After 4 days the 
animals were sacrificed and their peritoneal exudates 
were harvested with 200 ml of a solution (I) containing 
phosphate buffer (0.015 M, p H  7.4), NaCl (0.14 M), 
heparin (1 :20,000), and 3 normal rabbit serum, The 
oil was removed in a separatory funnel and the cells 
were centrifuged and washed with solution I. The yield 
of cells per rabbit varied from 2 X lo8 to 109; 80-90% 
represented large mononuclear cells with the morphol- 
ogy of macrophages. The remainder consisted of small 
lymphocytes and polymorphonuclear leucocytes. The 
number of cells harvested without prior injection of 
petrolatum was about 1 of that obtained when petro- 
latum was used. 

Exposure of Peritoneul Exudate Cells to M36- 3H Poly- 
peptide. Rabbit peritoneal exudate cells were exposed 
to  M36-3H polypeptide either in situ or  in the test tube. 
The polypeptide was introduced in either of two insolu- 
ble forms: as a precipitate with alum (M36-3H-alum) 
(Porter, 1958) or  complexed with methylated bovine 
serum albumin M ~ C ~ - ~ H - M B S A )  (Goodman and Ni- 
tecki, 1967). For  in situ experiments, 20-110 pCi of poly- 
peptide was injected intraperitoneally 2.5 hr  before 
peritoneal exudates were harvested. For experiments in 
the test tube, 2 X 108-109 peritoneal cells from individ- 
ual rabbits were suspended in 2 ml of solution I and in- 
cubated for 1 or  5 hr at 37" with 110-166 pCi of poly- 
peptide, after which they were pelleted and washed with 
the same solution. 

For  cell-free experiments, 5 X los cells were sus- 
pended in 0.015 M sodium phosphate buffer (pH 7.4)- 
0.1 M NaCl and homogenized by repeated stroking 
in a Dounce tissue grinder. The grinder disrupts more 
than 99 of the cells with a single stroke. The homog- 
enate was incubated with 11.2 pCi of M3tk3H-alum for 
1 or 2.5 hr at  37' prior to purification of RNA. 

Preparation of RNA. The preparation of RNA from 
peritoneal exudate cells was based on the method de- 

scribed by GliSin and GliSin (1964), as modified by Gott- 
lieb et a/. (1967), and involved four extractions with 
phenol. Washed cells were suspended for 15 min in 5 ml 
of solution I1 (0.01 M sodium acetate buffer (pH 5.0), 
0.1 M NaCI, and 0.5% sodium dodecyl sulfate) and 
homogenized in a Dounce tissue grinder. The material 
was extracted with an  equal volume of liquified phenol 
saturated with solution I1 for 15 min in the cold. The 
interphase was resuspended in 5 ml of solution I1 with 
0.001 M MgC12 and again extracted with phenol. The 
water phases of both extractions were pooled and reex- 
tracted with phenol and the interphase was again sus- 
pended in 5 ml of solution I1 and phenol was extracted 
at 60" for 6 min. 

The pooled water phases were treated with electro- 
phoretically purified DNase (Worthington Biochemical 
Corp.) for 20 min at  room temperature, followed by two 
additional extractions with equal volumes of phenol in 
the cold. Two volumes of ethanol were added to the 
last water phase and the solution was stored at  -20" 
overnight. 

The RNA was recovered by centrifugation, resus- 
pended in a minimal volume of solution 11, and dialyzed 
overnight against lo3  volumes of solution 11. This 
yielded a product with a 260 mp/280 mp extinction ratio 
of 2.0 in quantities of 150-267 pg/rabbit. 

Each time a sample of RNA from a given prepara- 
tion was used, the RNA was precipitated by addition of 
two volumes of ethanol. After centrifugation and de- 
cantation of the supernatant, the RNA was dissolved in 
the desired buffer. Some preparations were reprecipi- 
tated as many as five times. In some experiments, RNA 
was labeled with by adding 5 pCi of uridine-2-14C 
(New England Nuclear Corp.) to a suspension of peri- 
toneal exudate cells at the time of addition of M36-3H 
polypeptide. 

Sucrose Density Grudient Ultrucentrifugution. RNA 
in solution I1 was layered on top of a 12-ml, 5-30z 
sucrose linear gradient (0.01 M acetate buffer (pH 5.0), 
0.1 M NaCI, and 0.001 M EDTA) and centrifuged in a 
Spinco L2 preparative ultracentrifuge (SW41 rotor for 
6 hr at 190,OOOg or  SW50 rotor for 24 hr at 78,OOOg). 
The absorbency at  260 mp in the gradient was measured 
with a Gilford recording spectrophotometer and frac- 
tions of 12 drops were collected. Unless otherwise 
stated, 10 pl from each tube was counted in a Beckman 
scintillation system after addition of 10 ml of a scintil- 
lation fluid consisting of 100 g of napthalene and 5 g of 
2,5-diphenyloxazole brought to 1 1. with dioxane. Indi- 
vidual fractions were conserved at  -20" after addition 
of two volumes of ethanol. 

