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THE EFFECTS OF 2-5A ON PROTEIN SYNTHESIS IN WHEAT GERM 
EXTRACTS AND TOBACCO PROTOPLASTS 

Erkki Truve*, Lenne Nigul, Teemu H. Teeril and Merike Kelve 
Institute of Chemical Physics and Biophysics, Akadeemia tee 23, EE0026 

Tallinn, Estonia. llnstitute of Biotechnology, PO. Box 56, Viikinkaari 9, FIN- 
00014 University of Helsinki, Finland 

*To whom correspondence should be addressed 

Abstract. Nonphosphorylated 2-5A inhibited translation and caused RNA 
degradation in wheat germ extract, whereas 3-5A had no effect. Protein 
synthesis inhibition by 2-5A was observed in tobacco protoplasts. 70 kD 2-5A- 
binding protein was found in potato leaf extracts by chemical crosslinking. 

Interferons (IFNs) are antiviral proteins secreted by animal cells in 
response to not only viral infection, but also cell proliferation and various 
immunological processes.' The 2'-5' oligoadenylate pathway is also affected 
by IFN. IFN binding to cell surface receptors induces the synthesis of 2'-5' 
oligoadenylate synthetase, which in the presence of double-stranded RNA 
polymerizes ATP to form a series of unique 2'-5' oligoadenylates (2-5A). 2-5A 
trimers and longer oligomers bind to and activate a latent endoribonuclease 
(RNase L), which leads to the inhibition of protein synthesis by degrading 
mRNA. Some components of the 2-5A pathway have been detected in plants. 
Devash et al. have demonstrated that 2-5A can inhibit tobacco mosaic virus 
(TMV) replication in tobacco protoplasts, leaf discs, and intact plants. 2-5A 
trimer "cores" are the most potent inhibitors.2.3 On the basis of these data 
Devash et al. postulated that a system analogous to the mammalian 2-5A 
pathway may exist in higher plants. Two glycoproteins (gp22 and gp35), which 
production is stimulated by virus infection, were purified from plants and 

found to cross-react with human p-interferon polyclonal antibodies.4 Later, 

they were identified as an isoform of the pathogenesis-related protein 5 and 
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TRUVE ET AL. 1098 

P-1,3-glucanase.5 Reichman P t  a l .  reported ATP-polymerizing activity in 
antiviral factor-treated leaves of Nicot iana  g lu t inosa  giving rise to plant 
oligonucleotides with antiviral activity6 Later Devash e f  al. demonstrated the 

poly(r1). poly(rC)-dependent synthesis of oligoadenylates in tobacco leaves 

and cell cultures. They claimed, however, that these oligoadenylates differed 
substantially from the mammalian 2-5A.7 Recently Kulaeva et al. have 
shown that human IFN and 2-5A increase the cytokinin content and induce 
the synthesis of various proteins in plant cells.8 However, IFN did not appear 
to inhibit the replication of turnip yellow mosaic virus and alfalfa mosaic 
virus.9-1' DNA sequences homologous to human 2-5A synthetase were 
found in tobacco genomic DNA and a 2-5A synthetase was purified from 
tobacco and found to cross-react with human 2-5A synthetase antibodies.12 
We have not detected the sequences hybridizing to rat 2-5A synthetase cDNA 
in tobacco and potato mRNA or genomic DNA.13f14 But we have found 2-5A- 
degrading activity in tobacco leaf extracts.14 Little is known about other 2-5A- 
binding proteins of the plant 2-5A pathway. Devash et al .  could not detect (2'- 
5')p3A4P2P]pCp-binding proteins in N. g lu f inosa  leaves.7 As plant 
oligoadenylates could not activate RNase L from rabbit reticulocyte lysates 
(RRLs) and did not compete with (2'-5')p3A4P2P]pCp for binding to 
mammalian RNase L, Devash et a l .  concluded that the oligoadenylate- 
dependent protein synthesis inhibition in plants occurs without activating a 
2-5A-dependent RNase.7 Cayley et a l .  could not detect 2-5A-binding proteins 
in tobacco either.15 

Mammalian 2-5A-synthetase has recently been expressed in transgenic 
plants and provides protection against several plant RNA viruses. 13f14,16t17 

These data indicate that 2-5A-binding protein(s) may exist in plant cells. In 
this study we report for the first time the presence of a 2-5A-binding protein 
in potato leaf extracts. We show that the 2-5A trimer "core" is the most potent 
inhibitor of translation in a plant cell-free system and in vivo in tobacco 

protoplasts. 

