
Vol. 111, No. 1, 1983 

February 28, 1983 

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 
Pages 205-212 

ENZYMATIC SYNTHESIS OF THE 2',5'-A~ TETRAMER ANALOG, 2',5'-ppp3'dA(p3'dA) 3, BY 

RABBIT RETICULOCYTE LYSATES: BINDING AND ACTIVATION OF THE 2' ,5 ' -A n DEPENDENT 

NUCLEASE, HYDROLYSIS OF mRNA, AND INHIBITION OF PROTEIN SYNTHESIS 

R. J. Suhadolnik*, Y. Devash*, N. L. Reichenbach*, M. B. Fl ick* and J. M. Wu + 

*Department of Biochemistry, Temple University School of Medicine, Philadelphia, 
Pennsylvania 19140 and +Department of Biochemistry, New York Medical College, 

Valhalla, New York 10595 

Received January 4, 1983 

SUMMARY: The structural ly modified 2',5'-pppA(pA) 3 (tetramer) analog, 2 ' ,5 ' -  
p p ~ i p 3 ' d A ) ~  (referred to as p~3'dAA), syntheslzed by 2 ' ,5 ' -A n synthetase from 
cordycepin 5'-~riphosphate (3'dAT~) in~lysates from rabbit reticUlocytes has the 
same struq~ure as chemically synthesized P33'dAA. Under our assay conditions, 
when the ""C-amino acid concentration is ~ 50 ~M, p~3'dAA (enzymatically or chemi- 
cally synthesized) is the most potent inh ib i to r  of ~rote~n synthesis in ~ysates 
from rabbit reticulocytes reported to date (61% inhib i t ion at 6.7 x I0 - lu M). 
P33'dAA binds to and activates the 2 ' ,5 ' -A,  dependent nuclease to hydrolyze VSV 
[ 3H]mRNA. The 3'-hydroxyl groups of the ~denylate of the pRA~ are not required 
to activate the 2 ' ,5 ' -A n dependent nuclease in lysates from ~aBbit reticulocytes. 

2 ' ,5 ' -A n syncnetase, found in lysates from rabbit reticulocytes and interferon 

treated cel ls, synthesizes a series of 2 ' ,5 ' -A n with certain dsRNAs. 2 ' ,5 ' -A n 

complexes with the 2 ' ,5 ' -A n dependent nuclease which then hydrolyzes RNA ( I ) .  

Because 2' ,5 ' -A n is rapidly hydrolyzed by 2',5'-phosphodiesterase, 2 ' ,5 ' -A n analogs 

with extended hal f - l ives are needed to study the function of 2 ' ,5 ' -A n in the cel l .  

Hence, we f i r s t  reported that enzymatically synthesized P33'd#n inhibited protein 

synthesis in lysates and was more resistant to hydrolysis by 2',5'-phosphodiesterase 

than the naturally occurring P3An (2-4). We subsequently reported that the 5'- 

dephosphorylated "core" 3'dA 3 inhibited the transformation of Epstein-Barr virus 

in~ected human lymphocytes (5) and inhibited the formation of EBV-associated nuclear 

antigen (EBNA)(6). Because the naturally occurring P3A3 (trimer) is not a potent 

Abbreviations used are: 2 ' ,5 ' -A, ,  oligomers of adenylic acid with 2',5'-phospho- 
diester linkages and a 5'-triph~sphate; core, 5'-dephosphorylated 2',5'-A._; P~A4, 
adenylic acid tetramer; pR3'dA 4, 3'-deoRyadenylic acid tetramer; BAP, bac~eri~l 
alkaline phosphatase; SVPD, snake venom phosphodiesterase. 
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inh ib i tor  of protein synthesis in lysates, whereas P3A4 (tetramer) is a potent 

inh ib i tor  but is rapidly hydrolyzed, we have enzymatically synthesized P33'dA4 

(tetramer) which inhib i ts  protein synthesis and binds to and activates the 2' ,5 ' -A n 

dependent nuclease to hydrolyze mRNA. 