Cellulose Chromatography. RNA - 4C-M 3 6- 3H com- 
plexes were chromatographed on  cellulose columns 
using an ethanol-bufkr system which resolves the major 
molecular species of RNA (Barber, 1966; Franklin, 
1966). Whatman cellulose CFll was repeatedly sus- 
pended in STE buffer (0.01 M Tris-HCI(pH 7.4), 0.1 M 

NaCI, and 0.001 M EDTA) containing 35zethanol and 
the fine particles were decanted. The cellulose was stirred 
overnight in STE buffer containing 1 z p-mercapto- 
ethanol and resuspended twice in 35 % ethanol-STE. 
A 10 X 0.3 cm column was poured and washed with 1433 
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TABLE I: The Association of M36-3H with Peritoneal Cells and Peritoneal Cell RNA. 

Total % Intra- 
Dose of Total cellular 
M36-3H 3 H i n  3H on 

Method of Exposure to M36-3H (!a cells RNA 

In  situ intraperitoneal With oil 
injection 

Without oil 

In the test-tube: cell 
suspensions 

Cell-free preparations 

Control 
4 s  RNA + alum precipitated 
4 s  RNA + M36-3H 
28s RNA + M36-3H 

Alum 

MBSA 

Alum 

MBSA 

precipitated 

precipitated 

precipitated 

precipitated 

Alum pre- 
cipitated 

MBSA pre- 
cipitated 

Alum pre- 
cipitated 

64 

20 

86 

30 

86 
86 

115. 
115 

11.2 
11 .2  

86. 
104  
104  

2 . 5  

1 .25 

0.05 

0.26 

21 
18 
13 
7 . 6  

1 . 8  

2 . 8  

7 . 2  

5 . 5  

17.7 
14.5 
5 . 8  
9 .6  

5 . 7  
4 . 8  

0,003 
0 . 0 6  
0 . 0 6  

M36./4S 
RNAb 
(PLglPP) 

0.007 

0.002 

0.004 

0.004 

0 .14  
0.14 
0.08 
0 .04  

0.11 
0.10 

0,0007 
0,001 
0.001d 

M36a/4S 
RNAh per 
Intracell- 
ular 3H 

(ILglpLg /-a 
4 . 4  x lo-" 

8 . 0  x 

9 . 0  X lo-' 

5 . 1  X 

7 . 6  x 10-3 
9 . o  x lo-" 
5 . 4  x 10-2 
4 . 6  x lo-;+ 

1 . o  x 10-3 
0 . 9  X 10-3 

8 . 0  x 10-6 
9 . 0  x 10W 
9 . 0  x 10-6d 

~ 

t i  The quantity of M26 is based on specific radioactivity. b The quantity of RNA is based on optical density at 260 
mp. c Incubated with cell for 5 hr. d M36-3H/28S RNA. e Total dose is considered intracellular in calculations. 

35% ethanol-STE. M36-3H or RNA-14C-M36-3H 
complexes obtained from sucrose gradients was dis- 
solved in 0.3 ml of the same buffer and applied to the 
column. Fractions containing 20 drops were collected in 
scintillation vials. After 25 fractions were collected, the 
ethanol concentration of the buffer was lowered to 15 Z, 
and after an additional 25 fractions the column was 
eluted with the buffer itself. 

Equilibrium Centrifugation in Cesium SulJute. The tech- 
nique described by Bishop et al. (1965) was used. Solu- 
tions of Cs2S04 (Stanley H. Cohen Co.) in 0.005 M Tris 
buffer (pH 7.4) or 0.01 M acetate buffer (pH 5.0)-0.001 M 
EDTA, p 1.60 at 5 " ,  containing either 33 pg of 
RNA-14C-M36-3H complexes or a mixture of 33 Mg of 
RNA-14C and 2.6 pg of M36-3H, in volumes of 5.0 ml 
were centrifuged in a Spinco Model L ultracentrifuge 
for 80 hr at 35,000 rpm in an SW50 rotor at 5" .  After 
the run, the bottoms of the tubes were punctured and 
fractions of 5 drops for density analysis and 15 drops 
for radioactivity determination were collected. Den- 
sities were calculated from the refractive index of the 
samples (Hearst and Vinograd, 1961). 

Polyacrylamide Gel Disc Electrophoresis. RNA-' 4C- 
M36-3H complexes were electrophoresed at 5 mA for 
45 min in 5 %  polyacrylamide gel columns (pH 7.8) 
(Loening, 1967). The gels were frozen and sectioned into 
1-mm slices with a McIlwain cytostat. The slices were 1434 

put in glass counting vials and dissolved in 3 0 x  HzOL 
at 37 '. Radioactivity was determined after addition of 
NCS solubilizer (Nuclear Chicago Corp.) to the scintil- 
lation fluid. 