MATERIALS AND METHODS 
Purification of 2-5A oligomers 

2'-5' and 3'-5' oligoadenylates, chemically synthesized by Prof. I. A. 
Mikhailopulo, Institute of Bioorganic Chemistry, Minsk, Belarus, as 
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EFFECTS OF 2-5A ON PROTEIN SYNTHESIS 1099 

nonphosphorylated "core" forms, were finally purified by HPLC.18 Synthesis 
of the mono-, di- and triphosphate forms was performed by Prof. 
Mikhailopulo's group by sequential addition of 5' phosphate groups to the 
"core" molecules.~9 2-5A trimers and tetramers with differing degrees of 
phosphorylation were purified with HPLC on amino-Sil-X-1 columns 
(Tessek, Czechia) using a DuPont 8810 chromatograph with UV detector. A 
concentration gradient of buffer A (20% acetonitrile in 6.25 mM K-phosphate 
buffer, pH 6.45) and buffer B (13% acetonitrile with 0.6 M LiC10, in 6.25 mM 
K-phosphate buffer, pH 6.45) was used with a gradient of 50% to 100% of 
buffer B in 15 min. Samples were desalted by lyophilization and stored at -20". 
Prior to use the samples were dissolved in sterile RNase-free double-distilled 
water. 
In addition, we used independently synthesized 2-5A trimers (a mixture of 
oligomers with varying degrees of phoshorylation) provided by Prof. W. E. G. 
Miiller, University of Mainz, Germany. These oligomers were treated with 
calf intestine aIkaIine phosphatase (Boehringer Mannheim) according to the 
manufacturer's instructions. The resulting nonphosphorylated trimers were 
purified on HPLC using Supelcosil LC-18 column (Supelco) in a 
concentration gradient of buffer A (0.1 M triethylammoniumacetate, pH 7) 
and buffer B (0.1 M triethylammoniumacetate in 40% acetonitrile) with a 
gradient of 10% to 30% of buffer B in 30 min. Samples were lyophilized, 
stored, and dissolved as described above. 
ATE AMP and adenosine were purchased from Sigma. 

In vitro translation assays 
Assays in wheat germ extract (WGE, Amersham or Promega) and 

rabbit reticulocyte lysate (RRL, Amersham) were carried out according to 

manufacturers' instructions, using 0.8 pg of TMV RNA (prepared from TMV 
particles according to20) or 0.5 pg of brome mosaic virus (BMV) RNAs 
(Promega) and 5 pCi (WGE) or 3.5 pCi (RRL) of DL-[4,5-3H]Leu (34 Ci/mmol, 
Amersham) or 10 pCi of L-[35S]Met (>lo00 Ci/mmol, Amersham) per 
reaction (30 pl). Samples (5 pI) were collected on Whatman GF/C filters, 
incubated on ice 5 min with cold 5% trichloroacetic acid (TCA), heated 10 min 
at 90°C, incubated again on ice for 5 min with cold TCA, washed sequentially 
with 30% H202 (omitted for WGE), water, ethanol, and acetone and then 
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1100 TRUVE ET AL. 

dried with a warm air blower. The dried filters were counted using a toluene- 
based scintillant on LKB Wallac Rackbeta 1215 scintillation counter. BMV 
RNA translation products were separated by 12% PAGE in the Laemmli 
systemzl, gels dried and autoradiographed. Autoradiographs were scanned 
with an LKB 2202 UltroScan laser densitometer to quantify the amount of 
synthesized proteins. 

