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NILS E. MIKKELSEN*, MATHIAS BRÄNNVALL*, ANDERS VIRTANEN†, AND LEIF A. KIRSEBOM*‡

*Department of Cell and Molecular Biology, Box 596, and †Department of Genetics and Pathology, Box 589, Biomedical Center, Uppsala University,
SE-751 24 Uppsala, Sweden

Communicated by Sidney Altman, Yale University, New Haven, CT, March 25, 1999 (received for review January 5, 1999)

ABSTRACT A number of aminoglycosides have been re-
ported to interact and interfere with the function of various
RNA molecules. Among these are 16S rRNA, the group I
intron, and the hammerhead ribozymes. In this report we
show that cleavage by RNase P RNA in the absence as well as
in the presence of the RNase P protein is inhibited by several
aminoglycosides. Among the ones we tested, neomycin B was
found to be the strongest inhibitor with a Ki value in the
micromolar range (35 mM). Studies of lead(II)-induced cleav-
age of RNase P RNA suggested that binding of neomycin B
interfered with the binding of divalent metal ions to the RNA.
Taken together, our findings suggest that aminoglycosides
compete with Mg21 ions for functionally important divalent
metal ion binding sites. Thus, RNase P, which is an essential
enzyme, is indeed a potential drug target that can be used to
develop new drugs by using various aminoglycosides as lead
compounds.

RNase P is an essential endoribonuclease involved in the
processing of tRNA precursors—more specifically, the matu-
ration of the 59 termini of the majority of all known tRNAs in
prokaryotes as well as in eukaryotes. In bacteria, RNase P
consists of an RNA subunit and a small basic protein, and it has
been shown that the catalytic activity of this ribonucleoprotein
complex is associated with its RNA subunit (1). The RNA
alone is in fact able to cleave a number of substrates correctly
in vitro in the absence of the protein. The reaction catalyzed by
RNase P requires divalent metal ions, and Mg21 promotes
cleavage most efficiently (see, for example, ref. 2 and refer-
ences therein). It has been proposed that cleavage proceeds
through a trigonal bipyramidal transition state (SN2), where
two Mg21 ions participate in the chemistry of cleavage (ref. 3;
see also ref. 4), and recent data are in agreement with this
proposal (5, 6). Two metal ions have also been suggested to
participate in cleavage by another ribozyme, the group I intron
(7–9). Moreover, cleavage by either of these two ribozymes
results in a 59-monophosphate and a 39-hydroxyl (ref. 2; ref. 10
and references therein).

Several aminoglycosides are known to interact with RNA
and interfere with its function. For example neomycin B
induces translational misreading, most likely as a result of an
interaction with 16S rRNA in the A site of the ribosome (ref.
11 and references therein), and neomycin B inhibits the
reactions catalyzed by the hammerhead and the hepatitis delta
virus ribozymes (12, 13). Furthermore, this aminoglycoside, as
well as several others, inhibits group I intron splicing (14, 15).
The inhibitory effect caused by neomycin B has been suggested
to be due to displacement of essential divalent metal ions (13,
16, 17). The possibility that neomycin B displaces divalent
metal ions, together with the observations that cleavage by
RNase P RNA and group I intron show some similarities,

prompted us to investigate whether aminoglycosides inhibit the
action of RNase P RNA. Our results showed that several
members of this class of antibiotics indeed interact with RNase
P RNA and interfere with its function. This was shown by using
both Escherichia coli RNase P RNA (M1 RNA), alone or in the
presence of the E. coli RNase P protein, and Mycoplasma
hyopneumoniae RNase P RNA (Hyo P RNA). The data further
suggested that the neomycin B competed for specific divalent
metal ion binding sites in RNase P RNA.

MATERIALS AND METHODS

Preparation of tRNA Precursors and RNase P RNA. The
tRNASu3

Tyr precursor (pSu3) and RNase P RNA gene constructs
behind the T7 promoter used in the present study have been
described elsewhere (18–20). The pSu3 precursor, the RNase
P RNA derived from E. coli (M1 RNA) and from Mycoplasma
hyopneumoniae (Hyo P RNA) were generated by run-off
transcription of linearized DNA using T7 DNA-dependent
RNA polymerase, as described previously (21).