High- Voltage Electrophoresis. M36- 3H polypeptide 
and RNA polypeptide complexes were hydrolyzed with 
6 N HC1 and electrophoresed on DEAE-cellulose paper 
at pH 3.5, 2500 V, for 2.5 hr (Goodman et al., 1968). 
The papers were dried and cut into 1 x 2 cm sections 
for radioactivity measurements in the liquid scintillation 
system. 

Molecuhr Siecing. Sephadex G-200 in microcolumns 
with a total volume of 2.5 ml was used to evaluate the 
association of 3H and 14C in RNA-14C-M36-3H com- 
plexes before and after treatment with beef pancreatic 
ribonuclease (Boehringer & Mannheim Corp.), used at 
a concentration of 300 Mg/ml. Fractions containing 5 
drops were collected from the columns by elution with 
0.1 M NaC1. 

Competition Experiments. Quantities of RNA-M36- 
c'H complex containing 2000-5000 cpm were mixed 
with 10P106 times as much unlabeled polypeptide or 
glutamic acid, on a weight basis, to determine the speci- 
ficity and tenacity of the association. The mixtures were 
incubated in volumes of 0.4 ml of 0.015 M sodium phos- 
phate buffer (pH 7.4p0.14 M NaC1, at room temperature 
for 24 hr. RNA was precipitated with two volumes of 
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F I G U R ~  1 : Sucrose density gradient ultracentrifugation of 
cellular RNA and M36-3H. Centrifuged for 6 hr at 190,OOOg. 
The top of the gradient is at the right. (A) ---, Hela cell 
RNA showing typical 28S, 16S, and 4 s  peaks; - - - - ,  free 
M36-3H; -, peritoneal exudate cell RNA from cells 
unexposed to M36-3H. (B) RNA from peritoneal exudate 
cells incubated with M36-3H-alum for 2.5 hr in situ. (C) 
RNA from peritoneal exudate cells incubated with M36-3H- 
MBSA for 2.5 hr in situ. (D) RNA from suspensions of 
peritoneal exudate cells incubated with M36-3H-alum for 
1 hr in the test tube. (E) RNA from suspensions of peritoneal 
exudate cells incubated with M36-3H-MBSA for 1 hr in the 
test tube. 

ethanol, and radioactivity in the precipitate and in the 
supernatant was determined. Controls in which RNA 
from cells which had not been exposed to polypeptide 
was mixed in ritro with labeled polypeptide were 
included. 

%-Lubeled T2 Bucteriuphuge. T2 phage were grown 
in E. coli strain B in M9 medium (Adams, 1959) supple- 
mented with glycerol (0.4%) and gelatin (10 Fg/l.), in 
which MgS04 was replaced by MgC12. 35S (1 mCi) as 
Na2S04 was added per 100 ml of medium (New Eng- 
land Nuclear Corp., specific activity 1.75 mCi/mg). Bac- 
teria were infected at  a multiplicity of 0.1 and treated 
with chloroform after 4.5 hr. 

The lysate was purified by successive low- and high- 
speed centrifugation and zonal sedimentation in sucrose. 
The product was dialyzed against sodium phosphate 
bufFer (0.015 M, p H  7.4)-0.14 M NaCI. The final phage 
preparation, suspended in 4 ml, contained 3.2 X 10IG 
PFU1/ml with a specific radioactivity of 0.16 pCi/lOIO 

1 PFU = plaque-forming units. 

T U B E  NUMBER 

FIGURE 2: Sucrose density gradient ultracentrifugation for 24 
hr at 78,000g of free M36-3H and RNA-M36-3H complexes. 
Sedimentation is to the left. 

particles. The phage suspension (2 ml) was incubated 
with 5 X los peritoneal exudate cells at  37" for 30 min, 
after which the cells were washed and RNA was 
extracted as described. 

Results 

Associution of M36- 3H with Peritoneul Exudute Cells 
und Peritoneul Exudate Cell RNA. Table I gives the 
quantities of M36-3H in microcuries which were injected 
intraperitoneally into rabbits, exposed to suspensions of 
cells in the test tube, or mixed with cell-free extracts. 
The cell-associated radioactivity was determined by 
summation of the activities in the pooled phenol phases, 
the interphases, and the final water phase of the extrac- 
tion procedure. Attempts to directly determine the 
radioactivity of intact cells led to clumping and severe 
quenching in the scintillation medium. The radioactivity 
associated with RNA was measured after dialysis of the 
preparations against solution 11, which contained so- 
dium dodecyl sulfate. 

In general, no correlations could be made between 
total dose of M36-3H and the quantities of cell-asso- 
ciated and RNA-associated radioactivity (Table I). 

