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The diribonucleoside monophosphate CpA (and no others) inhibits polypeptide chain elongation in rabbit

reticulocyte lysates at 10-50 M. Furthermore, all the trinucleotides containing CpA, i.e., XpCpA and

CpApX (X=U, C, A or G) block polypeptide chain elongation as well. At 10 uM the inhibition by XpCpA

and not CpApX is transient because a 3’-exonucleolytic activity destroys the critical CpA moiety. The in-

hibitors do not appear to interfere with the aminoacylation of tRNAs or disrupt the interaction of amino-

acyl-tRNAs with the protein synthetic machinery. High levels (200 uM) of CpA or the trinucleotides con-
taining CpA have no effect on translation in a wheat germ cell-free system.

Oligoribonucleotide; Reticulocyte lysate; Protein synthesis; 3’-Exonucleolytic cleavage; Cell-free system;
(Rabbit, Wheat germ)

1. INTRODUCTION

Numerous compounds that inhibit eukaryotic
protein synthesis have been described (reviews
[1-3]). Inhibitors are usually classified by the
translational step they affect, i.e. initiation or
elongation. Specific inhibitors of termination are
unknown [3]. Although the effects of a large
number of substances on protein synthesis have
been thoroughly documented, the molecular basis
for their mode of action remains unclear.

We have previously reported that the
tetraribonucleotide GpApUpC, which both
emulates and complements a unique sequence in
the ‘T-loop’ of the eukaryotic initiator tRNAs,
blocks protein synthesis at the initiation step [4].
This effect was subsequently traced to unidentified
impurities in the original preparations. In a survey
of highly purified ‘control’ oligoribonucleotides
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we noted several others to be strongly inhibitory to
polypeptide synthesis in the rabbit reticulocyte
lysate. This lysate is a very efficient cell-free system
with a protein synthesizing rate close to that of the
intact cells [5]. It has the advantage that more than
90% of the translation products consist of only
two polypeptide chains, o- and #-globin [6]. Here
we describe the inhibition of protein synthesis in a
rabbit reticulocyte lysate by short oligoribonucleo-
tides containing CpA. These oligomers have little
effect on translation in the less active wheat germ
cell-free system.

2. EXPERIMENTAL

2.1. Synthesis and purification
ribonucleotides

All diribonucleoside 3',5'-monophosphates
(Sigma, St. Louis, MO) were purified by reverse-
phase HPLC on a 4.6 x 250 mm Aquapore
RP-300 column (Brownlee Labs, Santa Clara, CA)
using a 0-7.5% acetonitrile gradient in 0.1 M
triethylammonium acetate, pH 6.8 over 30 min at

of oligo-
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a flow rate of 1.5 ml per min. The fractions
(0.75 ml) containing the respective dinucleotide as
judged by UV absorbance at 260 nm were pooled
and lyophilized. Trinucleotides and tetranucleo-
tides were synthesized according to a slightly
modified published procedure [7]. Reaction mix-
tures (0.2 ml) containing 150 mM Tris-HCI, pH
9.0, 100 mM NacCl, 10 mM MgCl;, 1 mM EDTA,
10 mM dinucleotide or 5 mM trinucleotide, 10
mM ribonucleoside 5'-diphosphate and 5 units
(125 xg) polynucleotide phosphorylase (Sigma, St.
Louis, MO) were incubated at 37°C overnight. The
reaction products were separated by reverse-phase
HPLC, and concentrated as described above for
the dinucleotides. The oligoribonucleotides were
characterized mainly by analyzing their nucleoside
composition as described [8]. For the synthesis of
CpCp[*H]A, [PHJADP with a specific activity of
0.5 Ci/mmol (Amersham, Arlington Heights, IL)
was used. Prior to their use the integrity of all
oligomer preparations was checked by reverse-
phase HPLC.

2.2. Cell-free protein synthesis

Protein synthesizing mixtures (55 #1) contained
25 xl rabbit reticulocyte lysate [9,10] and the
following components: 75 mM KCl, 2 mM MgCl,,
0.5 mM ATP, 0.2 mM GTP, 15 mM creatine
phosphate, 45 units/ml creatine kinase, 25 #M
hemin, 0.3 mM L-[*C]leucine (5 Ci/mol),
0.25—0.75 mM of the other 19 natural amino acids
{11] and, where indicated, 10—-200 xM oligori-
bonucleotide. The mixtures were incubated at
34°C and the incorporation of the radiolabeled
amino acid into polymers (10l aliquots) was
determined by a standard procedure [12].