RNase P RNA Assay. RNase P RNA activity was monitored
under our standard assay conditions in buffer I [50 mM
TriszHCl, pH 7.2y5% (wtyvol) poly(ethylene glycol) 6000y100
mM NH4Cly100 mM MgCl2]. To monitor cleavage in the
presence of various aminoglycosides the reaction conditions
were changed to buffer II [50 mM TriszHCl, pH 7.2y5%
(wtyvol) poly(ethylene glycol) 6000y1 mM NH4Cly10 mM
spermidiney10 mM MgCl2]. The final concentrations of ami-
noglycosides were as indicated. The aminoglycosides used
were purchased from Sigma.

Cleavage was performed with an internally labeled substrate
as described before (22). The reaction products were separated
on 10% (wtyvol) denaturing polyacrylamide gels and visual-
ized with a PhosphorImager (Molecular Dynamics). The con-
centrations of substrate and ribozyme (M1 RNA or Hyo P
RNA) were 5.2 nM and 82 nM, respectively. Cleavage by M1
RNA in the presence of C5 was performed with 5.2 nM pSu3
and 1.6 nM M1 RNA in buffer II as described above. Condi-
tions were adjusted in such a way that measurements were
carried out in the linear portion of the curve of kinetics of the
cleavage reaction. Cleavage efficiency was plotted as a function
of the concentration of the aminoglycoside under study, and Ki

was defined as the concentration resulting in 50% inhibition of
cleavage activity.

Lead(II)-Induced Cleavage of M1 RNA. M1 RNA was 39 end
labeled with [32P]pCp according to standard procedures. The
RNA so obtained was subjected to lead(II)-induced cleavage
in buffer II as described in detail elsewhere (23, 24). Neomycin
B (or paromomycin) was added as indicated.
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RESULTS

Inhibition of RNase P Cleavage by Neomycin B. Cleavage by
RNase P RNA is usually performed at relatively high concen-
trations of Mg21 andyor NH4

1 (see, for example, ref. 2 and
references therein). Addition of neomycin B to the reaction
under our standard assay conditions resulted in no inhibitory
effect (Fig. 1). This result is in keeping with a previous report
in which the influence of aminoglycosides on RNase P cleavage
activity was studied (25). However, it has been suggested that
high concentrations of mono and divalent metal ions interfere
with the inhibitory action of aminoglycosides (12, 13). We
therefore established conditions where both [Mg21] and
[NH4

1] were decreased compared with our standard assay
conditions. Previous data showed that cleavage can occur at a
lower Mg21 concentration in the presence of spermidine (4).
Thus, we added 10 mM spermidine, lowered the Mg21 con-
centration to 10 mM, and studied the requirement for NH4

1 by
titrating its concentration from 1 to 100 mM. We note that
these concentrations of spermidine and Mg21 are more similar
to the physiological conditions compared with the more con-
ventional cleavage reaction conditions (ref. 26 and references
therein). Our results showed that, irrespective of NH4

1 con-
centration, correct cleavage of pSu3 was observed (Fig. 1; data
shown only for cleavage at [NH4

1] 5 1 mM). The rate of
cleavage under these conditions at 1 mM NH4

1 was reduced by
only a factor of approximately 2 compared with cleavage under
our standard assay conditions (data not shown). In the fol-
lowing experiments cleavage was performed at 10 mM Mg21,
10 mM spermidine, and 1 mM NH4

1 (see Materials and
Methods).

Addition of an increasing concentration of neomycin B
under these conditions clearly resulted in an inhibition of M1
RNA activity (Figs. 1 and 2). The inhibition constant, Ki, was
determined as described in Materials and Methods to be in the
micromolar range (35 mM; Table 1). Similar Ki values were

obtained irrespective of whether neomycin B was preincubated
with the substrate or with the ribozyme (data not shown). A
Hill plot analysis (27) using these data gives a slope (h) , 1
(Fig. 2). This value suggests a negative cooperativity for
binding of neomycin B to M1 RNA. Inhibition of cleavage
activity by neomycin B of the same order of magnitude was also
observed in the presence of the protein subunit (Table 1). This
result indicates that the inhibition is not influenced by the
presence of the RNase P protein to any significant extent. We
also investigated whether neomycin B inhibited cleavage by
Hyo P RNA (20). As shown in Table 1, the activity of this
RNase P RNA was also inhibited by the addition of this
aminoglycoside, with a Ki value approximately 3 times higher
than in the case of inhibition of M1 RNA. Taking these results
together, we conclude that neomycin B functions as an inhib-
itor of RNase P cleavage activity. Furthermore, the concen-
tration of neomycin B that caused inhibition of RNase P
activity is similar to what has been observed in other systems
in which inhibition of various ribozyme activities by neomycin
B was studied (Table 1).