In  sucrose density gradients, tritium appeared exclu- 
sively in the region of 4-5s RNA, whether alum- or 
MBSA-precipitated polypeptide was used or whether 
the association occurred in situ or in the test tube (Fig- 
ure 1). As little as 0.05 % of the total bound radioactivity 
could have been detected in other regions of the gra- 
dient. In the test-tube experiments, the label was con- 
sistently displaced with respect to the 4-5s RNA peak 
(Figure lD,E), whether incubation of M36-3H with 
cells lasted for 1 or 5 hr, and appeared to be associated 
with a fraction of smaller molecular size. However, 
since the free polypeptide remained at  the top of the 
gradient (Figure lA), even after centrifugation for 24 
hr, which pellets the RNA-associated radioactivity (Fig- 
ure 2), the displacement was probably due to a shift in 
sedimentation caused by the associated polypeptide. 
The shift was inconspicuous in in situ experiments per- 
haps because only about 10% as much polypeptide was 
RNA associated. 

Free M36- 3H and RNA- 4C-M36- 3H complexes 
obtained from sucrose gradients were both eluted from 
cellulose columns in the 35 ethanol-STE buffer frac- 
tion. However, the 3H and I4C labels in the complexes 
were eluted simultaneously, whereas M36- 3H itself 
was removed distinctly earlier (Figure 3), providing 1435 
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FIGURE 3: Chromatography on cellulose columns of M36-3H 
polypeptide (v-V) and M36-3H-RNA-14C complexes 
(A-A and 0-0). The free polypeptide is eluted prior to 
the RNA-associated polypeptide, which appears with the 
RNA. Elution was with 35 ethanol-STE buffer. 

additional evidence of firm association between antigen 
and RNA. 

The results of equilibrium sedimentation in cesium 
sulfzte gradients are shown in Figures 4 and 5. Each of 
the components in a control mixture of R N A - l C  and 
M-363H banded at separate positions in the gradient 
at pH 5.0 (Figure 4A) and at  pH 7.4 (Figure 5A). The 
polypeptide remained at the top of the gradients while 
the principal RNA band appeared at  p 1.68. Two addi- 
tional minor RNA bands were found in the pH 7.4 
gradient at p 1.61 and 1.52. These could be RNA-pro- 
tein complexes, but the polypeptide was clearly not 
associated with either of them. Resolution was less 
satisfactory in the pH 5.0 gradient as larger samples 
were taken for analysis. This gradient was charged with 
less material in order to  minimize the possibility of 
“trapping” polypeptide in the RNA bands. At pH 5.0 
the two labels were essentially coincident throughout 
the gradient (Figure 4B). Most of the 3H was in the 
major RNA band at p 1.68, but minor bands at p 1.58 
and 1.48 were found, At pH 7.4 there was evidence of 
dissociation of the radiolabels after 80-hr centrifu- 
gation (Figure 5B). This bears a gross resemblance to the 
alkaline lability of aminoacyl-tRNA bonds (Gilbert, 
1963). 

Disc electrophoresis in polyacrylamide gels showed 
that M36-3H remained near the gel origin whereas 
4s RNA banded near the bottom. With RNA-14C- 
M36- 3H complexes, the two isotopes were distributed 
throughout the gel between the positions of the com- 
ponents in pure form. However, discrete bands of 
RNA-polypeptide complex were not seen, perhaps due 
to heterogeneity of the polypeptide or to  the relatively 
alkaline gel. 

The most valid basis of comparing the quantitative 
association of polypeptide with RNA in the various 
experiments seemed to be in terms of the amount of 
M36-3H per unit quantity of RNA per microcurie of in- 
tracellular 3H, expressed as micrograms per microgram 
per microcurie. In the in situ experiments, this ratio 
varied from 4.4 x 10-3 to  9.0 X 10-2 (Table I). Pet- 
rolatum, which increased the numbers of cells by about 
100-fold, decreased the ratio by a factor of about 10. 1436 
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FIGURE 4: Equilibrium centrifugation in CsLSOa for 80 hr 
at 35,000 rpm, 5”,  pH 5.0. (A) Mixture of RNA-IC and 
M36-aH polypeptide. (B) RNA-14C-M36-3H complexes. 

Of particular interest, MBSA exerted no apparent 
quantitative effect on the association. In each of the two 
sets of in situ experiments, with oil and without oil, the 
value for the MBSA-complexed polypeptide was com- 
parable to that for the polypeptide-alum complex. 

Experiments performed with suspensions of cells 
gave about a tenfold greater uptake, probably because 
they were carried out with quantities of cells and M36- 
3H comparable to in situ experiments but in a volume 
of 2.0 ml rather than the peritoneal cavity, thus en- 
hancing the efficiency of contact by the cells. The pro- 
portion of intracellular 3H associated with 4s  RNA was 
10- to  20-fold greater than in the in situ experiments in 
which oil was used to  harvest the cells (Table I). Again, 
the presence of MBSA did not implement association. 
The degree of association was comparable for incuba- 
tion times of 1 and 5 hr. While less than 4 z  of the poly- 
peptide exposed to suspensions containing at least 108 
cells/ml was found in purified RNA, the ratio of poly- 
peptide to 4-5s RNA, on either a weight or molar basis 
(since the molecular weights of the two are similar), was 
as high as 0.14. As the distribution of 3H was asym- 
metric with respect to 4-5s RNA, the polypeptide was 
associated with only a part of this RNA, putting the 
ratio even higher. 

