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ABSTRACT A series of nonionic oligonucleotide analogues,
the deoxjribooligonucleoside methylphosphonates, were synthe-
sized. The base squences of these compounds, d(ApGpGp),
d(ApGpGp)2, and d[(ApGpGp)2T], are complementary to the
Shine-Dalgarno sequence (-A-C-C-U-C-C-U-) found at the 3' end
of bacterial 16S rRNA. These nonionic oligonucleotide analogues
were tested for their ability to inhibit the in vitro translation of
mRNAs in cell-free systems of Escherichia coli and rabbit reticulo-
cyte. In the E coli system, both d(ApGpGp)2 and d[(ApGpGp);T]effectively inhibited MS-2 RNA-directed protein synthesis but
they had much less effect on either poly(U) or poly(A)-directed
polypeptide synthesis. In the reticulocyte system, these com-
pounds had no significant effect on the translation of globin
mRNA. The observation that d[(ApGpGp,) 3HjT)J binds to 70S
ribosomes (association constant, 2.0 x 10 M- , 37C) together
with the specificity of the inhibitory action of these compounds
on protein synthesis strongly suggests that inhibition of translation
is a consequence of analogue binding to Shine-Dalgarno sequence
of 16S rRNA. The oligonucleoside methylphosphonates inhibited
both protein synthesis (without concurrent inhibition of RNA syn-
thesis) and colony formation by E coli ML 308-225 (a permeable
mutant) whose cell wall contains negligible quantities of lipopoly-
saccharide but had no effect on wild-type E. coli B. Our prelim-
inary results on the uptake of oligodeoxyribonucleoside methyl-
phosphonates by E. coli B show that these cells are not permeable
to oligomers longer than 4 nucleotidyl units. Although oligodeox-
yribonucleoside methylphosphonates are taken up by mammalian
cells in culture, this series of analogues had negligible inhibitory
effects on colony formation by transformed human cells. This
study indicates that this class of nonionic oligonucleotide analogues
can be used to probe and regulate the finction and structure of
nucleic acids of defined sequence within living cells.

Single-stranded exposed regions of cellular nucleic acids are
potential target regions for base-pairing interactions with com-
plementary oligonucleotides. Binding of oligonucleotides to
these regions can be used to probe and regulate the struc-
ture-function relationship of nucleic acids in both biochemical
and cellular systems. Deoxyribooligonucleotides complemen-
tary to the reiterated 3'- and 5'-terminal nucleotides of Rous
sarcoma virus 35S RNA inhibited the translation of the RNA
in a cell-free system as well as the virus production of chicken
fibroblast tissue cultures (1, 2). Studies in our laboratory have
shown that an oligonucleotide ethylphosphotriester comple-
mentary to the amino acid-accepting stem of most tRNAs had
a transient but specific inhibitory effect on the growth of mam-
malian cells in culture (3). More recently, we have studied the
effects of oligo(dA) methylphosphonate analogues (complemen-
tary to the anticodon loop of tRNAIVs) on bacterial and mam-
malian cells in culture (4). These analogues contain an isosteric

3'-5' linked methylphosphonate group which replaces the nor-
mal phosphodiester linkage of nucleic acids.

In this paper, we focus our attention on the 3' end of 16S
rRNA because the base-complementary interaction between
the 3'-terminal polypyrimidine sequence -C-C-U-C-C-U- of
16S rRNA in the ribosome and the polypurine sequence -A-G-
G-A-G-G- preceding the initiator triplet of mRNA is believed
to be an essential recognition step in the initiation of protein
synthesis in Escherichia coli (5). There have been several re-
ports in support of this hypothesis (6-8). In comparison to the
prokaryotic system, the 3'-terminal sequence of eukaryotic 18S
rRNA differs from that of the 16S rRNA sequence (9) and, so
far, there has been no concrete experimental evidence to sug-
gest that initiation of eukaryotic protein synthesis involves a
base-pairing mechanism similar to that of the prokaryotic sys-
tem. This difference in the prokaryotic and eukaryotic systems
led us to explore the possibility that protein synthesis in bacteria
could be selectively inhibited by oligonucleotides complemen-
tary to the 3' end of 16S rRNA. Inhibition of protein synthesis
would be manifested by a reduction of colony formation by
treated cells.