Amino Groups Important for Inhibition of RNase P RNA
Cleavage. Previous studies have demonstrated that several
aminoglycosides inhibit group I intron splicing and the ham-
merhead cleavage reaction (12, 14, 15). These aminoglycosides
differ in their structures at specific positions that have been
suggested to play a role in the mechanism of inhibition (see, for
example, ref. 28 and references therein). Thus, to investigate
whether the ammonium group at the R1 position (Fig. 3) of
neomycin B plays a role in the process of inhibition, we studied
cleavage by M1 RNA in the presence of paromomycin, which
carries a hydroxyl group at this position. Similarly we studied
another pair of aminoglycosides, kanamycin A and kanamycin
B, where the difference likewise is a substitution of an am-
monium group for a hydroxyl as indicated in Fig. 3. The
inhibitory effects caused by these aminoglycosides are shown
in Fig. 2 and Table 1.

FIG. 1. Cleavage by M1 RNA alone at 37°C under various conditions as indicated. The final concentrations of reactants and buffer conditions
were as outlined in Materials and Methods. The final concentration of neomycin was 1 mM. Lanes 1–3, cleavage in buffer I, where lane 1 5 no M1
RNA added, lane 2 5 cleavage in the absence of neomycin B, and lane 3 5 cleavage in the presence of neomycin B. Time of cleavage for lanes
2 and 3, 0.5 min. Lanes 4–6, cleavage in buffer II, where lane 4 5 no M1 RNA added, lane 5 5 cleavage in the absence of neomycin B, and lane
6 5 cleavage in the presence of neomycin B. Time of cleavage for lanes 5 and 6 5 1 min. Lanes 7–10, cleavage in buffer II at pH values as indicated;
lanes 7 and 9 5 cleavage in the absence of neomycin and lanes 8 and 10 5 cleavage in the presence of neomycin B. Time of cleavage for lanes
7–10 5 3 min.
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In comparison to inhibition with neomycin B, addition of
paromomycin resulted in a weaker inhibition of M1 RNA
cleavage activity. The Ki for paromomycin was determined to
be 190 mM, suggesting that the ammonium group at the R1

position plays a role in the mechanism of inhibition by
neomycin B. In the case of cleavage in the presence of
kanamycin A and kanamycin B we observed inhibition only by

the latter, whereas addition of the former resulted in no
inhibition under the conditions used here, where the highest
concentration of aminoglycoside was 1 mM (final). The Ki
value for kanamycin B, 275 mM, was significantly higher
compared to the Ki values for neomycin B or paromomycin. We
conclude that the ammonium group at position R1 (Fig. 3) is
important for the inhibitory action by aminoglycosides of the
kanamycin type.

An increase in pH suppresses the inhibition caused by
neomycin B in other systems. It has been suggested that this
suppression is due to a deprotonation of some of the ammo-
nium groups on neomycin B, consequently reducing the mag-
nitude of inhibition (ref. 28 and references therein; Fig. 3).
Therefore, to investigate whether this is also the case in the M1
RNA-catalyzed reaction, we studied cleavage in the presence
of neomycin B at various pH values. As shown in Fig. 1, we
observed a dramatic reduction in the inhibition at higher pH,
in keeping with the suggestion that at least some of the
ammonium groups have to be protonated to result in an
inhibition by neomycin B.

Neomycin B Interferes with Binding of Divalent Metal Ions
to RNase P RNA. As discussed above, addition of neomycin B
did not result in any inhibition of RNase P RNA cleavage at
high concentrations of Mg21 and NH4

1. To investigate this
phenomenon in more detail we performed cleavage in the
presence of neomycin B at various concentrations of Mg21 in
the presence of 10 mM spermidine and 1 mM NH4

1. From the
results shown in Fig. 4 it is apparent that the inhibition caused
by neomycin B is suppressed by an increase in the concentra-
tion of Mg21. A plausible reason is that Mg21 and neomycin
B compete for at least overlapping binding sites in the M1
RNA–substrate complex. We addressed this possibility in the
following way.

