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70s ribosomes isolatedfrom a streptomycin (Sm) sensitive strain of M .  tuber- 
culosis H37Rv bind labelled streptomycin rapidly. This binding depends on the 
drug concentration. At low concentration, there is one binding site on the ribosome, 
which increases to two as the concentration is increased. Sm causes a small amount 
of miscoding in a cellzfree, poly U-directed system from M .  tuberculosis H37Rv 
containing Sm-sensitive ribosomes. There are no differences in the uptake of 
SH-dihydrostreptomycin (DH Sm) by whole cells of Sm-sensitive and resistant strains ; 
the uptake decreases after 1 hour and again increases upto about 8 hours. Sm causes 
the slow release of fMet-tRNA, from a preformed initiation complex, in vitro. 
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In a previous paper [I], we have described an efficient in vitro amino 
acid incorporating system from Mycobacterium tuberculosis H37Rv, and 
demonstrated that streptomycin (Sm) sensitivity and high-level resistance 
reside on the ribosome in a manner similar to that in E. coli and other systems. 
In spite of the extensive work on the mechanism of Sm action on E. coli, 
the killing action of the drug is still debated (for reviews see ref. 2, 3, 4); 
very much less is known in the M. tuberculosis system which is highly sensi- 
tive to this antibiotic (for review, see ref. 5). Two opposing conclusions 
have been drawn as a result of several studies on mechanism of inhibition o f  
protein synthesis by Sm in E. coli: (i) Sm inhibits polypeptide chain initia- 
tion, and Sm-killed c& accumulate 70 S ribosomes blocked as aberrant 
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initiation complexes [6, 7, 81, (ii) Sm inhibits polypeptide chain elongation 
in vitro; it acts immediately after the formation of initiation complexes 
[g-121. In viva also Sm blocks chain elongation, but this block diRCers from 
that on initiating systems in that it is reversible and incomplete [13]. J~ 

addition, it has also been shown by Wallace and Davis [14] that Sm causes 
a cycle of ribosomal initiation, blockage of chain extension, gradual release 
and reinitiation ; the dominance of Sm sensi~vity over resistance in Sms/Sm' 
heterozygoles has been attributed to the resulting cyclic blockade. 

In the present communication, we report studies on the action of Sm 
on the polypeptide initiation complex in M. tuberculosis system; the results 
indicate that in vitro Sm causes breakdown of preformed initiation complexes. 
In addition, we have carried out experiments designed to study the differences 
in the binding of labelled DH Sm to isolated ribosomes from Sm-sensitive 
and -resistant cells, to study the uptake of labelled drug by these strains and, 
thereby, to distinguish the nature of Sm-resistance from Sm-sensitivity. 
The capacity of Sm to cause misreading in an in vitro protein synthesizing 
system from Sm-sensitive M. tuberculosis has also been examined. 

2. MATERIALS AND METHODS 

Chemicals.-GTP, and salmon sperm DNA were from Sigma Chemical 
Co., St. Louis, Missouri, U.S.A. ; MS2 viral RNA and trinucleotide codon 
AUG were from Miles Laboratories, Inc., Kankakee, Illinois, U.S.A.; 
Met-tRNA, was a generous gift from Dr. 6. D. Novelli, Oak Ridge National 
Laboratory, Oak Bdge, Tennessee, U.S.A. ; 14C-methyl-methionine (59 
mc/mmole), aH-dihydrosteptomycin sesquisulphate (3 C/mmole), "C- 
leucine (U) (338 mcjmmole), 14C-L-isoleucine (U) (338 mc/mmole), 14C-L- 
serine (U) (160mc/mmole) and T-tyrosine (U) (405 mc/mmole) were 
obtained from the Radiochemical Centre, Amersham, England. I4C-strepto- 
mycin (Sm) sulphate-CaC1, complex (1.1 pc/20 mg) was a gift from MIS. 
Merck, Sharp & Dohme Ltd., Rahway, New Jersey, U.S.A.; Dihydro- 
streptomycin (DH Sm) sulphate was from Calbiochem Ag., Lucerne, Swit- 
zerland ; 14C-chlorella protein hydrolysate (13 mCi/m atom) was from Bhabha 
Atomic Research Centre, Bombay, India. 