As many as five reprecipitations with ethanol of the 
RNA complexed with M36-3H did not result in signifi- 
cant diminution of the associated radioactivity. 
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FIGURE 6: Chromatograms from a 2.5-ml column of Sepha- 
dex G-200, eluted with 0.1 M NaC1. (A) M36-3H. (B) Totally 
hydrolyzed M36-3H. (C) RNA-~ridine-l~C-M36-~H com- 
plexes. (D) RNA-undine- 14C-M36-3H complexes treated 
with RNase. 

FIGURE 5 :  Equilibrium centrifugation in CsnSOl for 80 hr at 
35,000rcm, 5',  pH 7.4. (A) Mixture of RNA-l'C and M36- 
3H. (B) RNA- 14C-M36-3H complexes. 

When M36-3H-alum was mixed with a crude extract 
of homogenized PE cells for either 1 or 2.5 hr prior to 
purification of RNA, association was of the same order 
of magnitude as that obtained with suspensions of in- 
tact cells (Table I). The total dose of 3H was considered 
intracellular in the calculations, which may give rise to 
a misleadingly low value, but the significant point is 
that association at a level at least lo2  times that of con- 
trols (see below) was obtained in a cell-free system. 

Control experiments were performed in which the 
RNA extracted from 2 X 108-109 cells was incubated 
with M36-3H, either alum precipitated or soluble, in 
phosphate buffer (0.015 M, pH 7.4, 0.15 or 2.0 M NaC1) 
for 1 hr at  37" and then submitted to the same treat- 
ment used for extracting cellular RNA. However, cell 
suspensions were washed to remove the extracellular 
polypeptide, while in the controls phenol extraction 
necessarily took place in the presence of all the added 
polypeptide. Nevertheless, the micrograms of M36 
per microgram of RNA per microcurie of 3H for the 
controls were of the order of only 0.1-1 of the values 
for the cell suspensions or cell-free extract (Table I), 
whether 4s or 28s RNA was used. 

The Nature qf the Radioactice Label Associated with 
RNA. Hydrolyzed M36-3H and 4-5s RNA-M36-3H, 
either digested with RNase or hydrolyzed with 6 N HCI, 
were subjected to high-voltage electrophoresis on 
DEAE-cellulose paper. Under the conditions used, D- 

glutamic acid migrates rapidly toward the cathode. The 
position of D-glutamic acid was established by running 
an authentic sample on the same sheet of paper and 

staining with ninhydrin. The positions of the radioac- 
tive samples were assessed by cutting the remainder of 
the sheet into 1 x 2 cm sections which were counted by 
liquid scintillation. The recovery of radioactivity on 
paper was estimated by comparing identical quantities 
of each sample directly in scintillation fluid and on 
paper in scintillation fluid. In each case, the sample ap- 
plied to paper gave only about 2 5 %  of the counts per 
minute given by the same sample put directly into fluid. 
After correction for quenching, 111 % of the counts in 
hydrolyzed M36-3H was found at the position of D- 

glutamic acid; 100% of the radioactivity in RNase- 
treated RNA-M36- 3H remained at the origin, and 76 % 
of the counts in the hydrolyzed sample was found at  
the position of D-glutamic acid. Radioactivity was not 
detected at  other locations on the papers. Thus, it ap- 
peared that the label in the 4-5s RNA was in glutamic 
acid. 

To determine if the glutamic acid associated with 
4-5s RNA was highly degraded or still in a polymer 
form, 4-5s RNA-M36- 3H, radiolabeled with uridine- 
14C, was passed through a Sephadex G-200 column in 
native form and after treatment with RNase. The col- 
umn was calibrated with hydrolyzed and unhydrolyzed 
M36-3H to define the positions of the native polypeptide 
and D-glutamic acid (Figure 6). The RNA-14C-M36-3H 
complex was eluted at about the same position as the 
polypeptide itself. However, after RNase treatment, 
almost all of the I4C was eluted later than the 3H. Thus, 
the tritiated glutamic acid associated with 4-5s RNA 
was still in a polymer form, although this method does 
not permit precise comparison with the native poly- 
peptide. 

The 4-5s was the only type of RNA labeled when 
uridine-14C was added to cell suspensions with the poly- 1437 

A S S O C I A T I O N  O F  P O L Y - 7 - D - G L U T A M I C  A C I D  W I T H  P E R I T O N E A L  C E L L  R N A  



B I O C H E M I S T R Y  

TABLE 11: Competition Experiments to Determine Dissociability of M36-3H from RNA. 