RNase P RNA is cleaved at specific positions in the presence
of Pb21 (or Mg21), suggesting that divalent metal ions are

FIG. 2. Cleavage efficiency in percent as a function of increasing
concentrations of the various aminoglycosides used in this study.
Cleavage was performed at 37°C as outlined in the text. (Bottom) Hill
plot analysis (27).

Table 1. Concentrations of aminoglycosides that resulted in 50%
inhibition of cleavage by RNase P RNA

Ribozyme Aminoglycoside Ki, mM

Wild-type M1 RNA Neomycin B 35 6 12
Wild-type M1 RNA 1 C5 Neomycin B 60 6 16
Wild-type Hyo P RNA Neomycin B 100 6 21
Wild-type M1 RNA Paromomycin 190 6 12
Wild-type M1 RNA Kanamycin A ND
Wild-type M1 RNA Kanamycin B 275 6 75
M1C254 RNA Neomycin B 101 6 36
M1U255 RNA Neomycin B 101 6 33
Wild-type M1 RNA 1 C5* Neomycin B 60
Hammerhead ribozyme† Neomycin B 13.5
Group I intron‡ Neomycin B 0.5
HDV self-cleavage RNA§ Neomycin B 28

The given values are mean 6 standard error of several independent
experiments. ND, no inhibition detected.
*Indicates that we used a precursor that lacked the 39-terminal

CCA-motif (see Fig. 5). This number is an average of two indepen-
dent experiments, where Ki of experiment 1 was 59 mM and Ki of the
second experiment was 60 mM.

†This value was taken from Stage et al. (12).
‡Value from von Ahsen et al. (14).
§Value from Rogers et al. (13). HDV, hepatitis delta virus.

FIG. 3. Structures of the two pairs of aminoglycosides used in this
study, neomycin B and paromomycin, and kanamycin A and B.
Positions where these aminoglycosides differ are indicated with R1 and
the pKa values for the different ammonium groups are given in the
figure.
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positioned in the vicinity of these cleavage sites (Fig. 5; refs. 23,
29, and 30). To understand whether the addition of an
aminoglycoside interferes with the lead(II)-induced cleavage
pattern and thereby divalent metal ion binding we decided to
study the Pb21 cleavage pattern of M1 RNA in the presence of
neomycin B or paromomycin. The results are shown in Fig. 6.
Clearly, an increase in the concentration of neomycin B
inhibits cleavage by Pb21 at all sites except at sites IIa and IV,
whereas addition of paromomycin did not result in any de-
tectable reduction or change in the lead(II)-induced cleavage
pattern. We also observed an inhibition of the Pb21 cleavage
pattern of Hyo P RNA in the presence of neomycin B (data not
shown). These data demonstrates that the interaction between
neomycin B and RNase P RNA influences the site-specific
binding of Pb21. It appears that M1 RNA is cleaved at
unspecific positions at higher concentrations of neomycin B
(Fig. 6). This finding is not surprising because binding of
neomycin B to M1 RNA would most likely result in confor-
mational changes of M1 RNA that as a consequence result in
Pb21-induced cleavage at other positions.

Base Substitutions in the P15-Loop Influence Inhibition
Caused by Neomycin B. Two of the divalent metal binding
sites, III and V, are located in a functionally important domain
of M1 RNA, the P15-loop (Fig. 5). The GGU motif of the
P15-loop is involved in base pairing with the 39-terminal
RCCA sequence of the substrate in the ribozyme–substrate
(RS) complex (interacting residues underlined; see Fig. 5 and
also below; refs. 31 and 32). To investigate the importance of
the structural integrity of the P15-loop in relation to inhibition
with neomycin B we determined the Ki values for two M1 RNA
derivatives, M1C254 RNA and M1U255 RNA (Fig. 5). Changes
at these positions were previously shown to influence divalent
metal ion binding within the P15-loop as well as cleavage site
recognition (24). Cleavage in the presence of neomycin B by
any these M1 RNA variants resulted in an almost 3-fold higher
Ki value compared with cleavage by wild-type M1 RNA (Table
1). This result indicates that the residues at positions 254 and
255 influence the inhibitory action by neomycin B. Together
with the Pb21 cleavage data, this result suggests that the
P15-loop is (or is part of) a neomycin B binding site. The small

but significant increase in Ki for these M1 RNA derivatives are
in keeping with our previous findings that these substitutions
result in modest changes in the Pb21 cleavage pattern and in
the cleavage site recognition process (24). Mutants carrying
substitutions in the GGU motif showed very poor cleavage
activity under these assay conditions.