Organism.-Mycobacteriwn tuberculosis var. horninis H37Rv (strain NO. 
7416) was obtained from the National Collection of Type Cultures (~ngland) 
and maintained by regular subculture on Petrik's solid medium [15]. The 
organism was grown on the synthetic liquid medium of Youmans and Karlson 
1161. Mycobucterium smegmutis SN2 was obtained from Dr. R. Bonicke, 
Institute for Experimental Biology and Medicine, Borstel, Germany. It 
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was routinely nlaintained on agar mediun~, which is yeast extracktrypione 
broth 1171 solidified with 2% agar. For experimental purposes, h e  organism 
was grown on synthetic medium [16], in a laboratory fermentor. 

The mycobacteriophage 13, which is a transducing phage was isolated 
in this laboratory E18, 191. The isolation of various Sm-resishnt mutants 
of M. tuberculosis, and their classification jnto low-level and high-level rcsis- 
tant mutants according to their in viva and in vitro levels of resistance have 
been described in the previous paper [I]. High-level resistanct is due to 
altered ribosomes, while !ow-level resistance is because of' altered permea- 
bility to the drug, as  shown by the growth inhibitory effect of Sin on these 
mutants under certain conditions [I]. 

Preparation of cell-fret. extracts.-The isolation of S-100 and washed 
ribosome preparations from E. coii and M. tuberculosis is similar to that 
described earlier [I]. The S-100from E: coliwas used as a source of meth.iony1- 
tRNA synthctase and transfor~nylase in thc preparations of Met-tRNA,. 

Uptake of labeNed Srn by whole cells.-M. tuberculosis H37Rv was 
grown as submerged culture at  37' in Youmans and Kadson medium [16] 
containing 0.02% (v/v) Tween-80. To 10 ml batches of rapidly growing 
cells (6-7 day old), labelted Sin ("Gsrn or %-DII Sm) was added and a t  
specified intervals, the bacilli in 1 .0 ml samples (2-3 mg dry weight) were 
collected on Millipore filters (0.45p). The membrane filters were washed 
twice with 2.01311 of ice-cold Youmans and Karlson medium, placed in 
scintillation vials and dried. To cach vial, 10 ml of a tolucne-based 
scintillation fluid was added and the radioactivity was ~~leasured in a 
Beckman LS-100 liquid scintillation spectrometer. 

RNA from phage 13-infected M. stnegnzatis cells was prepared as 
described earlier [I]. 

Preparation of formylated 14C-Met-tRNA,.-FormylaPd 14C-Met-RNA 
was prepared according to the method of Hershey et  ol. [20]. Binding of 
formylated 14C-Met-tRNA, to ribosomes was done according to Lelong 
et al. 191. 

3H-DH Sm binding to ribosonzes.-The ability or 70 S ribosomes to bind 
3H-DH Sm was measured by the Millipore filtration technique as described 
by Lelong et a!. [21]. 

Tbe assay of poly U-dependent incorporation of 14C-phe~ylalanine 
into polyphenplalanine is similar to that described earlier [I]. For mis- 
reading experiments, the assay systems contained 14C-labelled leucine, tyro- 



sine, isoleucine or serine or a 14C-amino acid mixture instead of l'C-phenyl 
alanine; l0agkubc of denatured salmon spmn DNA was also included 
in the assay mixture, as suggtsted by Erkover and Kuvland [22]. 

Misreading by Srn in NI? Sm-sensitive extract.--The capacity of Sm to 
cause coding ambiguity in a mycobacterial system was studied using a poly- 
U-directed amino acid incorporating system; the ability of the drug to 
increase the incorporation of 14C-amino acid mixtures was measured 
(measure of total misreading). The results arc shown in Table I. It is 
evident from Table 1 that in sensitive extracts, Sm at 5 X M concentra- 
tion, is able to induce trhe incorporation of amino acids not specifically coded 
by poly U, ie.,  there is a stimulation of incorporation of amino acids other 
than phenyldanine. However, this experiment does not give any idea as 

Misreading of poly U by Snz-sensitive S-20 exlract in the presence of Sma 

Concentration Incorporation of Net Stimulation 
of Sm (M) 14C-amino aads stirnulalion corrected for 

h m )  lC-Phe inhibition' 

