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II. MISCODING ACTIVITY IN POLYPEPTIDE SYNTHESIS
DIRECTED BY SYNTHETIC POLYNUCLEOTIDE

SatosHt Mi1zunNo, Kazuo NitTA and Hamao UMEZAWA

Department of Antibiotics, National Institute of Health,
Shinagawa-ku, Tokyo, Japan

(Received for publication August 26, 1970)

The effect of negamycin was studied on polypeptide synthesis directed by
synthetic polynucleotides in Escherichia coli K12 extracts.

1. Negamycin caused misreading of genetic codes of the mRNA in the
extracts : (1) Incorporation of phenylalanine normally coded for by poly U
was inhibited, while that of isoleucine, serine, or leucine, not normally coded
for by the polymer, was stimulated. (2) Poly A-directed lysine or glutamic
acid incorporation and poly C-directed proline or leucine incorporation were
both stimulated by the drug.

2. Binding of phenylalanyl-tRNA to ribosomes-poly U complex was
weakly inhibited by negamycin. On the other hand, that of isoleucyl-tRNA
to the complex was about threefold stimulated by the drug.

3. Puromycin reaction, an analogue of peptide bond forming reaction,
with N-acetyl-phenylalanyl-tRNA was not affected by negamycin.

4. 1In rat liver extracts, the incorporation of phenylalanine directed by
poly U was much less affected by negamycin.

In a preceding paper on mechanism of action of negamycin in Escherichia coli
K12, we reported that the primary action of the drug is the inhibition of protein
synthesis and the inhibited step in the protein synthesis is peptide chain initiationV.

In this paper, studies are reported on the effect of negamycin on polypeptide
synthesis directed by synthetic polynucleotide in E. coli K12 extracts. The results
indicate that negamycin induces misreading of the genetic codes of the synthetic
mRNAs.

Methods and Materials

1. E. coli K12 extracts: E. coli K12 extracts were prepared as described in a pre-
ceding paper?. Incubated S30 was used for preparation of ribosomes and S100. Washed
ribosomes were prepared by washing the ribosomes with a buffer containing 0.5 M NH,CI,
0.06 m KCl, 0.1 Tris-HCI (pH 7.8), 0.01 M Mg(CH,COO),, and 0.01 M B-mercaptoethanol,
for three times and stored at —20°C.

2. Rat liver extracts: Rat liver ribosomes and pH 5 fraction which contains amino-
acyl-tRNA synthetases were prepared as described in a previous paper®. Transfer RNA
was isolated from the pH 5 fraction by phenol method.

3. Preparation of “C-aminoacyl-tRNA and N-acetyl-"*C-phenylalanyl-tRNA : #C-
phenylalanyl-tRNA and #C-isoleucyl-tRNA were prepared by incubating E. coli K12 tRNA
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(stripped) with S100, ATP and “C-phenylalanine and “C-isoleucine, respectively, as des-
cribed by Naruans and Lipmann®, and isolated by phenol method. N-Acetyl-*C-phenyl-
alanyl-tRNA was prepared according to Haennr and CuarevitLe®. The acetylated products
were examined by paper chromatography (butanol - acetic acid - water ; 4:1:2) and shown
to be free of phenylalanyl-tRNA.

4. Assay of polypeptide synthesis: The feaction mixtures for polypeptide synthesis
were described in the legend of each figure and table in the text. Incubation was stopped
by adding equal volume of 10 % trichloroacetic acid (TCA) and the mixtures were washed
with 5% TCA for three times followed by heating at 90°C for 15 minutes in 5% TCA.
The hot TCA-insoluble radioactivity was counted with a windowless gas-flow counter.

5. Assay of aminoacyl-tRNA binding: Assay of “C-aminoacyl-tRNA binding to
ribosomes-mRNA complex was performed according to the method of Nirengere and Leper®.
A Millipore filter (22 mm diameter, 0.45 x4 pore size) retainining *C-aminoacyl-tRNA was
dried in a planchet and the radioactivity was counted with a windowless gas-flow counter.