To investigate the importance of the interaction between the
39-terminal RCCA sequence and the P15-loop in the inhibition
caused by neomycin B, we determined the Ki value for
neomycin B inhibition of the cleavage of a precursor that lacks
the 39-terminal CCA motif by reconstituted RNase P holoen-
zyme. The data in Table 1 show that cleavage activity on this
substrate was inhibited by neomycin B as efficiently as in the
case where we used pSu3 as substrate. Thus, it appears that the
efficiency of inhibition by neomycin B does not depend on base
pairing between the 39-terminal RCCA sequence of the sub-
strate and the GGU motif of the P15-loop.

DISCUSSION

The aminoglycosides used in the present study are represen-
tatives of two families, the neomycin B family and the kana-
mycin family (Fig. 3). In this report we demonstrate that
aminoglycosides of these types inhibit the function of RNase
P, and among the ones we tested neomycin B was found to be
the strongest inhibitor. The inhibition of RNase P RNA
cleavage by neomycin B is sensitive to pH. Furthermore, our
data suggest that the ammonium group at the R1 position in
both these types of aminoglycosides plays a role in the process
of inhibition. These findings are in keeping with previous
observations that binding of representatives of these two
families of aminoglycosides to other catalytic RNA molecules
correlates with the number of positive charges—i.e., proton-
ated ammonium groups (12–14, 28, 33, 34). From our studies
it is also apparent that the inhibition caused by neomycin B is
sensitive to the Mg21 concentration (Fig. 4) as well as that it
affects binding of divalent metal ions to specific sites in RNase
P RNA (Fig. 6). It has been suggested that protonated
ammonium groups of neomycin B displace Mg21 ions that are
essential for catalysis (13, 16, 17). Considering these results
together with our present data, it is therefore likely that the
aminoglycosides used in this study displace Mg21 ions that are
crucial for cleavage by RNase P RNA. An important question
is therefore to identify the Mg21 ions that are displaced by
neomycin B, which as a consequence inhibits cleavage. From
available data we raise the following intriguing possibilities.

It has been discussed that the chemistry of cleavage cata-
lyzed by RNase P RNA and the group I intron RNA requires
the presence of two Mg21 ions in accordance with the two-
metal-ion mechanism model (3, 5–9). Molecular dynamic
modeling studies using the hammerhead ribozyme or a group
I self-splicing intron have shown that it is possible to dock
neomycin B into the center of action of the respective ri-
bozyme. This docking resulted in displacement of specific
Mg21 ions. The intramolecular distances of ammonium groups
on the aminoglycoside that have been suggested to be involved
in the displacement of functionally important Mg21 ions varies
between 4 and 10 Å (16, 17, 28). Interestingly, in a model of
the transition state of the cleavage reaction catalyzed by a
group I intron RNA the two Mg21 ions involved in the
chemistry of cleavage are positioned 8.6 Å apart (8). It is
therefore plausible that the inhibition of RNase P RNA
cleavage by the aminoglycosides used here is the result of
displacing the two Mg21 ions involved in the chemistry of
cleavage. Whether any one of these Mg21 ions is identical to
the Mg21 ions that are positioned in the vicinity of the divalent
metal ion cleavage sites in RNase P RNA remains to be
established.

RNase P RNA is cleaved at specific positions by divalent
metal ions—for example, Mg21 or Pb21 (refs. 23, 29, 30; Fig.

FIG. 4. Cleavage efficiency in percent as a function of increasing
concentration of Mg21 in the absence and in the presence of neomycin
B. Cleavage was performed in buffer II at 37°C as outlined in the text
with a final concentration of neomycin B of 1 mM.
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5). The lead(II)-induced cleavage is suppressed as a result of
an increase in the Mg21 concentration, suggesting that these
divalent metal ions bind if not to the same sites at least to
overlapping sites (23, 35). As demonstrated here, neomycin B
influenced the lead(II)-induced cleavage pattern in such away
that cleavage at specific sites was reduced (Fig. 6 and data not
shown). The GGU motif at one of these sites, site V, is engaged
in base pairing with the 39-terminal RCCA sequence of the
substrate in the RS complex, the ‘‘RCCA–RNase P RNA’’
interaction (31, 32). The Mg21 located at site V has been
suggested to contribute to function by influencing the estab-
lishment andyor stabilization of the RS complex (24, 35). A
change in the structure of the P15-loop as a result of base
substitutions at position 254 or 255 resulted in a less efficient
inhibition by neomycin B (Table 1). We previously showed that
changes at these positions influence the Pb21 cleavage pattern
within the P15-loop (24). Thus, displacement of the Mg21 ions