~-p ~ 

a The assay system for the p o l ~  U dependeut polyphenylalanme synthesizing system was 
the same as desaibd by us (Ref. 1) exccpt that m place of 14Gpheoylalanine, "C-chlorella pro- 
tein hydrolysate (25,OM) cpm) was used as the source of W-amino acids; the assay mixture 
without poly U was prelncubated with the drog for 10 mmntes. The incubations were carried 
out for 20 minutes at  37". 

a Inhibition of14GPhe incorporatma was taken as 80% at concentrat~ons of 10" M and above 
of Srm. (This is taken fron swerdl, ssparate experiments, not shown here and Ref. 1). 
Therefore the maximum Incorporalion, which may still be due to Phe will he 308, in presence or 
Sm conxntrations lo-' M and above. This value is subtracted from the total incorporation (given 
i s  coluno 2) to calculate the stimulation. 
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to which are the anlino acids stimulated and also whether there is simul- 
taneous inhibition of phcnylalanine incorporation. When the amino acids 
which are normally incorporated due to miscoding in the presence of Sm 
in E. coli were used individuaily ("C-Leu, -lie, -Tyr, -Ser), there was no  
incorporation; however, when the experiment was carried out with a mixture 
of 13C-isoleucine and mine,  Sm did c a w  coding ambiguity (Table 11). The 
simulation of incorporation of 33C-lle and -Ser is !ow when compared to 
the E. coli system even in the presence of denatured DNA. The addition 
of denatured DNA has been shown to enhance the miscoding effect caused 
by Sm leading to  increased incorporation of these amino acids [22]. Sm 
at M concenhation, increases the ambiguity ratio from 0.28% to  4.87% 
(the ambiguity ratio being defined as the ratio of total amount of Ile and 
Ser incorporated to the amount of the Phe incorporated). In the E. coli 
system [223, Sm a t  the same concentration, increases the ambiguity ratio 
from 0.3 to 21x. In the absence of denalured DNA even the limited mis- 
coding with Ser f Ilc was greatly reduced (incorporation was only about 
15% of that observed in presence of DNA). 

Amount of flu 

Presence ~ncorporated (p-mole) Amb~gu~ty 
ofSm - -  - ratlob 

(10-5 M) Ile-tSer Phe 

@ The experimental procedures were similar to  those dercr~bed under Table 1 A mixture of 
"Gne (338 mcimmole; 0 OSpc/tohe) and '"CSerine (160 mc/nl:~oJe; 0 05pdtubc) was added 
and thcir Incorporation into polypeptide was compared w~th that ~ f ~ ~ G P h e .  Cold Phe was added 
iu the same amount as all other non-radioactive amino acids (lo-* M) In addition, heat-de- 
natured salmon sperm DNA (10pgIasszy) was added to stituulatc the Sm-induced misreading, as 
suggested by Likover and Kurland (22). 

(Total amount of Ile + Ser incorporated) 
b ambiguity ratio = X 100 

Amount of Phc incorporated 

Specific activity of Ile was used to calculate values for the numerator. 
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Uptake of 3H-DH Sm h.v whole cells of M. tuberculosis.-The uptake 
of %DM Sm by whole cells of Sm-sensitive and various Sm-resistant strains 

259 

TIME IN HOURS 
Re. 1. Uptake of 'H-DH Sm by Sm-sansitive and Sm-resistant M. tuberculosir cells: 

Uptake was cmied out as described in methods; the concentration of aH-DH Sm was 0 '243 

pdml  . S@; Q SmP Rv-5 @igh level); rl, Smn Rv-1 (low level); 4. smf$ (N)-1 (high level) 
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is shown in Figure 1. Irrespective of the Sm-phenotype, the uptake of 
~H-DW Sm by wholecells of M. tuberculosisfollow a single pattern, i.e., an 
initial increase at  least upto one hour, a decrease, and a secondary increase. 
~n the case of Sm-sensitive strain and one high-level Sm-resistant mutant, 
the secondary increase starts after 2 hours, whereas in the case of other 
mutants, the secondary increase begins after 3 hours. The uptake by two 
mutants (one high-level and one low-level resistant) was higher than that 
of the sensitive parent at any given time. The uptakc of 14C-Sm also followed 
more or less the same trend (not shown); however, the concentration of 
lac-Sm used was very high (400 pgjml) since the specific radioactivity of the 
compound was extremely low. 