6. Chemicals: Poly U, poly A and poly C were obtained from Sigma Chemicals.
E. coli K12 tRNA (stripped) was obtained from General Biochemicals. *C-Amino acid
(Phe, Ileu, Ser, Leu, Pro and Lys) was obtained from Radiochemical Centre. "“*C-Amino
acid mixture (Chlorella protein acid hydrolysate) was supplied from the Institute of
Applied Microbiology, the University of Tokyo. Negamycin and its degraded products
were given by Dr. S. Konpo, the Institute of Microbial Chemistry, Tokyo.

Fig. 1. Inhibition by negamycin of poly-
phenylalanine synthesis directed
by poly U
E. coli reaction mixtures (0.3 ml) containing 50 mm 1. Inhibition of Polyphenylalanine
Tris-HCl, pH 7.8, 60 mm KCl, 10 mMm Mg-acetate, 10
Synthesis Directed by Poly U

mM f-mercaptoethanol, 1mm ATP, 0.1mm GTP, 5
Effect of negamycin was studied on

Results and Discussion

mM creatine phosphate, creatine kinase 15 gg, tRNA
(E.coli) 85 pg, poly U 20 pg, 4C-phenylalanine 0.2 zc
(0.68 mpgmole), S100 0.6 mg protein and ribosomes 0.6
mg protein and negamycin of indicated amount, were
incubated at 35C for 60 minutes and hot TCA-insolu-
ble radioactivity was determined. Control without
negamycin incorporated 1.09x105 cpm, which repre-
sented 100 % incorporation and incorporation without
poly U was 7.3 % of that of the control.

polyphenylalanine synthesis directed by
poly U in E. coli K12 extracts. The incor-
poration of phenylalanine into hot TCA-

Rat liver reaction mixtures (0.2 ml) containing 50
mM Tris-HCIL, pH 7.6, 25 mm KC1, 5 mmMm Mg-acetate,
50 mM sucrose, 1 mM ATP, 0.1mMm GTP, 5mM crea-
tine phophate, creatine kinase 10 gg, ribosomes 0.2
mg, and pH 5 fraction containing aminoacyl-sRNA
synthetases, 1.2 mg, were pre-incubated at 35C for
20 minutes and to the mixtures were added poly U
20 pg, tRNA (Rat liver) 140 gg, 14C-phenylalanine 0.1
#c (0.34 mpmole) and negamycin, and the mixtures
(0.4 ml) were further incubated for 60 minutes.
Control without negamycin incorporated 5.2x10¢ cpm
and incorporation without poly U was 2.6 % of that
of the control.
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Fig. 2. Inhibition by negamycin of phenyl-
alanine-transfer from phenylalanyl-
tRNA to polyphenylalanine

Reaction mixtures (0.3 ml) contained 50 mm Tris-

HC1, pH 7.8, 60 mm KCl, 10 mm Mg-acetate, 10 mm §-

mercaptoethanol, 0.05mm GTP, poly U 20 gg, 14C-

phenylalanyl-tRNA 8,200 cpm, S100 0.3 mg and ribo-
somes 0.4 mg. Incubation was at 30C and hot TCA-
insoluble radioactivity was determined.
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insoluble fraction was inhibited by negamycin: Fifty percent inhibition was obtained
by 10 ug/ml of the drug (Fig. 1.

As reported in our preceding paper’, negamycin inhibited initiation of protein
synthesis by phage MS2 RNA, a natural messenger RNA. The most critical difference
between the natural and the artificial mRNA is known to be that the natural mRNA
initiates protein synthesis by a mechanism requiring formylated methionyl-tRNA for the
corresponding AUG initiation codon at low magnesium concentration (7~8 mm)®. In
contrast, poly U has no natural initiation codon and initiates the polypeptide synthesis
by a mechanism that seems to require distortion of ribosomal binding site which occurs

at high magnesium concentration (10 mm)?.

mycin as described above and
These
results suggested that the poly

in a preceding paper.

U-driected polyphenylalanine
synthesis was affected by a
mechanism which seemed to be
different from that observed in
protein synthesis by the natural
mRNA.