Covalent binding of 132PlpCp-labeled 2-5A to proteins in cell extracts 
Nonphosphorylated HPLC-purified 2-5A and 3-5A tetramers were 

ligated to cytidine-3',5'-[5'-32P]-bisphosphate (pCp, 3000 Ci/mmol, 
Amersham) following the method described by Knight et a1.22 and A4p2P]pCp 
purified in an HPLC system using a reverse phase ODC C18 column (DuPont) 
according t0.23 The 3'-phosphate was removed by Eschevichia coli alkaline 
phosphatase type 111 (Sigma) according toZ4 and the dephosphorylated 
products purified by HPLC on an ODC C18 column. The chemical 
crosslinking procedure was carried out essentially as described by Wreschner 
et al.24 UV crosslinking was done essentially as described by Nolan-Sorden e t  
a1.75 performing the irradiation in Stratalinker (Stratagene) twice at 
maximum energy at the distance of 6 cm from the bulbs. Extracts of potato 
(Solanum tuberosum) leaves, wheat germ, mouse L-cells, and mouse spleen 
were used as the sources of oligoadenylate-binding proteins. The binding 
specificity of labeled 2-5A to proteins was controlled in competition assays, by 
adding excess (100 FM) unlabeled 2-5A and 3-5A to the reaction mixtures. The 
reaction mixtures were separated on 12% SDS-PAGE as described above. 

R N A  degradation analysis 
Samples were taken from in vitro translation mixtures after 0, 15, and 

30 min incubation and frozen in liquid nitrogen. RNA was isolated from the 
samples as described by us earlier,26 analyzed by electrophoresis in 1% 

agarose/formamide gels and Northern blotted to HybondTM nylon 
membranes according to Amersham protocols. 32P-labeled cDNA was 
synthesized on TMV RNA templates according to27 using hexanucleotide 
random primers and [32P]dNTP (4000 Cilmmol, Radiopreparat, Uzbekistan). 
To quantify the RNA degradation, autoradiographs were scanned by laser 
densitometer as described above. 
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EFFECTS OF 2-5A ON PROTEIN SYNTHESIS 1101 

Protein synthesis in tobacco protopfasts 
Protoplasts from N. tabacum SR1 leaves (grown on MS2* agar medium 

at 24°C during a 16 h photoperiod) were obtained according to29, except that 
after enzyme treatment protoplasts were washed and maintained in K3 
medium30 containing 400 mM sucrose. 1 yCi of l*C-labeled protein 
hydrolysate (0.5 Ci/milliatom C, Chemapol, Czechia) per 106 protoplasts was 
added. Samples were collected after 0, 30, 60, 90, and 120 min incubation and 
frozen in liquid nitrogen. After homogenization with half a volume of 100 
mM Tris-HC1 pH 7.8, proteins were precipitated with three volumes of ice- 
cold 10% TCA for 30 min and collected on Schleicher & Schuell No. 6 filters. 
The filters were dried and counted in toluene-based scintillant. To ensure 
that the 2-5A "core" does not inhibit the uptake of amino acids by tobacco 
protoplasts, a control experiment was carried out. In the control, besides the 
"C-labeled protein hydrolysate, cycloheximide at a final concentration of 1 
mM was added to prevent d e  novo protein synthesis. After a 30 min 
incubation, the cells were washed three times with growth medium and total 
cellular radioactivity was counted in a dioxane-based scintillant. 

RESULTS 
Purification of 2-5A oligomers 

The separation of 2-5A oligomers having the same chain length but 
different degrees of phosphorylation was achieved with HPLC using a weak 
anionite amino-Sil-X-1 columns and a lithium perchlorate gradient in 
volatile buffer (FIG. 1). The purity of individual 2-5A oligomers was greater 
than 99%. The purity of "core" forms, obtained from the Institute of 
Bioorganic Chemistry, Minsk was checked on HPLC in methanol gradient 
according to Brown et al.23 It was always higher than 99%. 2-5A trimers from 
the University of Mainz, after the enzymatic dephosphorylation and HPLC 
purification, had the same degree of purity. 

The effect of Z-SA, 3-5A, ATE AMP, and adenosine on TMV R N A  translation 
in WGE and RRL 

The effects of various 2-5A derivatives, 3-5A tetramers, ATP, AMP, and 
adenosine on the cell-free translation of TMV RNA in WGE and RRL are 
presented in TABLE 1. The 2-5A trimer "core" (A3) and tetramer "core" 
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1102 TRUVE ET AL. 

J 

0 20 
t ime, min 

FIG. 1. Purification of 2-5A trimers with HPLC. Column (3.5 x 140 mm) with 
amino-Sil-X-1, sample volume was 20 yl. 1 - p3A3, 2 - p2A3, 3 - PA,, 4 - A,. 