2.3. Analysis of reticulocyte lysates containing
CpCpPHJA as inhibitor

To test for a suspected 3’-exonucleolytic activi-
ty, reaction mixtures (88 xl) containing 40 xl of
reticulocyte lysate and 10 or 50 xM CpCp[*H]A
(0.5 Ci/mmol) were incubated as described above.
After 15 and 30 min two 10 4l aliquots were
removed and each diluted into 200 x4l ice-cold
water. One set of these samples was used to deter-
mine the rate of protein synthesis by measuring the
incorporation of radioactive leucine into polymers
[12]. To the second set of samples 2 ml of ice-cold
10% aqueous trichloroacetic acid was added and
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the precipitates were collected by low speed cen-
trifugation. The supernatants, containing all the
3H radioactivity, were extracted twice with 1.5 ml
ether to remove the acid and then lyophilized.
Prior to their analysis by reverse-phase HPLC as
described above for the purification of
oligoribonucleotides, the samples were dissolved in
200 g1 triethylammonium acetate, pH 6.8, and
each received 0.2 Ao units nonradioactive
CpCpA as carrier. After chromatography the
radioactivity in each fraction (0.75 ml) was deter-
mined by homogeneous liquid scintillation count-
ing of a 0.15 ml aliquot.

2.4, Sucrose density gradient analysis

Protein synthesizing mixtures (55 zl) were
prepared as above, except that L-[*C]leucine was
replaced by nonradioactive L-leucine. Additional
details are indicated in the legend to fig.4. After
15 min at 34°C the reaction mixtures were pulsed
for 30 s with 2.5 pmol (2 «l) rabbit reticulocyte
[**S]Met-tRNA;t (spec. act. 100 Ci/mol), prepared
as described [13]. The reactions were stopped by
diluting the samples with 150 xl of ice-cold 10 mM
Tris-HCl, pH 7.5, 10 mM KCl and 1.5 mM
MgCl;, applied to linear 15—-30% (w/v) sucrose
gradients (in 10 mM Tris-HCl, pH 7.5, 10 mM
KCl and 1.5 mM MgCl,) and centrifuged for 4.5 h
at 40000 rpm in the SW 41 rotor. The ribosome-
bound [**S]Met-tRNA; was determined after
precipitation  with  cetyltrimethylammonium
bromide [14].

3. RESULTS
3.1. CpA is the unique moiety that inhibits
translation

Among the dinucleotides shown in table 1 only
CpA inhibited protein synthesis (fig.1). At
200 M, all the other dinucleotides that were
tested, most notably those exhibiting a 5'-C and a
3’-nucleoside other than A or a 3'-A and a
5’ -nucleoside other than C did not affect transla-
tion at all (table 1). The eight possible oligomers
containing CpA, i.e. XpCpA and CpApX where X
corresponds to U, C, A or G, also impaired protein
synthesis in the reticulocyte lysate in the
10-200 zM range (fig.2). Again, a large number of
other trinucleotides examined in control ex-
periments failed to do so, even at 200 zM (table 1).
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Table 1

Oligoribonucleotides (200 xM) in rabbit reticulocyte
protein synthesis

FEBS LETTERS

Dimers Trimers Tetramers

(A) Oligoribonucleotides with no significant effect

UpC UpUpC UpUpCpC
UpA UpCpC UpUpCpG
CpU UpGpG UpCpCpG
CpC CpGpA UpCpCpC
CpG ApUpC CpGpApU
ApC GpApU CpGpApA
ApA GpGpA ApUpCpC
GpA ApUpCpG
ApApApC
ApApCpG
ApGpCpU
GpApUpU
GpApUpC
GpGpApA
(B) Inhibitors
CpA UpCpA UpUpCpA
CpCpA UpCpCpA
ApCpA UpCpApA
GpCpA CpCpApA
CpApU
CpApC
CpApA
CpApG

Similar results were also obtained for various
tetramers containing the CpA moiety at random
positions (table 1).

