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The action of streptomycin on protein synthesis was examined in vivo and
in vitro with Serratia marcescens. At lethal concentrations of streptomycin

(10jugIml and above) inhibition of protein synthesis and cell death appear to
be causally related. Lower concentrations of the antibiotic (4~5jugIml) do
not reduce protein synthesis, growth or the viability of the sensitive cells
even after prolonged incubation in the presence of the drug. However,

ribosomes isolated from cells so treated show partial reduction of amino acid
incorporation in vitro in the absence of added streptomycin. Evidence suggests

that subtle structural defects induced during ribosomal synthesis in the
presence of the antibiotic and binding of streptomycin to the ribosomes
together account for the defective ribosomal functioning during protein
synthesis in vitro.

Numerous studies have shown that streptomycin (SM) appears to have several
effects upon bacterial cells : inhibition of protein synthesis, permeability changes,
breakdown of RNA, etcl). Recent evidences suggest that SM interferes with the
initiation step of proten synthesis and causes irreversible blockage of the ribosomal
cycle2>3). The comparative extent of these effects depends upon the relative concen-
tration of the antibiotic and upon the susceptibility of the bacterial species or strain.

The site of action on protein synthesizing system is localized to a single protein
in SOS ribosomal subunits4), which presumably accounts for both the sensitivity of

ribosomes to SMand its ability to bind the drug. The close correlation between
bacterial sensitivity to SMin vivo and the results of ribosomal interactions with the
antibiotic in vitro makes it likely that this interaction is a significant step in the

antibiotics' lethal action on living bacterial cells. The mechanism is not yet fully
understood. Data presented in this communication confirm the previous findings that
as the concentration of SM is increased to kill sensitive cells, protein synthesis is

inhibited simultaneously with and proportional to the killing of cells. However, cells
grown in sub-lethal concentrations of SMproduce ribosomes with reduced ability to

* A major portion of this work was done at the University of Houston, Houston, Texas.
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synthesize proteins in vitro. These ribosomes seem to possess an altered structure as.
they exhibit an enhanced capacity to bind the drug in vitro.

Materials and Methods

S. marcescensstrain Nima,streptomycin-sensitive, was grownon Bunting's complete
medium (CM) as modified by Williams et al5). Strain Nima was kindly provided by Dr.
R. P. Williams, Baylor University School of Medicine, Houston, Texas. Inoculum was
produced by growing the cells in 50ml of CMon arotary shaker at 27°C. The overnight
culture was harvested by centrifugation and suspended in half-volume of 0.85% saline.
One ml of this suspension was used as inoculum in 50ml of CM. After incubation on a
rotary shaker at 27°C for the desired period to time, total cell counts were made in a
Petroff-Hauser counting chamber, and, for viable cell counts, 0.1ml of various dilutions

in 0.85 %saline were plated on complete agar plates. Colonies were counted after overnight
incubation at 27°C. The pigment, prodigiosin, was measured, by the procedure described

by Hubbard and Remington6).
Incorporation of [14C] proline into protein was determined by adding 2.5juC of the

amino acid (Sp. activity, 165mC/mM) into 50ml of mineral salt medium. This medium

consisted of all the mineral salts of CMwith 1 % glycerol and 0.5% amino acid mixture.
One ml of exponentially growing cells, harvested and suspended in saline, was added as
inoculum, and SMwas added in desired concentrations. At intervals, 5ml samples were
harvested to determine protein content by Lowry's method7), and the radioactivity of the
precipitated protein samples was counted.