(A4) were the most potent inhibitors among the 2-5A derivatives. The 
inhibitory effects of the phosphorylated 2-5A trimers PA,, ppA,, and pppA, 
were significantly lower than that of the 2-5A trimer "core". The same is true 
for 2-5A tetramer derivatives (TABLE 1). Unlike the triphosphorylated 
trimtrs, 200 nM pppA, activated TMV RNA translation in WGE. 
Micromolar concentrations of 3-5A tetramer "core", ATE AMP, and 

adenosine had no effect on TMV RNA translation in WGE. No differences 
were observed in translation inhibition rates when 2-5A trimer "cores" 
provided either by Prof. Mikhailopulo or Prof. Muller were used (data not 
shown) . 
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EFFECTS OF 2-5A ON PROTEIN SYNTHESIS 1103 

TABLE 1. The inhibition of TMV RNA translation in WGE and RRL by 2-5A, 
3-5A, ATP, AMP, and adenosine. The translation rate in WGE and RRL in the 
presence of 2-5A tri- and tetramers with the different phosphorylation, 3-5A 
tetramers, ATE AMP, and adenosine is shown as % of that without 2-5A 
(positive control). 

3 pM adenosine 
3 FM AMP 
3 pM ATP 
1 FM 3'-5' A, 

200 nM A, 
200  nM pA, 

2 0 0  nM ppA, 
200 nM pppA, 

102.5 f 11.9 ndb 
108.2 zk 16.9 nd 
104.6 k 15.0 nd 
100.3 f 9.2 nd 

27.4 _+ 7.4 93.6 f 4.6 
92.3 f 7.3 95.9 f 2.8 
66.9 f 4.5 78.4 f 5.3 
87.9 f 6.6 63.1 k 5.4 

62.5 f 3.6 81.0 f 7.0 
82.0 f 4.3 63.0 f 8.1 
84.5 f 9.9 55.0 k 12.1 
121.6 k 2.3 44.8 f 11.3 

__-__-__________________________________- - - - - - - - - - - - -_ - - - - - -  
aThe samples were taken from the in vitro translation mix and the incorporation of [3H]- 
leucine into protein was measured as described in Materials and Methods. 
bNot determined. 

In RRL, the most potent inhibitors of protein synthesis, as expected, were 
triphosphoryIated oligoadenylates. The tetramer triphosphate showed a 
greater inhibitory effect than corresponding trimer (TABLE 1). The 
concentration dependence of 2-5A trimers and tetramer "cores" on the 

inhibition of WGE protein synthesis was studied separately. Micromolar 
concentrations of the 2-5A trimer and tetramer "cores" were necessary for the 
inhibitory effect (FIG. 2 A and B). 
2-5A tetramer "core" also inhibits BMV RNA in vitro translation in WGE.In 
the presence of 1 pM A, "core" the amount of four major BMV 
translation products is reduced at least five-fold when compared to the 
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I I 

I I I I 
0 IS 30 4 5  60  0 IS 3 0  4 5  60  

time, min time, min 

FIG. 2. The inhibition of TMV RNA translation in WGE by 2-5A. The 
dependence of inhibition on 2-5A trimer (A) and tetramer (B) "core" concen- 
trations. --)- pos.contro1 (no 2-5A added) , - 1 nM 2-5A, + 
100 nM 2-5A, -1000 nM 2-5A, * neg. control (no TMV RNA 
added). 

control (Fig. 3). Laser densitometer scanning revealed an equal reduction in 
translation of all four major proteins. 

Covalent cross-linking of [32P]pCp-labeled 2-5A to proteins in cell extracts 
The chemical crosslinking of [32P]pCp-labeled 2-5A "cores" to proteins in 

cell extracts and the subsequent separation of labeled products by 
electrophoresis in SDS gels revealed an approximately 70 kD 2-5A-binding 
protein in potato leaf extracts (FIG. 4, line 5) and an 80 kD protein in mouse L- 
cell extracts (FIG. 4, line 3). A weak 70 kD band was also observed in WGE 
(data not shown). In mouse L-cell extracts, an additional minor crosslinked 
protein of approximately 40 kD was also found. The specificity of the binding 
reaction in potato leaf extracts (FIG. 4, line 4) and mouse L-cell extract (FIG. 4, 
line 2) was shown in competition assays where labeled 2-5A was completely 
displaced by unlabeled 2-5A. When the chemical crosslinking experiment 
was repeated with potato leaf extracts using A3P2P]pCp, a more potent protein 
synthesis inhibitor in plant cells, essentially the same results were obtained 
(data not shown). 
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EFFECTS OF 2-5A ON PROTEIN SYNTHESIS 1105 