Polyphenylalanine snythesis
in rat liver extract was much
less inhibited by negamycin
(Fig. 1.
vity between E. coli extract and

This different sensiti-

rat liver extract towards nega-
mycin would be directly related
to different afinity of the drug
for ribosomes of both the cells,
and it would be a biochemical
basis for the selective toxicity
of the drug against bacteria.

Phenylalanyl-tRNA synthe-
tase activity in E. coli extract
was not inhibited by negamycin
(data not shown).

Effect of negamycin on the
formation of ribosome-poly U
complex was examined. "C-
Poly U (10* cpm/20 ng, Miles
Chemicals) was mixed with ribo-
somes of E. coli K12 at 0°C and
the mixture was filtered on a
Millipore membrane filter and

Both the reactions were inhibited by naga-

Table 1. Effect of negamycin on poly U coded binding
of 4C-phenylalanyl-tRNA and N-acetyl-
phenylalanyl-tRNA to ribosomes

- CPM retained
on filter
4C-Phenylalanyl-tRNA )
Complete ‘ 2,291
1 —Poly U 152
” —Ribosomes 21
” +Negamycin 25 ug/ml 1,855(19.1)
1" +Negamycin 50 ug/ml 1,718(25.3)
1 +Negamycin 100 ug/ml 1, 531(83.5)
N-Acetyl-“C-phenylalanyl-tRNA
Complete 381
7 —Poly U 22
I +Negamycin 200 ug/ml 410

The number in parentheses represents % inhibition.

Complete reaction mixtures (0.1 ml) for binding of 14C-phenyl-
alanyl-tRNA contained 0.1M Tris-HCl, pH 7.1, 0.05M KCI, 0.02Mm
Mg-acetate, poly U 30 pg, washed ribosomes 1.0 mg and 14C-~
phenylalanyl-tRNA 7,700 cpm. The mixtures were incubated
at 25C for 20 minutes and diluted by 3 ml of an ice-cold buffer
(0.1m Tris-HCl, pH 7.1, 0.05M KC1, and 0.02M Mg-acetate) and
the amount of bound !'4C-phenylalanyl-tRNA was determined
according to the method of Millipore filter technique of NIREN-
BERG and LEDER®’.

Reaction mixtures (0.1 ml) for binding of N-acetyl-14C-phe-
nylalanyl-tRNA contained 0.1M Tris-HCI, pH 7.1, 0.05m KCJ,
0.01M Mg-acetate, poly U 10 g, washed ribosomes 1.0 mg and
N-acetyl-14C-phenylalanyl-tRNA 1,220 cpm. The mixtures were
incubated at 35C for 10 minutes and assayed as above. Radio-
activity retained on filter was counted with a windowless gas-
flow counter.

Table 2. Effect of negamycin on puromycin reaction
with N-acetyl-1#*C-phenylalanyl-tRNA

CPM retained CPM
on filter released
Complete 409
7 +Puromycin 179 230
1 +Negamycin 492
" +Puromycin4-Negamycin 228 264

Reaction mixtures (0.1 ml), containing 0.1mM Tris-HCI, pH 7.1,
0.05m KCI, 0.01 M Mg-acetate, poly U 10 g, washed ribosomes
1.0 mg and N-acetyl-14C-phenylalanyl-tRNA 1,220 cpm, were
incubated at 35C for 15 minutes with or without puromycin 50
¢g and/or negamycin 20 pg. After the mixtures were diluted,
the amount of N-acetyl-14C-phenylalanyl<tRNA bound to ribo-
somes was assayed by the method of NIRENBERG and LEDERS.
Released radioactivity by puromycin was obtained by subtract-
ing the retained cpm determined with puromycin from that
without puremycin.
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the filter was washed with a cold buffer (0.1 M Tris-HCI, pH 7.1, 20 mM magnesium
acetate and 50 mM KCI). The radioactivity of *C-poly U bound to the ribosomes and
retained on the filter was determined with a windowless gas-flow counter. Negamycin
did not show any inhibitory activity on the formation of the complex (data not
shown).