Interestingly, in the case of the XpCpA
trinucleotides (and not with CpApX) if tested at
the 10 4«M level the inhibition was transient; that
is, normal polypeptide synthesis rates were almost
completely restored after a lag of 30 min (fig.2).
Assuming that CpA is the unique feature in the se-
quence of the inhibitory oligomers, this observa-
tion could be explained by invoking a
3’-exonucleolytic activity in the reticulocyte lysate
that attacks oligonucleotides containing three or
more nucleosides. The 3'-terminal cleavage of
XpCpA would disrupt the CpA moiety, whereas
CpApX oligomers would be converted to the stable
inhibitory dinucleotide CpA.

Using CpCp[*H]A, we demonstrated that the
proposed 3’ -exonucleolytic cleavage occurred dur-
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Fig.1. Inhibition of protein synthesis in the rabbit

reticulocyte lysate by the dinucleotide CpA. The

incorporation of radioactive leucine into acid-

precipitable polymers was determined in the absence

(—0—) and in the presence of 10 (—e—), 50 (—a—), 100
(—=—), and 200 xM (—e—) CpA.

ing incubation in the lysate. After acid-
precipitation of polymers, all *H radioactivity
derived from the CpCp[*H]A added to the reaction
mixture was found in the supernatant. These solu-
ble fractions were concentrated and analyzed by
reverse-phase HPLC. The elution profiles ob-
tained for such aliquots taken after 15 and 30 min
of incubation showed progressive loss of the
trinucleotide and transfer of the radioactivity to
5'-AMP (fig.3).

3.2. CpA-containing
elongation step

The binding of [**S]Met-tRNAM® to ribosomal
particles in CpA containing oligoribonucleotide-
inhibited reticulocyte lysates was analyzed by
sucrose density gradient ultracentrifugation
(fig.4). In the oligonucleotide-inhibited lysates
about twice as much Met-tRNAM®* was bound to
small ribosomal subunits as in the control. This
profile is typical of a block in elongation [15] and
suggests that the formation of preinitiation com-
plexes was not only unaffected, but that these com-
plexes had also accumulated because of a stall in
polypeptide synthesis. For contrast, fig.4 shows
the characteristic reduction in 43 S complexes in

oligomers inhibit the
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Fig.2. Inhibition of protein synthesis in the rabbit reticulocyte lysate by the trinucleotides containing CpA. The amount
of radioactive leucine incorporated into acid-precipitable polymers was measured in the presence of 10 (—e—), 50
(—&—), 100 (—=—), and 200 xM (—e—) of the respective trinucleotide. The two time points for the noninhibited control
curve (— —O— —) were taken from fig.1. Note that the scale for leucine incorporation is expanded as compared to fig.1.
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the gradient profiles of lysates blocked at the in-
itiation step by hemin depletion. When the time of
centrifugation was reduced to permit examination
of polysomes we found that CpA increased the
peak polysome size from 4 to 6 ribosomes per
mRNA (not shown), confirming that inhibition is
at the level of elongation [16].

Fig.3. HPLC analysis of acid soluble components after
inhibiting protein synthesis in the reticulocyte lysate with
radiolabeled CpCpA. The components in the acid
soluble supernatants of samples taken after 15 (a) and
30 min (b) of incubation were analyzed as described in
section 2. The absorbance at 260 nm was recorded (solid
line) and the *H radioactivity in the collected fractions
was measured (broken line). Peak 1 corresponds to
5'-AMP and peak 2 to CpCpA; their elution volumes
had been determined separately prior to this experiment
by monitoring the UV absorbance of the pure
compounds.
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Fig.4. Sucrose gradient analysis of ribosomal complexes
formed in inhibited and noninhibited reticulocyte
lysates. The reaction mixtures were pulsed with
35QINA e +TINT A Met comanntad Ll cizmaenca Asmcite
L OUVICL-LININAG auu apairatcu Uy JULIUDC ucuauy
gradient ultracentrifugation as described in section 2.
Shown are representative binding profiles of [**S]Met-
tRNAM' seen in the presence (—o—) and absence of
hemin (—=—), and in the presence of hemin plus
50200 M CnA, CnCnA, UnCnA or CnAnll (—a—)
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43 S indicates the position of the preinitiation complex.