In order to exploit this possibility in living cells, we have syn-
thesized a series of deoxyribooligonucleoside methylphospho-
nates with base sequences complementary to the 3' end of 16S
rRNA. Nonionic oligonucleoside methylphosphonates have a
number of unique physical and biochemical properties (10) in-
cluding (a) the ability to form stable complexes with comple-
mentary polynucleotides, (b) the ability to penetrate the mem-
branes of living cells, and (c) resistance to hydrolysis by cellu-
lar nucleases. In this paper, we report the synthesis of
d[(ApGpGpApGpGp)T] and its intermediates and the effect of
these analogues on cell-free protein synthesis in E. coli and rab-
bit reticulocyte systems as well as the effects of these analogues
on E. coli B, E. coli ML 308-225 (a permeable mutant), and
transformed human cells in culture.

MATERIALS AND METHODS
2'-Deoxyadenosine, 2'-deoxyguanosine, and thymidine were
obtained from P-L Biochemicals and were checked for purity
by paper chromatography before use. Poly(U) and poly(A) were
purchased from Sigma. MS-2 RNA was a product of Miles.
[3H]Thymidine (101 Ci/mmol; 1 Ci = 3.7 X 10'° becquerels),
[3H]lysine (54 Ci/mmol), [3H]leucine (55 Ci/mmol), and

Abbreviations: p, 3'-5' linked methylphosphonate group. The symbols
used to represent protected nucleosides and oligonucleoside methyl-
phosphonates follow the IUPAC-IUB Commission on Biological No-
menclature Recommendations (1976).
* This is paper no. 4 of the series "Nonionic Oligonucleoside Methyl-
phosphonates." Paper no. 3 is ref. 4.
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ment" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
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[3H]phenylalanine (35 Ci/mmol) were obtained from ICN.
[3H]Uridine (25 Ci/mmol), 3H-labeled L-amino acid mixture,
and the rabbit reticulocyte cell-free protein synthesizing sys-

tems were purchased from New England Nuclear.
Preparation, purification, and isolation of deoxyribooligonu-

cleoside methylphosphonates were carried out as described
(10). The base ratios of the products were determined by de-
purination with 80% acetic acid (5 hr at 60'C). The resulting
bases were separated by high-performance liquid chromatog-
raphy on a reverse-phase Partisil ODS-2 column (Whatmann)
with a 5-20% acetonitrile gradient in water (50 ml, total). Ad-
enine and guanine had retention times of 5.6 and 2.0 min, re-

spectively. Under the same conditions, d(ApGpGp) and
d(ApGpGpApGpGp) had retention times of 12.5 and 18.0 min,
respectively. The ratio of bases was determined from the area

of the peaks. For d(ApGpGp) and d(ApGpGpApCpGp), the
ratio of adenine to guanine was 1:1.9 and 1:1.95, respectively.

Dialysis experiments (11) were performed in 30-,ul plexiglass
chambers separated by a dialysis membrane. The equilibration
buffer contained 60 mM Tris HCl (pH 7.5), 120 mM NH4C1,
6 mM MgCl2, 0.6 mM dithiothreitol, 0.6 mM GTP, 200 pmol
of E. coli B ribosomes, and 135-175 pmol of 3H-labeled deoxy-
ribooligonucleoside methylphosphonates. The chambers were

equilibrated at the desired temperature for 2 days before
measurement.
A cell-free protein-synthesizing system and 70S ribosomes

from E. coli B were prepared according to the method of Ni-
renberg (12). Cell-free protein synthesis in a rabbit reticulocyte
system was performed by using a cell-free translation system
purchased from New England Nuclear (lot J1157AW). For the
translation of globin mRNA, the reactions were run in 25.0 ,ul
of buffer containing 2 ,ul of translation mixture, 2 ,ug of globin
mRNA, 79 mM potassium acetate, 0.65 mM magnesium ace-

tate, 0-100 ,uM oligomer, and 14 p.M [3H]leucine. Reactions
were initiated by addition of 5 p.l of reticulocyte lysate. Aliquots
(4 ,ul) were removed at various times and added to 0.1 ml of
bovine serum albumin (100 ,ug) solution. The protein was pre-
cipitated by heating with 1 ml of 10% trichloroacetic acid at
70°C filtered on G/F filters, and assayed for radioactivity in
Betafluor.