The procedure for isolation of ribosome and amino acid incorporation was essentially
similar to that described by Nirenberg and Matthaei8). The complete reaction mixture,
0.5ml, contained ribosomes, 6 A260 units, supernatant protein 200jug, poly-U 50jug, tRNA
lOm/^mole, 18 [l2C] amino acids 5XlO~4M, [UC] phenylalanine (Sp. act. 170.5mC/mmole)

5X1O"4M, ATP 10"3M, GTP 10~4M, phosphoenolpyruvate 5xlO~3M, and PEP-kinase 18.8
jug in Tris-HCl 10~1M, pH 7.8, containing magnesium acetate 10"2M, KC1 6xlO~2M and
mercaptoethanol 6X10~3 M. The incubation was for 40minutes at 37°C and the reaction was
terminated by adding 2ml of 10% TCA. The activity of labeled aimino acid incorporated
into TCA-insoluble material was counted in a Packard Scintillation Spectrometer with

50 % efficiency.
For experiments on ribosomes from cells grownin the presence of SM,strain Nima

was grown overnight in 100ml of CMcontaining 4~5jug/ml of the antibiotic to produce
the inoculum which was then added to 2liters of CMsupplemented with the same con-
centration of SM. Cells were harvested at mid-log phase and ribosomes isolated as before.
Control cells were treated identically except for omission of SM. One sample of ribo-
somes from SM-grown cells was dialyzed overnight against 1,000volume of SM-free

Tris-Mg buffer. Amino acid incorporation with ribosomes from SM-grown cells, from
cells grown with SMand then dialyzed, and from control cells were carried out as above.
The supernatant fraction in the reaction mixture was commonfor all ribosomal samples
and came from SM-free control cells.

[14C] Phenylalanine was purchased from the New England Nuclear Corporation.

Poly-U was purchased from Miles Chemical Laboratory. [UC] Streptomycin was a gift
from Dr. Rosenblum, Merck and Co., New Jersey. PEP-kinase was purchased from Sigma
Chemical Co.: ATP, GTP, PEP, DNase were purchased from Mann Research Laboratory.

Results

The lethal effect of SM, already observed by serveral workers on Escherichia colt
was studied for S.marcescens strain Nima. The growth of strain Nima was not
affected up to 6-8/ig/ml of SM, but concentrations above 10/ig/ml caused a sharp
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decline in cell count (Fig. 1). The lethal effect at this concentration does not appear

to be due to permeability changes in membrane, as no significant increase in the 260
m/^-absorbing material was found in the medium below a SMconcentration of 20
^g/mp). The loss of viability in a SM-resistant strain D1 of S.marcescens seems,
however, to accompany the concomitant lysis of the cells due to very high concen-

trations of the antibiotic9). White and Flaks10) have reported the cessation of protein
synthesis in E.coli before the onset of killing by SM, while Hurwitz et alw. have

shown that the killing effect of SMcoincides with the inhibition of protein synthesis.
A comparison of the inhibition of protein synthesis with loss of viable cell count in S.
marcescens suggests that the effect on protein synthesis is closely related to cell death
(Fig. 2). There is a sharp reduction in the labeled amino acid incorporation coinciding
with the loss of viable cells within 20^30minutes after exposure of sensitive cells to

10/zg/ml of SM. The effect with lower concentration, 5^g/ml, was negligible. There-
fore, the killing of cells by SM at this concentration appears to be the result of an
abrupt reduction in protein synthesis and is not due to extensive damage of cell
membrane.

Sub-lethal concentrations of SMmay have other effects. One of them observed
in our system is inhibition of prodigiosin, the red pigment, at significantly low con-
centrations (see Fig. 1 and ref. 12). Whether this unique effect could be related to

any of the known effects of SMis not known. The second effect is shown in Table
1 where ribosomes isolated from cells grown in 4~5//g/ml of SM showed partial
inhibition of amino acid incorporation in the absence of added SM. Addition of SM

Inhibitied poly-U directed phenylalanine incorporation significantly in S. marcescens
as in the E. coli system. To test the possibility that the reduced activity of ribosomes
could be due to SMthat was bound to ribosomes during growth and remained bound
after isolation, ribosomes from SM-grown cells were dialyzed for 15hours against

1,000volume SM-free Tris-Mg buffer. Using
supernatant fraction from SM-free control
cells, the incorporation activities of ribosomal
samples from (1) SM-grown cells, (2) SM-

Fig. 1. Effect of varying concentrations

of SMon growth and pigment pro-
duction in 5. marcescens. Cells were
grown, as described in Materials and

Methods, in the presence of varying
concentration of SM. After 8~10hours

growth duplicate samples were ana-
lyzed for total and viable cell counts
and prodigiosion content.