positioned in the vicinity of sites III and V by neomycin B as
suggested from our Pb21 cleavage analysis gives one reason
why binding of this aminoglycoside to the P15-loop inhibits
cleavage. We also note that the GGU motif is part of an
asymmetrical internal loop, and previous studies have shown
that such structural elements are aminoglycoside binding sites
(36, 37). An interesting possibility is that the P15-loop is part
of the active center, and that the Mg21 ion at site III (andyor
V) is involved in the chemistry of cleavage. Binding of an
aminoglycoside to this region would interfere with catalysis.
This would give a rationale to our finding that the establish-
ment of the RCCA–RNase P RNA interaction does not
influence the inhibitory effect caused by neomycin B.

We also have to consider that the region in the vicinity of
sites Ia and IIb (Fig. 5) has been suggested to be involved in
the interaction with the T-loopyT-stem domain of a tRNA
precursor by forming a binding pocket for this region of the

FIG. 5. Illustration of a secondary structure model of RNase P RNA derived from E. coli (M1 RNA; ref. 40). The specific Mg21-induced cleavage
sites are indicated by arrows and italic roman numerals, while the arrows with nonitalic roman numerals indicate the Pb21-induced cleavage sites.
The boxed (shaded box) nucleotides represent residues that are involved in base pairing with the 39-terminal RCCA sequence of the substrate, the
‘‘RCCA-RNase P RNA’’ interaction (for details see text). The dashed arrow indicates the ‘‘P15-loop,’’ and the M1 RNA derivatives carrying a
substitution at position 254 or at position 255 are indicated with open boxes. (Inset) A secondary structure of the tRNA precursor substrate, pSu3,
used in this study. The arrow indicate the RNase P cleavage while the boxed residues were deleted in the substrate that lacked the 39-terminal CCA
sequence. The construction and generation of these substrates have been described elsewhere (ref. 41 and references therein).
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substrate (see, for example, ref. 38 and references therein).
The presence of correctly coordinated divalent metal ion(s) in
this region might play a role in the folding of this binding site
andyor stabilize the binding of the substrate. Addition of
neomycin B might therefore interfere with the folding of this
region, possibly by displacement of the Mg21 ion(s), which as
a consequence would influence RS-complex formation and
cleavage. In addition, the crystal structure of yeast tRNAPhe

reveals that Mg21 ions are bound in the D-loopyT-loop domain
(39). It is likely that this is also the case for a tRNA precursor.
Therefore, these Mg21 ion binding sites might also be neomy-
cin B binding sites, which as a consequence could affect the
RS-complex formation.

Our results clearly suggest that in particular neomycin B
binds to M1 RNA and results in a displacement of divalent
metal ions. Whether it is enough to displace one of these
divalent metal ions by neomycin B to obtain inhibition remains
to be seen. Nevertheless, aminoglycosides have been shown to
inhibit RNase P cleavage both in the RNA alone reaction and
in the presence of C5. This gives us a new tool in our efforts
to identify functionally important residues in the RNA subunit
of RNase P. For example, as indicated in this report, it is
evident that identification of residues that influence amino-
glycoside binding can give information about residues that are
important for coordination of functionally important Mg21

ions. Finally, our findings suggest that the ubiquitous RNase P
is indeed a potential drug target that can be used to develop

new drugs by using various aminoglycosides as lead com-
pounds.
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41. Svärd, S. G. & Kirsebom, L. A. (1992) J. Mol. Biol. 227, 1019–1031.

FIG. 6. Lead(II)-induced cleavage of M1 RNA in the presence and
in the absence of increasing concentrations of neomycin B or paro-
momycin as indicated. The final concentrations of aminoglycoside
were 10, 100, 500, and 1000 mM. Lanes 5 and 10 5 Pb21 cleavage of
M1 RNA in the absence of aminoglycoside and lane 11 5 no Pb21 or
aminoglycoside added. Cleavage was performed as outlined in the text
at 37°C and the time of Pb21 cleavage was 10 min in all cases. The
roman numerals refer to the positions of cleavage in M1 RNA as shown
in Fig. 5.
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