E. coli ML 308-225 cells (a gift from Chien Ho, Carne-
gie-Mellon University, Pittsburgh) were grown at 37°C in
minimal salt medium supplemented with 1% glucose (13).
E. coli B cells were grown in M9 medium as described (14).
Protein synthesis and RNA synthesis were carried out in cells
grown to midlogarithmic phase (=5.0 x 105 cells per ml). Ali-
quots (50 p.l) of cells were preincubated with 15 ,ul of medium
or medium containing the compounds for 1-2 hr at 22°C. E. coli
ML cells were transferred to a water bath maintained at 10°C.
After 10 min, 3 ,ul of [3H]uridine (100 ,uCi/ml) or 3 ul of
[3H]leucine (50 ,uCi/ml) was added; then 15-,ul aliquots were
withdrawn at 0, 5, 10, and 20 min and added to 200 ,ul of lysing
buffer (2.0% NaDodSOJ0.02 M EDTA) and heated at 70°C for
20 min. For protein synthesis experiments, bovine serum al-

bumin (100 ,ug) and 20% trichloroacetic acid (1 ml) were added
and the solution was heated at 70°C for 15 min. Then the so-

lution was filtered; the filter was then washed and assayed for
radioactivity. For RNA synthesis experiments, cold 5% trichlo-
roacetic acid was added after lysis of the cells, and the solution
was filtered without heating. The final concentration of oligo-
mers in these experiments was 100 p.M.

For determination of colony formation, E. coli ML 308-225
cells were incubated for 2 hr in 100 ,l of medium containing
75-160 p.M of oligonucleoside methylphosphonate. The solu-
tion was then diluted to 1.0 ml with the medium. To 0.9 ml of
this solution, 2.0 ml of 0.5% bactoagar was added at 37°C and
the solution was poured onto 100-mm plates containing 1.5%
bactoagar. After solidification, the plates were incubated at
37°C for 36 hr, and the colonies were counted. The final con-

centration of the oligomers on the plate was 2.6-5.5 p.M.
In vitro aminoacylation experiments were done as described

by Barrett et al. (15).
Growth experiments were done by treating 15 pl of cells

(= 1 X 108 cells per ml) in 15 ,l of medium (control) or medium
containing 150 p.M of the compounds at 37°C. Aliquots (4 1l)
were withdrawn at different time intervals and appropriately
diluted. The number of cells was determined by using a Haus-
ser counting chamber and a Zeiss phase-contrast microscope.

RESULTS
Table 1 summarizes the reaction conditions and yields in the
preparation of the deoxyribooligonucleoside methylphospho-
nates. Because the trinucleotide sequence d(A-G-G) is repeated
in the heptamer, condensation of the trinucleotide blocks was
considered to be more favorable than the stepwise addition of
mononucleotides. The fully protected heptamer was prepared
by condensing T(OAC) or [3H]T(OAC) with the protected hex-
amer (data not shown). The low yields obtained in these
preparations are attributed to the large number of dG residues
present in these sequences. The trimer d(ApGpGp) and
hexamer d(ApGpGpApGpGp) were deblocked from
d([(MeO)2Tr]bzApibuGpibuGpCNEt) and d([MeO)2Tr]-
bzApibuGpibuGpbzApibuGpibuGpCNEt), respectively,
and hence obtained with the 5'-terminal methylphosphonate
group. Reactions carried out on a small scale (<0.01 mmol) were
deblocked as such and the product was isolated by paper chro-
matography. The purity of the oligomers was examined mainly
by high-performance liquid chromatography and paper chro-
matography. The UV spectral properties and paper chromato-
graphic mobilities are given in Table 2.
The interaction of d(ApGpGpApGpGp[3H]T) and

d(ApGpGp[3H]T) with 70S ribosomes was studied by equilib-
rium dialysis. The heptamer has a high apparent association
constant which decreases with increasing temperature (4.67
X 105 MW' at 0°C; 1.72 X 105 M'- at 22°C; 2.0 X 104 M'- at
370C). As expected, the tetramer, which has only three bases
complementary to the 3' end of 16S rRNA, has a proportion-
ately lower association constant (1.44 x 104 M-1 at 220C).