The transfer reaction of phenylalanine from phenylalanyl-tRNA to polyphenyl-
alanine on poly U-ribosomes complex was effectively inhibited by negamycin (Fig. 2).

Effect of negamycin was studied on binding of phenylalanyl-tRNA and N-acetyl-
phenylalanyl-tRNA to ribosome-poly U complex according to the method of NIRENBERG
and LEDER®. Negamycin weakly inhibited the phenylalanyl-tRNA binding (33.5 %
inhibition by 100 ug/ml of negamycin)(Table 1). The binding of acetylphenylalanyl-
tRNA, however, was not inhibited but was rather slightly stimulated by negamycin
(Table 1, see also Table 2).

The phenylalanyl-tRNA bound to the complex did not react with puromycin at
10 and 20 mm Mg?* concentration (data not shown). However, acetylphenylalanyl-
tRINA bound to the complex at 10 mm Mg?*, of which binding was slightly increased
by negamycin, reacted with puromycin and was released from the complex (Table 2).
The puromycin reaction with acetylphenylalanyl-tRNA was not influenced by naga-
mycin (Table 2). ‘

Since puromycin reaction can be taken as an analogue of peptide bond forming
reaction by peptidyltransferase, a structural component of 508 subunit®~!?, it can be
said that negamycin does not inhibit the step of peptide bond formation in chain elon-
gation and not an inhibitor of 50S subunit. This is also supported by a fact that the
drug, as reported in a preceding paper?, does not inhibit peptide chain extension by
endogenous mRNA. Thus the inhibition by negamycin of polyphenylalanine synthesis
directed by poly U in E. coli extracts is supposed to be caused by the lowered binding
of phenylalanyl-tRNA to ribosomes-poly U complex.

2. Miscoding Activity of Negamycin in Polypeptide Synthesis

The primary site of action of most aminoglycoside antibiotics including strepto-
mycin and kanamycin is bacterial ribosomes and these antibiotics not only inhibit
protein synthesis but also cause misreading of the genetic code!”. Although negamycin
is not an aminoglycoside antibiotic, it has the common basic property with amino
groups in the molecule. In polypeptide synthesis directed by poly U in E. coli extracts,
negamycin showed a remarkable stimulation of the incorporation of isoleucine, which
is normally not coded for by the polymer (Table 3). About 15-fold stimulation of the
incorporation was obtained by 20 ug/ml of negamycin, with the correction for the
incorporation without poly U. In addition, binding of isoleucyl-tRNA to ribosome-
poly U complex was 2.8-fold stimulated by 10 u#g/ml of negamycin, contrary to its
weak inhibition of phenylalanyl-tRNA binding (Table 4).

These results suggest that negamycin increased the binding of isoleucyl-tRNA to
the ribosome-poly U complex and lowered the binding of phenylalanyl-tRNA, by
inducing misreading of U as A in 5-terminal of UUU triplet (the genetic code for
Phe and Ileu is UUG and AUG, respectively).
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Tabale 3. Stimulation by negamycin of “C-
isoleucine-incorporation directed by poly U

Table 4. Stimulation by negamycin of
poly U-coded “C-isoleucyl-tRNA

CPM binding to ribosomes
incorporated CPM
Complete system 165 g;tagﬁii

1 +Negamycin 20 ug/ml 1, 382 C ) 52
" +Negamycin 50 ug/mi 1,325 omplete Sys}:emU >
" +Negamycin 100 ug/ml 1,567 . —Poly )
" —~Poly U 78 1 +Negamycin 10 ug/ml 113
" —Poly U-+Negamycin 100 ug/mt} 73 . +Negamycin 25 pg/ml 114

Reaction mixtures (0.2 ml) contained 0.1m
Tris-HCI1, pH 7.1, 0.05m KC1, 0.02 M Mg-ace-
tate, poly U 20 pg, washed ribosomes 0.3 mg
and 14C-isoleucyl-tRNA 3,200 cpm (300 #g). The
mixtures were incubated at 24C for 20 minutes
and assayed by the Millipore filter method.