MATERIALS AND METHODS 

[3H]3'dATP (]~.6 Ci/mmol), p~AA[32p]pCp (3000 Ci/mmol), [U-14C]leucine (330 
m~i/mmol) and [U-14C]valine (275 ~C~/mmol) were from Amersham; P3A: and core A~ and 
A 4 from P.L. Biochemic~Is. 3'dATP (7) was determined to be free of ATP by HPL~. 
CHemically synthesized core 3'dAR and 3'dAm were supplied by Dr. W. Pfleiderer, 
Konstanz University. Chemically~synthesiz~d pR3'dAR and P33'dA4 were generous 
g i f ts  from Dr. P. Torrence, NIH. Thin layer c~roma~ography was performed using 
Eastman Chromagram cellulose (No. 13254), Brinkman PEl-cellulose, and Brinkman 
DEAE-cellulose. Solvents: A: isobutyric acid/ammonium hydroxide/water, 66:1:33, 
v /v/v;  B: 0.75 M KHoPOA, pH 3,5; C: 0.I M ammonium formate/9 M u rea / l  mM Na2-EDTA, 
after a short pre-r~n ~n water (8). p R3'dA 4 was synthesized and isolated from 
lysates (3,4) with the following modifTcations: the KCI concentration of the column 
wash buffer was 25 mM; incubations were at 37°C, 5 hr, with [3H]3'dATP (200 ~Ci). 
Structural elucidation of the [3H]p~3'dAA was accomplished by enzymatic digestion 
with BAP, SVPD, T2 RNase, and alkalYne h~drolysis (3,4,9). Lysates were from: 
injection of rabbits with phenylhydrazine ( I0),  Clinical Convenience, or Dr. P. 
Torrence. Inhibi t ion of protein synthesis was determined as reported from this 
laboratory ( I I ) .  The concentration of the enzymatically synthesized p~3'dAA was 
determined by radiobinding assay (12) using chemically synthesized P33~dA4 ~250 ~M) 
supplied by Dr. Torrence as the standard. 

The 2',5'-A~ dependent nuclease was par t ia l ly  puri f ied from lysates as follows. 
Lysates (200 ml)Uwere centrifuged (I00,000 x g, 4 hr, O°C). Postribosomal super- 
natant (I00 ml) was passed through a DEAE-cellulose column (2.5 x 25 cm) equilibrated 
with buffer A (20 mM Tris-HCl, pH 7.6, I00 mM KCI, 1 mM OTT, 0.I mM EDTA and 5% 
glycerol). The column was washed with 500 ml of buffer A and the proteins retained 
on the column were displaced with buffer A supplemented with 300 mM KCI. Fractions 
were collected and assayed for nuclease ac t i v i t y  (hydrolysis of VSV [3H]mRNA) by 
oligo(dT)-cellulose column chromatography in a 2 hr incubation (13). A sharp peak 
of nuclease ac t i v i t y  (tubes 5 and 6) had only 5% of the original 2',5'-phospho- 
diesterase ac t i v i t y .  

RESULTS AND DISCUSSION 

Enzymatic synthesis and isolat ion of [3H]P33'dA 4. [3H]P33'dA 4 was displaced 

from the DEAE-cellulose column with chemically synthesized P33'dA4 (charge -7) 

(Fig. la). Another aliquot of [3H]P33'dA 4 was isolated without the addition of 

P33'dA 4 marker (Fig. Ib) for proof of structure and biological studies. 

Proof of structure of P 3 3 ~ .  Five methods were used to prove the structure 

and purity of the putative [3H]P33'dA 4. F i rs t ,  al l  [3H]P33'dA 4 (charge -7) resided 

in the 5'-triphosphate region (Rf 0.30, PEl-cellulose, solvent B). Second, the 

[3H]P33'dA 4 was treated with alkal i  to demonstrate the absence of adenylate residues. 

There was no change in the inhib i t ion of protein synthesis by the enzymatically syn- 
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• DEAE-cellulose column chromatography of [3H]p~3'dAA from incubations with 
~ T P .  The second one-ml fraction displaced from DEAE cellulose columns with 
350 mM KCI was dialyzed, adjusted to^50 mM NaCI and fractionated on a~DEAE-cellulose 
column (3,4). Panel A: 56,000 dpm [JH]pR3'dA,; panel B: 47,000 dpm [°H]p~3'dA n. 
UV markers are indicated. Fractions in 15anelg A and B corresponding to [~3H]P33'dA 4 
were pooled, dialyzed and lyophilized. 

thesized P33'dA4 before and a f te r  a lka l ine  hydrolys is (Fig. 2 , ~ ) .  The same 

resul ts  were observed with the chemically synthesized P33'dA4 (E}-[]). As previously 

reported (9),  P3A4 (A-A} was completely hydrolyzed by a l ka l i  (A-A). Third,  only 