Source of RNA 

Competitora 

M36-3H-MBSA 
~ ~~ 

M36- 3H-Alum 

Supernatantb Precipitate* Supernatantb Precipitateh 

Saline 
POIY-WL-GIU 
PoIY-cY-D-GIu 
M36-polypept ide 
D-GIU 

10 90 10 90 
10 90 5 95 

5 95 3 97 
6 94 3 97 
5 95 4 96 

Control Supernatantb Precipitate* 

Competitors used in quantities of 104-105 that of M36-3H associated with RNA, calculated on the basis of 
-~ 

RNA mixed in aitro with free M36-3H 96 4 
~~ 

specific radioactivity. * Precipitation by two volumes of ethanol. Values in per cent total counts per minute. 

peptide. Therefore, antigen becomes associated only 
with the fraction which contains newly synthesized 
RNA. It would be of obvious interest to know if antigen 
becomes associated exclusively with newly synthesized 
RNA. 

Competition Experiments. Attempts were made to 
dissociate the labeled polypeptide from RNA-M36-3H 
complexes with large excesses of unlabeled M36 poly- 
peptide, other glutamyl polypeptides, and D-glutamic 
acid. There was no significant association of M36-3H 
with RNA mixed in uitro (Table 11). On the other hand, 
none of the unlabeled competitors could displace signifi- 
cant radioactivity from RNA-M36- 3H complexes de- 
rived from cells exposed to the polypeptide in either of 
the two forms used, when compared to controls which 
employed saline instead of competitor. Consequently, in 
conjunction with the other experimental data, it can be 
inferred that the association between RNA and poly- 
peptide is very firm and possibly covalent. 

Association of T2- 35S Bacteriophage with Peritoneal 
Exudate Cell RNA. Since Gottlieb et 01. (1967) found 
“immune activity” in a 28s RNA from rat peritoneal 
exudate cells, the association of this antigen with rabbit 
peritoneal exudate cell RNA was examined. Only 
0 . 6 5 2  of the 1.0 pCi of T2 incubated with peritoneal 
exudate cells was taken up by the cells. Of the total 
intracellular antigen, 9 was associated with purified 
RNA, a value consistent with those for M36-3H. Su- 
crose density gradient profiles of the RNA showed de- 
tectable label only in the 4-5s fraction. However, 
because of the very low specific radioactivity of the bac- 
teriophage, 1 cpmi2 X lo4  particles, and the small per- 
centage of total T2 taken up by the cells, less than about 
3 0 2  of the total radioactivity found in the gradients 
could not have been detected in another fraction. Thus, 
it is not possible to exclude the existence of antigen in 
RNA other than the 4-5 S, but one can conclude that 
most of the antigen associated with RNA, as in the 
case of M36 polypeptide, is found in that fraction. It is 
interesting to  note that the amount of 35s found in the 1438 

total RNA from 5 X I O 8  cells corresponds to 4 X 10 
phage particles. 

Discussion 

The findings presented here confirm that antigen be- 
comes associated with RNA from peritoneal exudate 
cells, that the associated complex appears exclusively in 
the 4-5s region which alone contains newly synthesized 
RNA, is very firm, and that association does not dis- 
criminate between molecules on  the basis of immuno- 
genicity. The cell preparations consist largely of macro- 
phages, which are known to ingest foreign substances, 
and it seems reasonable that antigen becomes associated 
with RNA from cells of this type. Antigen has not yet 
been demonstrated in cells of the lymphoid series (Dut- 
ton, 1967). Greater association was obtained without 
the use of oil to increase the yield of cells, so it could 
not be attributed to  an artifact introduced by this ma- 
terial. 

The radiolabel was found exclusively in glutamic 
acid, on the basis of electrophoretic mobility, after puri- 
fication of RNA and was still in a polymer form (Figure 
3). The extent of degradation of other antigens prior t o  
association with RNA is an  open question, since the 
cells may lack enzymes capable of attacking PO~Y-Y-D- 
glutamic acid. 

That the polypeptide is bound to and not merely con- 
taminating the preparations of RNA was shown by the 
following. (1) The very thorough purification, involving 
four extractions with phenol and repeated precipitation 
with ethanol, did not dissociate polypeptide from RNA;  
(2) RNA and polypeptide mixed in oitro, either under 
isoionic conditions or  in the presence of 2 M sodium 
chloride to  reduce electrostatic repulsion, showed no  
significant association; (3) RNA and complexed poly- 
peptide were eluted together from cellulose columns, 
whereas free polypeptide was eluted at  a different posi- 
tion; (4) density gradient centrifugation in sucrose or 
cesium sulfate discriminated between free polypeptide 
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and the complexes; and ( 5 )  the RNA-polypeptide com- 
plexes could not be dissociated by large excesses of the 
homologous and heterologous polypeptides or by D- 

glutamic acid, Those observations suggest that binding 
is an  active biologic process. Moreover, cell-free ex- 
tracts incubated with M36-3H produced association 
comparable in degree to that obtained with intact cells. 
This aspect of the study is under intensive investigation. 