FIG. 3. The inhibition of BMV RNA translation in WGE by 2-5A tetramer 
"core". Translation products were labeled with [35S]Met, separated by 
electrophoresis in 12% SDS-PAGE, dried, and autoradiographed. 1 - BMV 
RNA translation with 1 pM of 2-5A4 "core", 2 - BMV RNA translation 
without 2-SA, 3 - no added RNA. 

When 32P-labeled 3-5A tetramer "core" was chemically crosslinked to 
potato leaf extract, no proteins were detected (FIG. 4, line 6 ) ,  even after the 
very long exposure times. 

Surprisingly, when mouse spleen extract was used for chemical 
crosslinking under the same conditions, no 2-SA-labeled proteins were 
detected (data not shown). Using an independent method of UV crosslinking, 
we found 80 kD and 40 kD 2-5A tetramer-binding proteins in mouse spleen 
extract (FIG. 4, line l), which were efficiently displaced by nonlabeled 2-SA 
tetramer (data not shown). In potato leaf extracts, UV crosslinking did not 
produce any labeled proteins. The results of the UV crosslinkings of 32P- 

labeled 3-5A tetramer "cores" with mouse spleen and potato leaf extracts were 
also negative (data not shown). 

TMV RNA degradation in cell-free systems 
The time dependence of RNA degradation in the presence or absence of 2- 

5A trimer triphosphate or trimer "core" in WGE was studied. Addition of 
trimer "core" led to a rapid degradation of TMV RNA in WGE, which was 
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FIG. 4. Covalent binding of [32 PIpCp-labeled 2-5A (lines 1--5) and 3-5A (line 6) 
tptiamer "cores" to proteins in cell extracts, using the periodate oxidation 
method and UV-crosslinking. 100 nM of [32P]pCp-labeled 2-5A was used per 
reaction. Electrophoresis in 12% SDS-polyacrylamide gel. 1 - UV-crosslinking 
of mouse spleen extract, 2 - chemical crosslinking of mouse L-cell extract in 
the presence of unlabeled 2-5A, 3 - chemical crosslinking of mouse L-cell 
extract, 4 - chemical crosslinking of potato leaf extract in the presence of 
unlabeled 2-5A, S - chemical crosslinking of potato leaf extract, 6 - chemical 
crosslinking of potato leaf extract with 3-5A[32P]pCp . The apparent molecular 
masses of protein standards are indicated in kD. 

not observed with control RNA (FIG. 5). As expected, in RRL the addition of 
2-SA trimer triphosphate caused rapid degradation of TMV RNA. pppA3 
treated TMV RNA in WGE was almost as stable as the control sample 
without 2-SA (FIG. 5). 2-SA "core"-dependent TMV RNA degradation 
indicates the presence of a 2-5A "core" activated ribonuclease in plant 
extracts. The opposite effects of different 2-SA forms on RNA degradation 
rates in WGE and RRL indicate also that the protein synthesis inhibition was 
not caused by ribonuclease contamination in 2-SA samples. 

Inhibition of pvoteiti synthesis in profoplasts 
Nonphosphorylated derivatives of 2-SA, in contrast to phosphorylated, are 

able to penetrate through the mammalian cell membrane.3lJ2 Our results 
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Yo of full- 
length RNA 

7 s  
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2 5  

a I S  3 0  

2s - 

IB 
0 ,  I I 

0 1.5 30 
time, min time, min 

FIG. 5. The effect of 1 pm concentration of 2-5A trimer triphosphate and 
trimer "core" on TMV RNA degradation in WGE (A) and in RRL (B). RNA 
was electrophoresed on 1% agarose/formamide gels, blotted to nylon filter 
and hybridized with 32P-labeled TMV cDNA. The autoradiographs were 
scanned with a laser densitometer. - pos. control (no 2-5A added), 

PPPA3 

show that this may also occur in plant protoplasts. The addition of 2-5A 
trimer "cores" to N. tabacum SR1 protoplasts (final concentration 1 pm) 
reduced the rate of protein synthesis by up to two-fold (FIG. 6). The control 
experiment demonstrated that total cellular radioactivity in the presence or 
absence of 2-5A remained the same when de novo protein synthesis was 
blocked by cycloheximide and the protoplasts were exposed to radioactive 
amino acids (data not shown). This indicates that lower incorporation of 
labeled amino acids in the presence of 2-5A was not due to the inhibition of 
cellular amino acid uptake but rather to protein synthesis inhibition in both 
in vitro and in vivo in plant systems. 