Fig. 2. Kinetics of SM inhibition of [14C]
proline incorporation into protein in S.
marcescens. The growth conditions and
estimation of protein content are de-

scribed in Materials and Methods.
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Table 1. Poly-U-directed phenylalanine incorporation
by streptomycin-grown and -free cell-free
components of S. marcescens

~inn SM(2.7xlO~5M) pmoles
Ribosomes SuDernatant added t0 [UC] Phe

supernatant reaction mjxture incorporated*
C C - 60.2 (100 %)
C C + 20.6 (34 %)

C(d) C - 60.7 (101 %)
Sm C - 43.0 (71 %)
Sm(d) C ~ 50.0 (83 %)
C SM - 57.3 (95 %)
C SM + 19.0 (32 %)

Experimental conditions were sameas described in
Materials and Methods. SM=streptomycin, C=control

(streptomycin-free) , Sm= streptomycin-grown, -(d) = grown
under the conditions described but dialyzed against
streptomycin-free buffer.

Note : Regular procedure for ribosome isolation and in-
corporation experiments includes one dialysis of the com-
ponents for 15hours against 1,000 volume of Tris-Mg
buffer ; -(d) refers to a second dialysis.

* These figures are average of three determinations. All
counts were corrected for zero time incubation.

Fig. 3. Binding of [UC] SM to ribosomes
from SM-grown and control cells of
S.marcescens. 200 A26o units of 70S

ribosomes were incubated with 2mg
of [i4C] SM (Sp. act. 0.054juC/mg) in

Tris-Mg buffer. Samples were layered
on 28ml of 5~20% sucrose gradient
in Spinco SW25 rotor and centrifuged
for 5hours at 23,000rpm to isolate
70S particles. The activity of the
measured aliquots from each fraction

was counted in a Packard scintillation
spectrometer.

grown cells followed by extensive dialysis

against SM-free buffer, and (3) the control SM-
free cells, were examined. Ribosomes from
SM-grown cells showed consistently (three
independent determinations) less incorporation
of [14G] phenylalanine (Table 1). The second
dialysis restored the activity partially, but
never completely as subsequent dialysis had no
effect. Similar dialysis of the control ribosomes did not affect the incorporation

activity of the ribosomes. The fact that reduction of incorporation activity was
associated with ribosomes and was not due to contamination of supernatant fraction
was demonstrated by interchanging the components, i.e., ribosomes and supernatant.

The possibility that SMcaused gross conformational changes in ribosomes was tested
by applying measured amounts of ribosomes to density gradient analysis. No meas-
urable differences were observed in the density profiles of 50S and 30S particles9).

Analyses of RNAand protein content of the ribosomes did not reveal any significant
difference between ribosomes produced in the presence and the absence of SMnor
was there any difference in the acrylamide gel-electrophoretic pattern of ribosomal

proteins.