The nature of the bonding between antigen and RNA 
is of obvious interest. A distinctive RNA-antigen band 
was not found in cesium sulfate gradients; instead, the 
polypeptide appeared in all the RNA bands (Figure 
4) and, unexpectedly, did not significantly alter the posi- 
tion of the major band at  p 1.68. However, a pro- 
nounced alkaline lability of the complex was indicated 
by the gradient run at  pH 7.4 (Figure 5) .  Aminoacyl- 
tRNA bonds and growing polypeptide chain tRNA 
bonds are also alkaline labile, the latter being more re- 
sistant (Gilbert, 1963). A comparative study of the alka- 
line lability of antigen-RNA and aminoacyl-tRNA 
bonds is in progress. 

Another point of fundamental interest lies in the as- 
sociation of polypeptide with newly synthesized RNA. 
In experiments employing 14C-labeled RNA, associa- 
tion of M36-3H only with newly synthesized RNA was 
being followed (Figures 3, 4, and 6). Does antigen be- 
come associated only with RNA synthesized after its 
introduction ? Experiments to resolve this question are 
in progress. 

Significant distinctions could not be drawn between 
the polypeptide precipitated with alum or with methyl- 
ated albumin as far as association with RNA is con- 
cerned. In the former form, the polypeptide is at  best 
very weakly immunogenic; we have not found serum 
antibodies in rabbits immunized with repeatedly admin- 
istered doses of pure polypeptide ranging from 10 pg 
to 10 mg per injection. On the other hand, albumin com- 
plexes regularly elicit substantial quantities of antipoly- 
peptide antibody (Goodman and Nitecki, 1967). Thus, 
at this stage of the “immune pathway,” if antigen-mac- 
rophage RNA complexes are indeed involved, no dis- 
tinction is made on the basis of immunogenicity. 

I t  has been assumed that antibody is needed for the 
uptake of foreign substances by macrophages (Lennox 
and Cohn, 1967). Minute quantities of antibody to a 
large variety of antigens have been detected in normal 
individuals, and macrophages readily adsorb antibody 
to their surfaces. While it was not possible to exclude 
the presence of traces of antibody which react with 
poly-y-D-glutamic acid in normal rabbits, antibodies to 
this immunogenically inert polymer have not been 
demonstrated in the absence of an immunogenic car- 
rier; yet the polypeptide was taken up by peritoneal 
exudate cell suspensions equally in the presence or ab- 
sence of MBSA. Association with RNA occurred in the 
absence of intact cells. 

The relationships between antigen, peritoneal ex- 
udate cell RNA, and the antibody response are confus- 
ing at present. Following the report that RNA 
from cells which had been incubated with T2 phage 
could induce antibody synthesis by unprimed lymphoid 
cells (Fishman and Adler, 1963), other investigators 

demonstrated antigen in similar preparations (Fried- 
man et a/., 1965; Askonas and Rhodes, 1965). Fishman 
characterized the active fraction as a low molecular 
weight RNA;  Askonas and Rhodes found antigen at  
the position of 4-5s RNA in sucrose density gradient 
profiles. Although antibody-inducing activity was sen- 
sitive to RNase, it was suspected that RNA served a non- 
specific function in the experimental system. 

Gottlieb et ul. (1967) used unlabeled T2 phage and 
extended the study by stringently purifying rat peri- 
toneal exudate cell RNA and assaying activity of density 
gradient fractions separately. Activity was found only 
in the 28s fraction, but was unimpaired upon degra- 
dation to a 4-6s form and was sensitive to both Pronase 
and RNase, although a much higher RNase:substrate 
ratio was needed than in the other studies cited. These 
results indicate that activity resides in preexisting RNA 
rather than in RNA synthesized following exposure to 
antigen. However, the presence of antigen in the active 
fraction was not established, as unlabeled T2 was used 
and the distinctive band in cesium sulfate gradients 
which bore activity and Pronase sensitivity was also 
found in control preparations from unexposed cells. 
In the present investigation, T2, like poly-y-D-glutamic 
acid, was detectably associated only with 4-5s RNA 
from rabbit peritoneal exudate cells. The RNA preps- 
rations were examined immediately after purification and 
the ratios of the molecular species in the gradient pro- 
files were analogous to  those of undegraded RNA in 
the study of Gottlieb et a/. Therefore, we do  not feel 
that the antigen-associated 4 s  RNA in this study was a 
degradation product of a 28s RNA.  