4. DISCUSSION

We have shown that the only short (4 or less)
oligoribonucleotides that inhibit elongation in pro-
tein synthesis in the rabbit reticulocyte lysate are
those comamlng the mOIELY \.,pA, iﬁCﬁiuiﬁg the
dinucleotide CpA. The oligomers inhibit polypep-
tide synthesis at surprisingly low concentrations
(10 xM). This sensitivity seems to be characteristic
of the reticulocyte lysate, since we do not observe
any effect of up to 200 xM CpA (or XpCpA or
CpApX) on the translation of viral or globin

mRNA in a wheat germ cell-free system. On the

other hand, Chroboczek and Jacrot [17], who have
studied the effect of various diribonucleoside
3’,5'-monophosphates on translation in wheat
germ, have found that CpA is the most inhibitory.
However, the level of added dinucleotides was
nearly 100-times higher than in our case and the ef-

fect was not specific but only strongest for CpA.

These authors noted only marginal inhibition w1th
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400 xM CpA, which is twice as high as the highest
concentration used by us {without effect) in the
wheat germ system. Thus our results are consistent
with those of Chroboczek and Jacrot [17] and con-
firm the several hundred-fold greater sensitivity of
the reticulocyte system to CpA-containing
oligomers.

The loss of translational inhibitory activity after
30 min at low concentrations of XpCpA and not
CpApX was traced to a 3’'-exonuclease activity
which disrupts the CpA moiety. Although this loss
of inhibition was puzzling at first, it ultimately
served to support the idea that the CpA moiety is
the essential element for the inhibition of protein
synthesis in the reticulocyte lysate.

Wa hava faund that tha tranclatinn af nan
YYL 1lAa¥Ye 1uUulliu Liial v Liainicluiviy v JULE )0 oy

globin mRNAEs is also inhibited by CpA when the
L-[**SImethionine-labeled proteins were analyzed
by polyacrylamide gel electrophoresis. The syn-
thesis of a number of proteins was suppressed by
10 and 50 xM CpA to about the same degree as
globin, including a major labeled product

miorating with a malacnlar mace nf annravimatalvy
HMSLQAUIILE YWilll & LIVIVLUIGL 111600 Vi GPEIUVALILIGLVLY

65 kDa (not shown). We have also looked at the
distribution of peptidyl-tRNA on polysomes in
CpA-inhibited lysate labeled with [PH]Ala-tRNA
and found no evidence for the premature release of
nascent peptide chains.

In our efforts to narrow down the target of the
1nh|h|fnrv olieomers we have conscidered that thege

AARVRVLY VLaAIpPIALCIS WO 12QVE LRLLILSINRINE LAiar Laikss

compounds might interfere with reactions involv-
ing tRNA, since all tRNAs possess a 3'-terminal
CpCpA [18]. First, we have not found any effect
of CpA on aminoacylation, either directly in the
iysate or in solutions containing isolated buik
tRNA and a reticulocyte enzyme fraction contain-
ing all the synthetases (not shown). Second, our at-
tempts to detect an influence of CpA containing
oligomers on the regeneration of the tRNA’s
3'-terminus (ATP; CTP:tRNA nucleotidyltrans-
ferase reaction) [19] led us to the observation that
such an activity cannot be deiected in the
reticulocyte lysate even in the noninhibited con-
trol. Third, we have been unable to measure any
stable interaction of radiolabeled CpCpA
(500 xM) with ribosomal particles.

We conclude that the inhibitory action exerted
by CpA and oligonucleotides containing CpA is

nat ahviancly ralatad +a tha nranar fiinctianing of
1IVL UUVIVUDLY 1vialvu LU LIV pIUpGl 1uu\.uu1uus Ul

tRNAs during elongation. It is conceivable that the
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drastic effect on protein synthesis is secondary or
indirect and that these inhibitors trigger a response
that ultimately results in a translational shutoff.
The reticulocyte lysate has a finely tuned and
highly efficient protein synthetic machinery which
is specifically regulated by hemin [20]. As such it
is not surprising that it can be easily intoxicated.
Although the precise molecular basis of their in-
hibitory action is still unclear, we feel it is impor-
tant to point out how dramatically the CpA
containing oligomers affect globin synthesis in the
reticulocyte lysate and how astonishingly unique
they are, among a large number of
oligoribonucleotides, in doing so.
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