Ribosomes from cells grown in the presence of SMbound more SMthan did
control ribosomes. Two mg of [UG] SMwere added to about 200 A260 units of 70S
ribosomes and the mixture was left for 30minutes at 4°C. A sample of ribosomes

from untreated cells served as control. Both of these samples were layered on a linear
sucrose gradient to isolate the 70S peak fractions. After pooling the peak fractions,
activity was counted. At least 1.8~2times more cpm/A260 units of ribosomes were

associated with SM-grownsamples than control ribosomes. Sucrose gradient profile
(Fig. 3) also showed significantly high counts with the ribosomes from SM-growncells.
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Most of the labeled material remained at the top of the gradient tubes.
Discussion

The effects of sub-lethal concentrations of SMon intact cells, on protein synthesis,
and especially on ribosomal function were examined in the present investigation. Protein
synthesis was demonstrated in cell-free extracts of this organism and the data (unpublished)
showed that protein synthesis in S. marcescens was similar to

The kinetics of the inhibition of protein synthesis caused
the growth mediumsuggest that this effect is related to cell
were made by Hurwitz et aln). The killing effect of SM is
the permeability of the cell membrane. Results (unpublished)
cell membrane, measured in terms of nucleotide excretion

that observed in E. coli.
by the presence of SM in

death. Similar observations
complicated by its action on

indicate that damage to the
into the mediumstarts at a

concentration of about 20/jg/ml of SM, a cancentration higher than that which causes
the onset of protein inhibition and loss of viability.

Evidence presented here indicates that cells grown in sub-lethal concentrations of SM
are deficient in prodigiosin formation (Fig. 1) and contain ribosomes with reduced ability
to incorporate [14C] phenylalanine into protein in vitro in the absence of added SM(Table
1). While the selective inhibition of prodigiosin formation by SMcannot be explained
in terms of the knowneffects of SMthere are two possible explanations for the defective
functioning of ribosomes :

(1) the presence of SM in the growth medium in sub-lethal concentration, induces
the synthesis of ribosomes defective for cell-free protein synthesis.

(2) a small but significant amount of SM remains bound to ribosomes with forces
sufficiently strong to resist washing and dialysis.

However, no significant changes in RNAand protein content were noted. The acryl-
amide gel-electrophoretic pattern of ribosomal protein was identical to that of normal
ribosomes. The sedimentation pattern on sucrose density gradients did not indicate any
grossly abnormal ribosomal particle. Nevertheless, a slight structural change, non-
detectable by conventional methods of density gradient analysis, is not excluded. The
ability of ribosomes from cells grown in SMto bind greater amounts of SM(1.8X) after
isolation and dialysis, than control ribosomes, suggests structural changes and/or changes
in state or distortion.

Whenthe ribosomes were centrifuged on a sucrose density gradient after prior incu-
bation with [14C] SM, a significant amount of activity remained associated with the

ribosomes ; however, after dialysis the activity was very close to the background (Fig. 3).
Since the specific activity of [14C] SMwas very low, the cpm above background remaining
bound to ribosomes after dialysis could not be considered significant. Calculations based

on the particle weight of the 70S ribosomes as 2.6XlO6 indicated that, before dialysis, the
ratio of SMmolecules bound to ribosomes was 20:1. A report of Leon and Brock13)
states that even after washing the ribosomes, at least one molecule remains firmly bound
to each ribosome. Wolf gang and Lawrence14) have also found a small but significant
amount of [14C] SM bound to ribosome that resists dialysis. If this is the case, the
reduced capacity of ribosomes to incorporate [14C] phenylalanine can be explained on the
basis of one molecule bound per ribosome. Pestka15) has estimated that a concentration
of approximately one molecule per ribosome is sufficient to produce amino acid substitu-
tion errors in vitro. This reasoning, however, does not totally explain our data, particu-
larly since dialysis partially restored the incorporation activity.

The defective ribosomes in this system are not identical to those formed by treatment
of cells with chloramphenicol as reported by Young and Nakada16). The concentration
of chloramphenicol in their system caused cessation of protein synthesis, and the resulting

ribosomes were significantly deficient in proteins. Whatseems to be the commonfeature,
however, is that incubation of the sensitive cells in the presence of the antibiotic causes
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alterations in ribosomes making them functionally defective. The defect seems to be
reversible in the case of chloramphenicol treatment and irreversible in the case of SM.