An informational role for macrophage RNA in the 
immune response remains an intriguing possibility, 
strengthened by a recent report in which peritoneal ex- 
udate cell RNA from rabbits of one allotype induced in 
lymphoid cells from an allelic type antibodies with 
genetic determinants of the donor (Adler et al., 1966). 
RNA (4-5 S) is composed of about 70-80 nucleotides 
which might code for perhaps 25 amino acids. The vari- 
able regions of antibody polypeptide chains which de- 
termine specificity are limited to  a sequence of no more 
than about 100 residues in the light chain. It is not yet 
clear whether the variable segment of the heavy chain 
is similar in extent. Amino acid sequence data indicate 
that about 4 0 z  of the residues in this region vary and 
that there is no gradient of variability along the sequence 
(reviewed by Lennox and Cohn, 1967). However, not 
all of the 40 variable positions may be involved in anti- 
body specificity. If the small RNA acts directly in an 
informational capacity, as suggested by Adler et NI. 
(1966), it might be postulated that it becomes inserted 
into a larger messenger in the small lymphocyte and 
codes for both specificity and allotypic amino acids. 
Insertion rather than separate translation is necessi- 
tated by evidence indicating that the polypeptide chains 
are single synthetic units (Lennox and Cohn, 1967). 
There is no known precedent for such an  event in RNA, 
but the insertion of temperate bacteriophage DNA into 
the bacterial genome is an  established analogy. 

At this stage it is difficult to reconcile the data of the 
various investigators contributing to this subject. If 1439 
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Fishman’s and Gottlieb’s active RNAs are the same, 
then the Pronase sensitivity and preexisting character of 
the material argue against, but do not preclude, an in- 
formational role. If the RNA which associates with 
polypeptide in the present study can be equated with 
the active material, its nondiscriminatory behavior 
toward weak and strong immunogens also makes a 
direct informational role suspect. On the other hand, 
there are indications that at least two kinds of active 
RNA are involved, one which is associated with antigen 
and another which is not (Fishman et al., 1964). It has 
been postulated that the antigen-free RNA has informa- 
tional significance. The interrelationships of these vari- 
ous observations, complicated by the use of cell prepa- 
rations which do  not consist exclusively of macrophages, 
remain to be elucidated. 

Acknowledgments 

The authors are indebted to Dr. Werner Rosenau for 
the T2 bacteriophage ; Dr. Daisy Roulland-Dussoix for 
the preparation of labeled phage; Dr.  J. W. Westley for 
the gas-liquid partition chromatographic analyses; and 
Drs. Sidney J. Kass, Leon Levintow, and Michael Sela 
for helpful suggestions with various aspects of this in- 
vestigation. 

References 

Adams, M. H. (1959), Bacteriophages, New York, 

Adler, F. L., Fishman, M., and Dray, S. (1966), J .  
N. Y . ,  Interscience, p 446. 

Immunol. 97,554. 

Askonas, B. A., and Rhodes, J. M. (1965), Nature 205, 

Barber, R. (1966), Biochim. Biophys. Acta 114,422. 
Bishop, J. M., Summers, D.  F., and Levintow, L. 

(1965), Proc. Nutl. Acud. Sci. U. S. 54, 1273. 
Dutton, R. W. (1967), Aduan. Immunol. 6,254. 
Fishman, M., and Adler, F. L. (1963), J .  Exptl. Med. 

117, 595. 
Fishman, M., Van Rood, J .  J . ,  and Adler, F. L. (1964), 

Molecular and Cellular Basis of Antibody Formation, 
Sterzl, J. ,  Ed., Prague, Publishing House of the 
Czechoslovak Academy of Sciences, p 491. 

Franklin, R.  M. (1966), Proc. Natl. Acad. Sci. U. S. 
55,1504. 

Friedman, H. P., Stavitsky, A. B., and Solomon, J .  M. 
(1965), Science 149,1106. 

Gilbert, W. (1963), J .  Mol. Biol. 6, 389. 
GliSin, V. R., and GliSin, M. V. (1964), Proc. Nut/. 

Goodman, J. W., and Nitecki, D.  E. (1966), Biochenzis- 

Goodman, J. W., and Nitecki, D.  E. (1967), Immunology 

Goodman, J. W., Nitecki, D. E., and Stoltenberg, I. M. 

Gottlieb, A. A., GliSin, V. R., and Doty, P. (1967), 

Hearst, J. E., and Vinogard, J. (1961), Proc. Natl. Acad. 

Lennox, E. S., and Cohn, M. (1967), Ann. Rev. Biochem. 

Loening, V. E. (1967),Biochem. J .  102,251. 
Porter, R. R. (1958), Biochem. J .  59,405. 
Westley, J. W. (1967), Adcan. Astronaut. Sci. 22, 213. 

470. 

Acud. Sci. U. S. 52,1548. 

try 5,657. 

13,577. 

(1968), Biochemistry 7,706. 

Proc. Nutl. Acud. Sci. U. S. 57,1849. 

Sci. U. S. 47,1005. 

36,365. 

1440 

R O E L A N T S  A N D  G O O D M A N  