[3H]3'dANP (Rf 0.73) was isolated fo l lowing SVPD hydrolysis and ce l lu lose t l c  

(solvent A) of the enzymatical ly synthesized [3H]P33'dA 4. Fourth, a l l  of the 3H 

fo l lowing BAP hydrolysis of [3H]P33'dA 4 was in the core 3'dA 4 (Rf 0.82);  there was 

no 3H in core A 4 (Rf O.66)(Rf values of control nucleosides and nucleotides are as 
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Figure 2. Inhibition of protein synthesis in lysates by I0 nM p~A 4 and p~3'dA a 
before and after alkaline hydrolysis. Conditions: control, o-o;~P3A4 , A-~; ch~mi- 
cally synthesized P33'dAA, o-o; enzymatically synthesized P33'dAa,<>~<>; aliquot removed 
at time zero of 0.3 N KO~ hydrolysis (p~A A, A-A; P33'dAa, o-o; e~zymatically synthe- 
sized p:3'dAA,<>-<>); aliquot removed foTl3wing 0.3 N KOB hydrolysis, 18 hr, 37°C 
(P3AA,~-A; ~33'dAa, o-o; enzymatically synthesized P33'dAA, O-O). 0.3 N KOH hw~rolysis 
of [Q-'~C]ATP, 18 Rr, 37°C and PEl-cellulose t lc (solvent B) showed all of the ""C in 
the ATP region. Each symbol is an average of five experiments in duplicate, standard 
error % 3%. Arrow indicates addition o~Amaster mix. All samples were dialyzed 45 
min, 4 I. HgO, O°C. Assays: 30 ~I; [U-'~C]leucine: 63 ~M; dpm added: 275,000; final 
specific activity: 146,000 dpm/nmole. 

reported)(4-6). F i f th ,  DEAE-cellulose t l c  (net charge separation)(8) separated 

core 3'dA 3, 3'dA 4, and 3'dA 5 (charges -2 , -3 , -4) (so lvent  C); a l l  of the 3H following 

BAP hydrolysis of [3H]P33'dA 4 resided in the region equivalent to chemically syn- 

thesized core 3'dA 4 (Rf 0.23, charge -3). The absence of 3H in the pentamer core 

region (Rf 0. I0,  charge -4) indicated that P23'dA 5 (charge -7) was not displaced 

with P33'dA4 from the DEAE-cellulose column. 
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TABLE I :  INHIBITION OF PROTEIN SYNTHESIS BY P3A4 AND P33'dA4 IN LYSATES FROM 
RABBIT RETICULOCYTES a 

Lysate: I b I I  c I I I  d 

Experiment: 1 2 3 4 5 

Amino acid added: [U-14C]leucine [U-14C]valine 

Final conc. (~M): I0 90 90 16 50 

Specific ac t i v i t y  
(dpm/pmole): 760 83 83 550 178 

pmoles 14C added: 300 300 300 1820 1820 

pmoles unlabeled 
amino acid added: 0 2400 2400 0 3750 

total pmoles added: 300 2700 2700 1820 5570 

control e pmoles incorporated into polypeptide 

(no addition) 270 2090 970 1460 2050 

P3~4-- 
6.7 x 10 -9 M 250 850 270 1280 1060 

6.7 x I0 - I0 M 270 1640 410 1460 2010 

6.7 x I0 - I I  M 270 1910 980 1400 2180 

_._E33'dA 4 _  

6.7 x 10 -9 M 250 1040 300 1390 1160 

6.7 x 10 -10 M 260 1790 380 1530 1880 

6.7 x I0 - I I  M 260 2020 860 1550 2140 

aLysates preincubated with P3A4 or p:3'dA A at 30°C, I0 min followed by addition of 
master mix and an addi t ion~ 6D min ~ncub~tion. Expt. I-3 according to Lennon et 
al.  ( I I ) :  30 pl assay; [U- C]leucin~4added: 220,000 dpm. E~pt. 4,5 according to 
Safer et al.  (14): I I0 ul assay; [U- C]valine added: 1 x I0 dpm. 
bLysate from Clinical Convenience. 

CLysate from phenylhydrazine inject ion of rabbits (15). 

dLysate, master mix, [U-14C]valine, and P33'dA 4 from Dr. P. Torrence. 

edpm incorporated into polypeptide/5 ul al iquot,  expt. I-5: 34,200, 27,870, 
12,930, 36,500 and 16,770, respectively. 