The uptake of 3H-DH Sm by Sm-sensitive cells depends on the external 
concentration of DH-Sm (Figure 2 a). The Lineweaver-Burk plot for Sm 
uptake is shown in Figure 2 6. The K, for uptake is 5 . 8  ~ 1 0 - ' M .  

CONCENTRATION OF DHSm(fi91 

Rci. 2. Uptake of 8H-DH Sm as a function of DH Sm concentration: Srn-sensitive M 
tu6erculosir cells (2-3 mp dry wt.) in l.Oml, were treated with different concentrations of 
'HDH Srn, incubated for 1 hour at 37" C and processed as described in ' Methods'. 

Binding of 3H-DH Sm by isolated ribosomes.-The kinetics of binding 
of aH-DR Sm to isolated 70s ribosomes from Sm-sensitive strain is givm 
in Figure 3. There is rapid initial binding of the drug by ribosomes whhh 
reaches a maximum by 10 minutes. 



FIG. 3. Kinetics of bindrng of 3H-DH Sin to isolatcd ribosomes: The ribosomes werc Pm 
W e d  from Sm-sensitive stran. Assay mixtures (50pl) contained: 20 mM Tr~s-HC1, PH 7 8 
mlgnesiurn aerate, 5 mM; KCI, 60 mM; 2-mer~apt~ethanol, 7 mM; 7.7 x 10.' M 70s ribo- 

soms  (1 - 7 b 6  units), and 6 6 x 10-'M 3H-DH Sm (2 9 r 10' cpm). The reaction mix- 
tures were incubatsd a t  25" C for th: times indiclted, diluted mth 4 .0  ml cold buffer (same as that 
u:d for the assly) a d  ixnnediately filtered through the Millipore membranes. The filters Were 

washed f o x  t~mes with 4.0 ml iw cdd butTer, dried and the amount of SH-DH Sm retained Was 
oouPfiML 



Streptomycin action in M .  tuberculosis 309 

The concentration-dependence of %I-DH Sm for its binding is given 
in Figure 4 for ribosomes from a Sm-sensitive strain. As shown in the 
figure, upto a concentration range of 0.5 ~ g ,  the binding increased rapidly 
and above this concentration the extent of binding decreased. Additional 

of the antibiotic were bound to the ribosomes at concentration 
above 0.7pg but these were far less than the expected one molecule per 

CONC. OF J'H - O H  sm (pg) 

FIG 4. Concentration dependence of %I-DH Sm for binding to 70s ribosomes: Ribosomes 
were from Sm-sensitive strain. standard assay conditions as described under Fig. 3 were used, 
except that the 8H-DH Sm concentrations were varied, Incubations were carried out for 10 minutes 

at 25' C. Every point is an average of triplicate dotormioations, 4 each poiqt did W* oh041 
more than 57d deviation from the ma% 
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ribosome. This concentration-dependence of binding is very close to that 
given for E. coli ribosomes by Chang and Flaks [23]. However, there is 
a notable difference between the two; the maximum number of Sm mole- 
cules bound per ribosomes does not approach 1.0 as reported for E. eoli, 
The above data were analysed by using the empirical Hill equation, as des- 
cribed by Monod et aE. [24]. At lower drug concentration, the ' n ' value 
(Hill coefficient) was 1.0 and reached 2.4 at  higher concentrations. %is 
appears to indicate that there is one binding site at lower concentration 
which may increase at higher drug concentrations. 

The binding of 3H-DX Sm by ribosomes isolated from various Sm- 
resistant strains was studied and the results are given in Table 111. The ribo- 
somes from high level Sm-resistant mutants exhibit very limited capacity to 
bind the drug (7-20% of the binding obtained with Sm-sensitive ribosomes), 
in contrast to the binding of low level Sm-resistant ribosomes (83%). 