Reaction mixtures (0.3 ml) contained 50 mM Tris-HCI,
pH 7.8, 60 mM KC1, 10 mm Mg-acetate, 10 mM S-mercapto-
ethanol, 1mm ATP, 0.1 mm GTP, 5mM creatine phosphate,
creatine kinase 15 #g, tRNA 200 zg, poly U 20 pg, ribo-
somes 0.2 mg, S100 0.3 mg, and 14C-isoleucine 0.2 gc (20
mpmoles). The mixtures were incubated at 35C for 40
minutes and hot TCA-~insoluble radioactivity was deter-
mined.

Table 5. Miscoding activity by negamycin in polypeptide
syntheses directed by synthetic homopolynucleotides

The effect of negamycin

was examined on the incorpo-

CPM incorporated

ration of other amino acids Polynucleotide and amino acid B/A

directed by poly U, poly A —NGM(A)* +NGM(B)*

and poly C. The results were Phe 10, 880 4,990 | 0.46
summarized in Table 5. The Heu 150 625 | 4.17
) ) ) Poly U |Leu 4,221 7,520 | 1.78
incorporations of leucine, Ser 481 1.890 3.04
serine or an amino acid mix- Amino acid mixture®* 1,956 3,760 1.92
ture with poly U, lysine or Lys 2, 380 5,00 |2.14

. . . Poly A
glutamic acid with poly A, and Glu 127 264 | 2.08
proline or leucine with poly  pgy ¢ [P 1,267 7,614 1 6.00
C Leu 621 1,501 2.42
were all strongly or weakly

* NGM : Negamycin 10 gg/ml.

stimulated by 10 xg/ml of the
drug.

It could be concluded
from the misreading of these
polymers that negamycin
caused misreading of U as A,

** Chlorella protein acid hydrolysate.

Reaction mixtures (0.3 ml) contained 50 mm Tris-HCI, pH 7.8, 60
mum KCl, 10 mM Mg-acetate, 10 mm S-mercaptoethanol, 1 mm ATP,
0.1 mMm GTP, 5mwM creatine phosphate, creatine kinase 15 ug,
tRNA 300 zg, homopolynucleotides (poly U 20 gg, poly A 30 pg
and poly C 30 #g), ribosomes 0.14 mg, S100 0.3 mg and each amino
acid-14C (Phe 0.1 pc/0.34 mumole, Ileu 0.2 pc/20 mpemoles, Leu 0.2
#¢/0.13 mpmole, Ser 0.3 pe/3 mpmoles, Lys 0.3 pe/l.4 mumole, Glu
0.3 #c/18.7 mpmoles, Pro 0.3 p£¢/2.5 mpmoles, and amio acid mix-
ture 0.1 g¢/12.5 mpmoles C). The mixtures were incubated at 35C
for 40 minutes with or without negamycin (10 gg/ml) and hot

TCA-insoluble radioactivity was counted.

A as G, and C as U, in both
the 5’-terminal and the internal positions of codons. The pattern of the misreading
by negamycin was the same as that by streptomycin!®»®. Streptomycin is reported
by CERVA et al.'* and SuzUKI ef al.'® to inhibit puromycin reaction with bacterial
70S ribosomes, but MopoLELL and DAvis!® claim that streptomycin does not inhibit
the reaction, while these investigators demonstrated the inhibition of peptide chain
elongation with streptomycin in accordance with one another. Whereas, negamycin
inhibited neither puromycin reaction nor peptide chain elongation as shown in this
and a preceding papers®.

Furthermore, negamycin completely inhibited the growth of a streptomycin-resis-
tant strain of E. co/i in the same amount as inhibited the sensitive strain. These
results suggest that the precise binding site(s) of negamycin on 30S subunit would
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not be the same as that of streptomycin. Studies on negamycin-binding to ribosomal
subunits remain to be elucidated.

The study on the miscoding activity by degraded products of negamycin indicated
that the whole molecular structure of the drug was required for the induction of
misreading of the synthetic mRNAs (data not shown).
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