Table 1. Preparation of protected oligodeoxyribonucleoside methylphosphonates
Product

3'-Methylphosphonate 5'-OH MST Yield
Component mmol Component mmol mmol Name mmol %

d([(MeO)2Tr]ibuGp) 2.77 d(ibuGpCNEt) 2.99 6.64 d(ibuGpibuGpCNEt) 0.75 27
d([(MeO)2TrlbzAp) 1.1 d(ibuGpibuGpCNEt) 0.725 2.2 d([(MeO)2Tr]bzApibuGpibu- 0.15 - 21

GpCNEt)
d([(MeO)2Tr]bzAp- 0.033 d(bzApibuG- 0.04 0.132 d([MeO)2TrlbzApibuGpibu- 0.01 30
ibuGpibuGp) pibuGpCNEt) GpbzApibuGpibuGpCNEt)

Proc. Natl. Acad. Sci. USA 78 (1981)
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Table 2. UV spectra and chromatographic mobilities of oligodeoxyribonucleoside
methylphosphonates

UV spectra*
A max., A min., Paper

Oligomer anm m E260/280 E. chromatography,t RF
d(ApGpGp) 257 228 2.11 - 0.77
d(ApGpGpT) 257 229 2.02 4.19 x 104 0.88
d(ApGpGpApGpGp) 257 229 2.11 6.6 x 104 0.27
d(ApGpGpApGpGpT) 257 232 2.06 7.33 X 104 0.39
* In water at pH 7.0.
t Run in solvent F; RF of pT, 0.41. Solvent F is n-propanol/NH4OH/H20, 55:10:35 (vol/vol).
t Obtained by comparing the absorbance of a solution of the oligomer in water at pH 7.0 to that of the
same solution at pH 1.0. The oligomer extinction coefficient was calculated from the observed hyper-
chromicity of the oligomer at pH 1.0 by using the following extinction coefficients: dA at pH 1.0, 14.1
X 103; dG at pH 1.0, 12.3 x 103.

The effects of the oligomers on cell-free protein synthesis in
E. coli B system are summarized in Table 3. In general, the
hexamer and heptamer exhibited inhibitory activities but the
trimer and tetramer did not. Poly(U)-directed polyphenylala-
nine synthesis and poly(A)-directed polylysine synthesis were
not inhibited appreciably by hexamer and heptamer at 37C.
The inhibition was greater at 220C than at 370C. At higher con-
centrations, the hexamer inhibited polylysine synthesis di-
rected by poly(A) more effectively than polyphenylalanine
synthesis directed by poly(U). Whereas d(ApGpGp) and
d(ApGpGpT) did not cause appreciable inhibition of the trans-
lation of MS-2 RNA in the E. coli system, d(ApGpGpApGpGp)
and d(ApGpGpApGpGpT) were effective inhibitors in dose-
dependent manner, even at low concentrations. As a negative
control for sequence specificity, d(CpCpApApGpCp-chloro-
phenylphosphate), a hexamer not complementary to the 3' end
of 16S rRNA, was used. This oligomer was found to be much
less effective in inhibiting translation of MS-2 RNA in the E.
coli system. In contrast to their effects on the E. coli system,
both d(ApGpGpApGpGp) and d(ApGpGpApGpGpT), which
are not complementary to the 3' end of eukaryotic 18 S rRNA,
did not have appreciable inhibitory effects on the translation
of globin mRNA in a cell-free reticulocyte system (at 100 uM
and 22°C, 16% and 17%, respectively).
The effects of deoxyribooligonucleoside methylphospho-

nates on the colony formation by E. coli B, E. coli ML 308-225,
and transformed human cells (HTB 1080) as well as the effects
of these analogues on cellular protein synthesis in E. coli B and
E. coli ML-308-225 were investigated. Oligomers d(ApGpGp),
d(ApGpGpApGpGp), and d(ApGpGpApCpGpT) inhibited col-
ony formation by E. coli ML 308-225 cells effectively (Table 4).

Table 3. Effect of deoxyribooligonucleoside methylphosphonates
on cell-free protein-synthesizing system from E. coli B

Inhibition, %
MS-2

Conc., Poly(U)* Poly(A)t RNA
Oligomer ,AM 220C 370C 220C 370C 220C

.d(ApGpGp) 100 8 0 0 0 5
d(ApGpGpT) 100 - - - - 0
d(ApGpGpApGpGp) 12.5 - - - - 45

25 0 0 0 0 75
50 19 0 29 14 88
100 39 18 80 27 -

d(ApGpGpApGpGpT) 25 0 0 0 0 77
d(CpCpApApGpCp)t 100 - - - - 21
* At 260 uM in UMP residues.
t At 225 pM in AMP residues.
t p = p-chlorophenylphosphate.

These analogues had virtually no effect on colony formation by
E. coli B cells and only a small inhibitory effect on colony for-
mation by transformed human cells.