Binding of 14C$Met-tRNA to ribosomes and the effect of Sm.-The effect 
of Sm on the formation of the initiation complex, i.e., on the binding of 
"C-fMet-tRNA, to isolated ribosomes in the presence of initiator codon or 
natural mRNA and the initiation factors was studied and the results are 

Binding of SH-DH S ,  to isolated ribosomes fiom various strainsa 

Ribosome ~ p m  Amount of Percentage 
source DH Sm bound binding" 

(mg) 

The assay nnxtures (50pl) contained 1.5 A,,, units of 70s ribosomes (7.7 x lo-' M) Fre- 
p a ~ d  from various strains, 6.6  X 10-Is M $H-DH Sm (2.9 x 106 cpm) and assay buffer (see 

under Fig. 3). The reaction mixtures were incubated at 25" for 10 minutes, diluted with ice-cold 
assay buffer and prmssed as described in methods. Smx-Rv-1 is a low level Sm resistant  train 
(mistant to l0pglml. of Sm). SmKRv-5 and s~$(N)-I  are high levelre&ant strains, resistant 
to 2,500pg/ml and 10,000pdml of e, respectively. 

a T$e binding by Sq W t i v ?  ribosgoles was taken as 100%. 
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given in Table IV. Thes table clearly demonstrates that regardless of the 
messenger added to the system, inhibition of fMet-tRNA, binding to ribo- 
somes is observable. This phenomenon is specific for Sm-sensitive ribosomes. 

In order to test the possibility that the drug is inhibiting the binding of 
initiator tRNA by releasing it from the initiation complex, the effect of Sm 
on the stability of initiation complex was studied (Figure 5). It can be seen 
from thls figilre that the addition of Sm to preformed initiation complex 
causes a gradual reduction in the amount of bound initiator tRNA. Thus, 

FIG. 5. S m - U ~ d ~ ~ e d  release of fMet-tRN& from initiator complex: The formation of the 

initiation complex with I3 RNA, fMet-tRN& and ribosomes was carried out as  given under 
Table IV on a larger but proportionate scale. After 15 minutes of incubatian at 37", Sm 
(5.48 x lo-" hQ was added to the complex and a% various times, 0.05 ml d p l e s  were m y e d  
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it is clear that this slow release is reflected in the drug's effect on initiation 
complex formation. 

Inhibition of "C-JMet-tRNA, binding to ribosomes by Sma 

14C-fMet-1RNA bound 
Experiment Messenger Ribosomes (p-molesiAz,, unit) 

Control Sm 

1 AUG Sensitive 0.470 0 

2 MS2 RNA do. 0.386 0.210 (45) 

3 I3 RNA-0. 0.762 0 (loot 

4 AUG Resistant 1.080 0.772 (28.5) 

5 I3 RNA do. 0.700 0.600 (14.28) 

The reaction mixtwe, in a total volume of SO@, contained the following: Tris-HCL pH 
7.5, 50mM; NH,CI, 80mM; magnesium acetate, 5 mM (for AUG) or 8mM (for natural 
mRNA); 2-mercaptoethanol, 7mM; GTP, I mM; washed ribosomes, 2.OA,,, Units,14C 
fMet-tRNA,, 50 pmoles (5540 cpm); AUG, 0.15 A,,, Units or I3 RNA, 1.3 A260 Units or MS2 
RNA, 1 .O A,,, Units; concentration of Sm, when present, 2.74 X M; incubation was 
carried out fm 15 minutes at 25' (AUG) or 31" (I3 RNA or MS2 RNA) "GfMet-~RN& 
bound to ribosomes was measured after filtration through Millipore membranes. Each sample 
was counted for 100 min, and the background counts without mesnengers were subtracted. The 
Sm-resistant ribosomes were prepared from the high-level Sm-resistant mutant SmRI, (N) - 1. 

"Values in the parenthesas indicate percent inhibition. 

I3 RNA denotes RNA isolated Erom phage 13-infected M. smegmatis. 