I n h i b i t i o n  of  prote in  synthesis by P3A4 and P33'dA4. We have compared the 

i n h i b i t i o n  of  prote in synthesis by P3A4 and P33'dA4 wi th three d i f f e r e n t  lysate  

preparat ions,  two d i f f e r e n t  assay mixtures,  and various concentrat ions of  14C- 

leucine and va l ine .  Two observat ions emerge from these studies (Table I ) .  F i r s t ,  a 
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f ixed concentration of P3A4 or p33'dA4 gives varying degrees of i nh ib i t i on  with 

d i f fe rent  lysates. For example, at 6.7 x I0 - I0 M P33'dA4 , t~ere was a 16% inh ib i t i on  

with lysate I (expt. 2) and a 61% inh ib i t ion  with lysate I I  (expt. 3). Similar 

results were obtained with P3A4 . Second, inh ib i t i on  of protein synthesis by P3A4 

or P33'dA4 is c r i t i c a l l y  dependent on the concentration of amino acids. When the 

concentration of one amino acid is rate l im i t ing  such that t ranslat ion becomes 

regulated by the rate of elongation, the inh ib i to ry  effects of P3A4 and P33'dA 4 

on protein synthesis become marginal at best (Table I ) .  For example, when 14C-leucine 

is I0 uM or 14C-valine is 16 ~M, there is l i t t l e  or no inh ib i t i on  of protein syn- 

thesis by P3A4 or P33'dA4 , regardless of lysate or assay mixture (expt. 1,4); however, 

when the concentration of 14C-leucine is increased to 90 uM (expt. 2,3) or the 

14C-~aline is increased to 50 ~M (expt. 5), 6.7 x 10 -9 M P3A4 and P33'dA4 are potent 

inh ib i to rs  of protein synthesis. With 90 ~M 14C-leucine or 50 ~M 14C-valine, 

P33'dA 4 is a better i nh ib i to r  of protein synthesis than is P3A4 at 6.7 x I0 - I0 M 

(expt. 3,5). Neither P3A4 nor P33'dA4 had any ef fect  on the energy regenerating 

system as measured by the conversion of AMP to ATP. Omission of exogenous ATP/GTP 

did not af fect the inh ib i t i on  of protein synthesis by P3A4 and P33'dA 4 (data not 

shown). As was seen with inh ib i t i on  of protein synthesis by the tetramers, high 

concentrations of amino acids are essential in order to see inh ib i t ion  of protein 

synthesis by P3A3 and P33'dA3 (trimers)(manuscript in preparation). P3A3 , P33'dA3, 

P3A4 , and P33'dA4 (10 -8 M) also i nh i b i t  protein synthesis in L929 cel ls as determined 

by calcium phosphate coprecipi tat ion (manuscript in preparation). 

Act ivat ion of the 2 ' ,5 ' -A  n dependent nuclease and h~drolysis of VSV [3H]mRNA. 

When the pa r t i a l l y  pur i f ied 2 ' ,5 ' -A  n dependent nuclease was incubated with 10 -8 to 

I0 - I I  M P3A4 or P33'dA 4, there was more degradation of VSV [3H]mRNA by P33'dA 4 

(Fig. 3a). In addit ion, P33'dA4 competes of f  P3A4132p]pCp better than P3A4 (Fig. 3b). 

In conclusion, the results reported here show that the 3'-hydroxyl groups of 

P3An are not required for act ivat ion of the 2 ' ,5 ' -A  n dependent nuclease and sub- 

sequent inh ib i t i on  of protein synthesis. 
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Figure 3a. VSV [3H]mRNA hydrolysis by P3Ad^and p~3'dA A. Assays were done as 
described (13). 60,000 dpm (0.I ~g) VSV [ JH]mRNA added per assay. VSV [3H]mRNA 
was isolated from Vero cells according to Weber et al. (15). Chemically synthesized 
P33'dAA, o-o; enzymatically synthesized p~3'dAA, A-A; pRAm, e-i. In control assays 
(nucle~se with no addition), 80% of the V~V [JR]mRNA wa~ ~ecovered. Data points are 
an average of three experiments, standard error % 2.5%. b. Radiobinding assays of 
p A and pR3'dA 4. Chemically or enzymatically synthesizeRpR3'dAa, A-&; P3A4 , o-e. 
D~t~ point{ are an average of five experiments, standard error ~ 2.5%. 
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