Results of the study on cellular protein synthesis by E. coli
ML 308-225 support the observation on the colony formation
by these two strains of bacteria. The rates of incorporation, by
E. coli ML 308-225 cells, of exogenous [3H]leucine into hot tri-
chloroacetic acid-precipitable material and of [3H]uridine into
cold trichloroacetic acid-precipitable material were found to be
quite rapid at 37°C and 22°C; however, the incorporation lev-
eled off in 5 minmat these temperatures. Hence, incorporation
of [3H]leucine and [3H]uridine by this E. coli mutant were stud-
ied at a lower temperature (10°C). The incorporation was linear
up to 10 min at this temperature. d(ApGpGpApGpGpT) inhib-
ited protein synthesis by E. coli ML 308-225 but not by E. coli
B. Some variation in the extent of inhibition was observed be-
tween experiments, and the inhibition was found to be in the
range of 20-45%. Under the same experimental conditions,
d(ApGpGpApGpGpT) had no effect on RNA synthesis as mea-
sured by [3H]uridine incorporation. d(ApGpGpT) has no effect
on either protein synthesis (Table 4) or RNA synthesis (data not
shown).

In addition to the studies on colony formation, experiments
were done on the growth of E. coli ML 308-225 in mass culture
in the presence of the oligonucleotide analogues. There was no
inhibition of growth during the first 4 hr (Fig 1). At the rapid
growth period, between 4 and 12 hr, the growth of the treated
culture was inhibited up to 50% in the presence of either trimer
or heptamer. At the end of this growth period, 24 hr after ini-
tiation of the culture, the treated and untreated cultures had
approximately the same number of cells.

DISCUSSION
The oligodeoxyribonucleoside methylphosphonates used in this
study were prepared by the general procedures reported earlier

Table 4. Effect of deoxyribooligonucleoside methylphosphonates
on colony formation

Inhibition, %
Oligomer E. coli Human cells
(at 75 pM) ML 308-225* E. coli B* .HTB 1080t

d(ApGpGp) 75-98 0
d(ApGpGpApGpGp) 78-97 0
d(ApGpGpApGpGpT) 67-97 0 10
d(ApGpGpT) 0 0
d(GpGpT) 5 -
* At either 220C or 37°C.
tAt37OC.

Biochemistry: jayaraman et aL
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FIG. 1. Effect of oligonucleoside methylphosphonates on E. coli
ML 308-225 cells growing in culture. *, Control; o, in the presence of
150 iAM d(ApGpGp); o---o, in the presence of 150 ,uM d[(ApGpGp½2T].

(10). The yields in these preparations are somewhat low, which
can be attributed to the reactions involving deoxyguanosine res-

idues. Similar difficulties have been encountered in the prep-

aration of oligonucleotide phosphotriesters containing deoxy-
guanosine residues (16).

The two phosphonate analogues, d(ApGpGp[3H]T) and
d(ApGpGpApGpGp[3H]T), which are complementary to the 3'
end of 16S rRNA, exhibit high affinity for 70S ribosomes as
studied by equilibrium dialysis. Earlier studies on the inter-
action of a pentanucleotide (G-A-dG-dG-U) with E. coli 30S
and 70S ribosomes have shown that this pentamer specifically
binds to a site on the 30S subunit (7). Hence, it is very likely
that the observed binding of the tetramer and heptamer ana-

logues with 70S ribosomes is due to their formation of com-

plexes with the complementary regions at the 3' end of 16S
rRNA.

This conclusion is further supported by studies on the effect
of these analogues on cell-free protein synthesis. Both the hex-
amer and heptamer effectively inhibit the translation of MS-2-
RNA in the E. coli cell-free system while having a much lower
inhibitory effect on the translation of poly(U) and poly(A). The
in vitro aminoacylation of tRNAcj1 is not inhibited by these
oligomers, suggesting that the inhibition of aminoacylation of
tRNAs does not play a role in the inhibition of translation of MS-

2 RNA. The inhibition observed in the E. coli system, therefore,
is most likely at the ribosome site. Because the synthetic
mRNAs, unlike natural mRNAs, lack specific initiation sites,
the results also support the conclusion that the inhibition of
translation of MS-2 RNA may arise from competition between
the oligonucleotide analogues and the homologous sequence

within the preinitiator region of MS-2 RNA. Our results are in
agreement with those obtained by Taniguchi and Weissmann
(6) and Eckhardt and Luhrmann (7). They observed an inhibi-
tion of formation of phage mRNA-70S ribosome initiation com-

plex in the presence of oligonucleotides complementary to the
3' end of 16S rRNA. In contrast, no inhibition of poly(U)-de-

pendent tRNAPhI binding to 70S ribosomes was found. Addi-
tional support for the base-complementary interaction of oli-
gonucleotide analogues with the 3' end of 16S rRNA comes from
the inability of these analogues to inhibit the translation of glo-
bin mRNA in a rabbit reticulocyte system. Although the 3'-end
sequences of 18S rRNA and 16S rRNA are similar, 18S rRNA
specifically lacks the -C-C-U-C-C-U- sequence found in 16S
rRNA, and hence the oligonucleotide analogues cannot form
stable complexes with 18S rRNA in reticulocyte ribosomes.