DISCUSSION 
In contrast to mammalian cell-free systems, 2-5A trimer and tetramer 

"cores" were the most potent inhibitors of the in vitro translation in the 
plant cell-free system. The inhibitory effect of phosphorylated 2-5A 
derivatives was significantly lower. Therefore, the inhibitory effect of "cores" 
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(W)-amino 
cpm x 104 

time, h 

FIG. 6. The effect of 2-5A trimer "cores" on in vivo protein synthesis in 
N.tabacurn SR1 protoplasts. -without 2-5A, + with 1pM 2-5A3 

due contamination by phosphorylated 2-5A forms is ruled out. The purity of 
"cores" was shown also by HPLC analysis. The contamination of "core" 
preparations with enzymes such as phosphatases is also very unlike, as these 
were prepared using direct chemical synthesis. The concentration of 2-5A 
needed for efficient inhibition of viral RNA translation in WGE was about 1 
pM (FIG. 2 A and B), which is about two to three orders of magnitude higher 
than that needed for the inhibitory effect of di- or triphosphorylated 2-5A 
trimers and tetramers in mammalian s y s t e m ~ . ~ ~ 1 3 ~  Although relatively high 
concentrations of nonphosphorylated 2-5A are needed for the in vitro 
inhibition of TMV and BMV RNA translation, this inhibition is 2-5A-specific 
since 3-5A, ATP, AMP, and adenosine nucleotides have no effect on 
translation in WGE (TABLE 1). The inhibition of protein synthesis by 
contaminating salts or ribonucleases is ruled out since the inhibition was 
specific to certain 2-5A forms. "Core" forms inhibited protein synthesis in 
WGE, but were inactive in the mammalian cell-free system. Phosphorylated 
forms had an opposite effects in these two systems. In addition, we have 
shown that the traces of salts present in the HPLC-purified 2-5A samples do 
not inhibit in vitvo protein synthesis.35 Micromolar concentrations of 2-5A 
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EFFECTS OF 2-5A ON PROTEIN SYNTHESIS 1109 

trimer "cores" also inhibited protein synthesis in vivo in protoplasts of N.  
t a  bacurn (FIG. 6). Our finding that dephosphorylated 2-5A molecules were the 
best inhibitors of protein synthesis in plant systems agree with the results of 
Devash et al.213 

TMV RNA translation inhibition by 2-5A trimer and tetramer "cores" 
is accompanied by TMV RNA degradation. An activation of a putative plant 
2-5A-dependent ribonuclease may occur. This degradation is not TMV- 
specific, since the levels of translation products of all four BMV RNAs were 
diminished in the presence of 2-5A tetramer "core". 

We demonstrated the existence of an approximately 70 kD 2-5A-binding 
protein in potato leaf extracts (FIG. 4). In plant cells, the 2-5A-binding protein 
had a lower molecular weight than in mammalian cells - about 70 kD versus 
80 kD in mouse L-cell and mouse spleen extracts. In mammalian extracts we 
observed a smaller 40 kD 2-5A-binding protein, which was reported by Bisbal 
et al.36 We were able to detect plant 2-5A-binding protein by the periodate 
oxydation method, but not by UV crosslinking. 

Three lines of evidence support the existance of a 2-5A-activated 
ribonuclease in plants: i) micromolar concentrations of 2-5A trimer and 
tetramer "cores" inhibit protein synthesis in wheat germ extract and 
N. tabacum protoplasts; ii) the addition of 2-5A "cores" induces the degra- 
dation of TMV RNA in wheat germ extract; iii) 70 kD protein is specifically 
crosslinked to [32P]2-5A in potato leaf extracts. 
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