In Mycobacterium tuberculosis H37Rv, Sm causes misreadrng to a small 
extent. Sm stimulates the incorporation of a mixture of Ile and Ser in the 
poly U-directed system by Sm-sensitive ribosomes. The misreading, as 
judged by the ambiguity ratio in M. tuberculosis system, is small when com- 
pared to E. coli results 1221. However, these results are in contrast to the 
report that there is no misreading on 70s ribosomes from M. smegmatis [25]. 
The intrinsic ambiguity associated with t h e  sensitive rib~~oples of M. t ~ & p  
&sis is also low (Table 11). 
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There are two reports [26, 271 concerning the uptake of Sm by myco- 
bacteria. Linz [27] working with non-labelled Sm, reported that the pi- 
mary phase of uptake of Sm in M. tuberculosis extends up to 2 days which 
is reversible, (similar to the uptake by other bacteria) followed by a lag of two 
days and becomes irreversible after 4 days. Beggs and Wilhams [26], however, 
workmg with M. tuberculosis H37Rv, found that the uptake of I4CSm 
follows two phases similar to E. coli [28]. The results presented here show 
that uptake of labelled drug by M. tuberculosis H37Rv does not precisely 
follow the above pattern. If the uptake after 2 hours is considered as the 
secondary phase, then this should not occur in the case of resistant mutants, 
particularly in the permeability mutant SmARv-1 [I]. Contrary to expecta- 
tions, the uptake by the above mutant and other mutants follow the same 
pattern. The reasons for this anomaly remain to be explained. Mere 
uptake of drug by cells might not give a true picture about the nature of resis- 
tance of the organism to Sm, as even in E. coli, there is little difference in the 
uptake between sensitive and resistant strains (I. Davies, personal communi- 
cations). 

The binding of $H-DH Sm by isolated ribosomes shows differences 
depending on the ribosome source-with high-level Sm-resistant ribosomes, 
the binding is greatly reduced; the ribosomes from a low-level Sm-resistant 
strain which is believed to be a permeability mutant [I] b b d  as much as 
83% of labelled drug bound by sensitive ribosomes. Hence, this is additional 
evidence in favour of the hypothesis that one form of low-level resistance 
in M. tuberculosis in non-ribosomal. 

With the sensitive ribosomes, the binding of 3H-DN Sm is dependent 
on the concentration of DH Sm, and this exhibited two phases, similar to 
that reported by Chang and Flaks [23]. Since the plot of concentration of 
3H-DH Sm versus binding was different from the normal linear relationship, 
the kinetic data were analysed using Hill plots. Upto a concentration of 
lo4 M, the ' n ' value was more than 1.0 indicating that the ribosomes have 
the potentiality for more binding sites of similar affinity. However, this 
binding of more than one Sm molecule might represent nonspecific binding 
which may be associated with aggregation phenomena as has been suggested 
for E. coIi [23]. Hence, similar to E. coli system, there is only one dis- 
tinctive site for the tight binding of Sm in the ribosomes from Sm-sensitive 
strain which is related to the inhibition of protein synthesis. Although Kaji 
and Tanaka [29] have reported that in E. coli there is tight binding of two 
molecules of Sm per ribosome, they have used higher concentrations (more 
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than 5 x 10-W); hence, binding of two molecules of Sm to ribosomes 
mrght represent a non-specific binding resulting from aggregation. 

When the effect of Sm on a specific stage in protein synthesis was exa 
mined, results identical to that reported for E. coli [9, 121 were obtained. 
The results presented in Table IV and Fiigure 5 demonstrate that in M. tuber- 
mlosis H37Rv in vitro system, Sm inhibits the formation of initiation com- 
plex and this inhibitory effect observed may be due to the release of fMet- 
tRNA, from the initiation complex. Hence, i t  is possible that Sm inhibits 
chain elongation (the formation of the first peptide bond in this case) as 
hypothesized by Modolell and Davis 1121, rather than the formation of a e  
initiation complex itself. 

We are thankful to Dr. G. D. Novelli, Oak Rldge Nat~onal Laboratory, 
Oak Ridge, Tenncsse, U.S.A., for generous g ~ f t  of E. coh Met-tRNA, and 
to M/s. Merck, Sharp, Dhome Ltd., Rahway, New Jersey, U.S.A., for the 
gift of 14C~-streptomych sulphate-CaCl, complex. We are also thankful 
to Wellcome Trust, London, for a grant towards equipment and radioactive 
chemicals used in this work. 

Sm., Streptomycin, DH Sm., Dihydrostreptomycin; AUG, the trinucleotide Ap Up Gp; 
Fmet-tRNq: Formylmethimyl tRNA. 
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