Although the oligomers inhibit translation of mRNAs in the
E. coli B cell-free. system, these oligomers have no effect on
either protein synthesis or colony formation by the intact E. coli
B-cells; however, as shown in Table 4, these oligomers inhibit
the protein synthesis and growth of an E. coli mutant (ML 308-
225). Our experiments on the uptake of oligonucleotides by E.
coli B cells indicate that they are permeable to d(Ap[3H]T),.
Tp[3H]T, and TpTp[3H]T but not to (Tp)4 [3H]T and (Tp)8 [3H]T
(unpublished data). Thus, oligonucleoside methylphospho-
nates longer than 4 nucleotide units cannot enter the cell. The
cutoff size of the nonionic oligonucleotides observed here
agrees with the size limit found for oligosaccharides and oli-
gopeptides (17, 18). In contrast to E. coli B, E. coli ML 308-225
cells were permeable to d(ApGpGpApGpGp[3H]T) (unpub-
lished data). This E. coli mutant has only small quantities of
lipopolysaccharide in the outer membrane of the cell wall (19).
The reduction in lipopolysaccharide content may increase the
permeability of cell wall toward oligonucleoside methylphos-
phonates. Thus, the difference in the permeability of the cell
walls of these two bacteria can explain why the hexamer and
heptamer do not have any effect on intact E. coli B cells but
inhibit protein synthesis, colony formation, and culture growth
of E. coli ML 308-225.
The specific inhibitory effects of oligonucleotide analogues

in the cell-free systems is also indicated by the following ob-
servations at the intact cellular level (Table 4). (i) The oligonu-
cleotide analogues inhibit protein synthesis and growth of E.
coli ML 308-225 cells but have little or no effecton human cells.
(ii) Although d(ApGpGpApGpGp) and d(ApGpGpApGpGpT)
inhibit colony formation by E. coli ML 308-225, d(ApGpGpT)
has no effect; and (iii) d(ApGpGpApGpGpT) inhibits protein
synthesis without concurrent inhibition of RNA synthesis.

Because we have found that oligonucleoside methylphos-
phonates (Tp)nT (n = 1,4,8) are effectively taken up by Syrian
hamster cells (unpublished results), the lack of inhibition of
human cell colony formation is unlikely to be attributable to the
inability of these oligomers to penetrate the human cells. At
present, the observed inhibitory effect of d(ApGpGp) on colony
formation by E. coli ML 308-225 cells requires additional in-
vestigation for an adequate explanation because the trimer has
no effect on cellular protein and RNA synthesis in this mutant.
Also, the trimer has no effect on protein synthesis in the E. coli
B cell-free system.
The temporary inhibition of the growth of E. coli ML 308-

225 cells in mass culture by the trimer and heptamer (Fig. 1)
is in agreement with the expectation that the oligomers may not
have caused a permanent damage to the functioning of ribo-
somes. The cells can overcome this inhibition by synthesizing
more ribosomes, or the inhibitory effect of. the. oligomers will
not be detectable when the capacity of the ribosomes for protein
synthesis is no longer the factor limiting growth.
The results of our studies further demonstrate the feasibility

of using oligonucleoside methylphosphonate analogues for
probing the structure-function relationship of nucleic acids in
biochemical systems as well as in living cells. The results also
suggest that, by choosing an appropriate complementary se-
quence of oligonucleotide, one can selectively regulate either

Proc. Nad Acad. Sci. USA 78 (1981)
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bacterial or mammalian cellular nucleic acid function. Thus, the
appropriate use of nonionic nucleic acid analogues, such as the
oligonucleoside methylphosphonates, may have great signifi-
cance in basic research and in practical applications.

We thank Dr. Chien Ho and. Mrs. Cottam for providing us with E.
coli ML 308-225 cellsand Cathy Alden and Dorothy Lindstrom for
preparation of the manuscript. This research was supported in part by
a grant from the National'Institutes of Health (GM 166066-12).
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