The conclusion most consistent with the data as interpreted here is that the presence
of low (sub-lethal) concentrations of SM induces in vivo, the synthesis of ribosomes with
slightly abnormal structure and results in SMbinding to ribosomes, a binding reversible
only in part. These dual effects reduce the ability of the altered ribosomes to function
in polyphenylalanine synthesis in vitro, in the absence of added SM. Whether incorpo-
ration of amino acid directed by natural messengers and some other aspects of ribosomal
functions are affected similarly is not presently known.

Acknowledgement

The authors thank Drs. James Ofengand and Herbert Weissbach for the use of the laboratory
facilities during a portion of this work, and Drs. Sidney PesTKA and James Ofengand for their help
during the preparation of this manuscript.

References

1) Pestka, S.: Inhibitors of ribosome functions. Ann. Rev. Biochem. 40 : 697-710, 1971

2) Luzzatto, L.; D. Apirion & D. Schlessinger : Mechanism of action of streptomycin in E. coli:
Interruption of ribosomal cycle at the initiation of protein synthesis. Proc. Nat. Acad. Sci.
60 : 873-880, 1968

3) Luzzatto,L. ; D.Apirion & D.Schlessinger : Polyribosome depletion and blockage of the ribosomal
cycle by streptomycin in E. coli. J. Mol. Biol. 42 : 315-335, 1969

4) Ozaki, M.; S. Mitzushima & M. Nomura : Identification and functional characterization of the
protein controlled by the streptomycin-resestant locus in E. coli. Nature 222 : 333-339, 1969

5) Williams, R.P.;J.A. Green & D.A. Rappoport : Studies on pigmentation of Serratia marcescens.
I. Spectral and paper chromatographic properties of prodigiosin. J. Bact. 71 : 115-120, 1956

6) Hubbard, R. & C. Rimington : The biosynthesis of prodigiosin, the tripyrrylmethene pigment
from Bacillus prodigiosus (Serratia marcescens). Biochem. J. 46 : 220-225, 1950

7) Lowry, O. H.; N.J. Rosenbrough, A.L. Farr & R.J. Randall: Protein measurement with
the Folin phenol reagent. J. Biol. Chem. 193 : 265-275, 1951

8) Nihenberg, M. & J. H. Matthaei : The dependence of cell-free protein synthesis in E.coli
upon naturally occurring or synthetic polyribonucleotides. Proc. Nat. Acad. Sci. 47 : 1588-1602,

1961

9) Siddiqui, M.A.Q. : Streptomycin and certain aspects of protein synthesis in Serratia marcescens.
Thesis Univ. of Houston, Houston, Texas, 1967

10) White, J. R. & J. G. Flaks : Inhibition of protein synthesis and other effects of streptomycin
in E.coli. Fed. Proc. 21 :412, 1962

ll) Hurwitz, C.; C.L. Rosano & J.V. Landau : Kinetics of loss of viability of Escherichia coli
exposed to streptomycin. J. Bact. 83 : 1210-1216, 1962

12) Siddiqui, M. A. Q. & G. E. Peterson : Streptomycin and syntrophic prodigiosin synthesis in
Serratia marcescens. Antonie van Leeuwenhoek J. Microbiol. Serol. 31 : 193-202, 1965

13) Leon, S.A. & T. D. Brock : Effect of streptomycin and neomycin on physical properties of
the ribosomes. J. Mol. Biol. 24 : 391-404, 1967

14). Wolf gang, R.W. & N. L. Lawrence : Binding of streptomycin by ribosomes of sensitive,
resistant and dependent Bacillus megaterium. J. Mol. Biol, 29 : 531-535, 1967

15) Pestka, S.: The action of streptomycin on protein synthesis in vitro. Bull. N. Y. Acad. Sci.

43 : 126-148, 1967

16) Young, R. M. & D. Nakada : Defective ribosomes in chloramphenicol-treated Escherichia coli.
J. Mol. Biol. 57 : 457-473, 1971


