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INTRODUCTION

Clinical microbiologists are continually aware that al-
though many antiribosomal antibiotics act on ribosomes,
most of them are bacteriostatic. The aminoglycosides are
almost unique in their bactericidal activity on ribosomes.
Here I want to recall some features of the mechanism of
antibiotic action on the ribosomes and then turn, with the
assurance of someone relatively outside the field, to some
data and speculations about why these potent antibiotics are
cidal and yet fail to function in certain instances.

(This discussion was first presented as the Sonnenwirth
Lecture at the 1987 Annual Meeting of the American Society
of Microbiology.)

SITE OF ACTION OF STREPTOMYCIN
A priori, one knows that an antibiotic must reach its target

intact and act irreversibly at its target site for it to have lethal
effects. Some of the effects of streptomycin on ribosome
function rapidly became clear and have often been reviewed
(for example, in the standard treatment of antibiotic action
by Gale et al. [17]). Briefly, the target was seen early to be
the ribosome (35). In particular, mutants either resistant to
or dependent on streptomycin were easily derived from
Escherichia coli, for example, and some were shown to be
altered in a specific ribosomal protein (33).
Our own experimental work analyzed somewhat further

the effects of aminoglycosides on the physiology of ribosome
function. The initial idea was a simple one, suggested from
analyses of the distribution of ribosomes in extracts of easily
lysed E. coli. From the large numbers of ribosomal subunits
and polysomes compared with the small number of 70S
ribosomes, we inferred that ribosomes periodically cycle
through polysomes (29), 30S and 50S subunits periodically
forming couples, traversing a messenger ribonucleic acid
molecule forming a protein chain, and then dissociating
again to rejoin the pool of subunits transiently.

This cycle has been demonstrated (21) and has been much
elaborated on. The formulation suggested a simple way to
subclassify the action of antiribosomal antibiotics by asking
for their effects on the distribution of ribosomes in vivo. It
was anticipated that antibiotics which blocked protein syn-
thesis at initiation, for example, would permit ribosomes in

polysomes to complete their transit of messenger ribonucleic
acid; but with the restart of protein synthesis blocked, the
ribosomes would accumulate as free subunits and 70S ribo-
somes. In a similar way, antibiotics which blocked protein
synthesis in the elongation phase would be expected to
freeze polysomes as such.

Results with chloramphenicol (20), erythromycin, lin-
comycin, and a number of other antibiotics were completely
consistent with expectation. Ribosomes were indeed frozen
for some time in polysomes by a block in the elongation
phase. In contrast, streptomycin and other aminoglycosides
affected ribosomes in a much greater number of ways
(slowing down elongation, provoking miscoding, etc.), but
had a primary action at initiation (27, 28). As predicted,
polysomes and subunits were depleted progressively, with
the concomitant accumulation of an odd species of 70S
ribosomes that were essentially "dead" (Fig. 1). A rather
similar inference was made by Wallace and Davis (36).
The accumulation of 70S ribosomes was clearly consistent

with the primary action of streptomycin at the initiation of
protein synthesis and with the resistance of certain mutants
modified in their ribosomes. The target of streptomycin
action was therefore reasonably well understood.
However, if the action of antibiotics was "understood,"

one might expect to account for their action in detail. In
particular, it should be possible to understand why individ-
ual antibiotics are bactericidal or bacteriostatic. The model
we had set up failed this requirement: the action of chlor-
amphenicol and many other antibiotics that block protein
synthesis is reversible (and thus, bacteriostatic), but the
action of streptomycin and many other aminoglycosides is
irreversible (and thus, bactericidal). Why should this be? We
were left with a puzzle.
The reason why streptomycin acts so irreversibly in

susceptible cells proves unexpectedly to be intimately re-
lated to the reason why it fails to act in some cases. The
connection is as follows.

CASES WHEN STREPTOMYCIN ACTION FAILS
We know of a number of puzzling instances when strep-

tomycin does not work. Ignoring the clinically important but
mechanistically obvious case of inactivation of aminoglyco-
sides by modifying enzymes, the cases of failure (4) include:
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(i) cells with resistant ribosomes; (ii) cells with susceptible
ribosomes, but treated with chloramphenicol (before or
along with streptomycin); (iii) cells grown at low pH; and (iv)
cells cultured anaerobically. This is a strange assortment of
conditions. The first two seem easily related to ribosome
function; in cells with resistant ribosomes, the target resists
the drug, and in cells treated with chloramphenicol, one can
imagine that bound chloramphenicol (allosterically?) pre-
vents effective subsequent binding of aminoglycosides to
ribosomes. But what about the other two conditions? Is
there a connection?
At one time it seemed possible that the failure was related

to changes in the protein-synthetic machinery that occur, for
example, in cells cultured anaerobically (25). However,
cultures of E. coli incubated in 95% nitrogen-5% carbon
dioxide instantaneously become resistant to aminoglyco-
sides, yet protein synthesis is highly susceptible to strepto-
mycin in extracts of cells grown anaerobically for many
generations (and even tested under anaerobic conditions).
Rather than having their protein-synthetic machinery modi-
fied, the anaerobic cultures proved to have an unexpected
feature: the uptake of streptomycin into cells is defective
(3-5).

Is this the reason for failures in the other instances? It
seems possible that some uptake mechanisms might be very
different at low pH, but why should the blockage of protein
synthesis by chloramphenicol, much less a mutation to
resistance in ribosomes, affect the transport of a drug into
cells? Nevertheless, in those cases as well, it turns out that
the transport of streptomycin fails. Thus, if we want to
understand completely how streptomycin kills, and how it
fails to act in a number of cases, we must understand how it
enters cells.

z

C,)
F--

4000

2000

10 20 30 40
Fraction Number

FIG. 1. Depletion of polyribosomes and accumulation of 70S
particles in streptomycin (Str)-treated E. coli. Ribosomes were
prelabeled with [3H]uridine. Streptomycin was added at time zero,

and, both then and 40 min later, ribosomes and polysomes were
extracted from portions of the cells and fractionated in sucrose
gradients. Data from Luzzato et al. (27) are used with permission of
Academic Press.
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FIG. 2. Kinetics of uptake of gentamicin and streptomycin. R'
cells contain a plasmid that encodes an inactivating enzyme. Data
from Bryan (3) are used with permission of Cambridge University
Press.

ODDNESS OF STREPTOMYCIN UPTAKE AS
STANDARD TRANSPORT

The classic studies of streptomycin uptake are those of
Bryan (3). He has shown that entry of streptomycin into cells
exhibits three phases (Fig. 2). The first is essentially instan-
taneous and is correlated with ionic binding of the drug to
negatively charged membrane sites. The second and third
are both energy dependent (EDP-I and EDP-II), the slow
second phase succeeded by a much more rapid third phase.
It is this third phase which selectively fails in resistant cells.
Thus, one must analyze an uptake mechanism with odd
kinetics.

Streptomycin uptake also shows other unusual features.
(i) Especially notable is that uptake is irreversible (13, 32):
internalized drug is not released from cells when the strep-
tomycin in the external medium is removed, nor does
internalized drug exchange with additional streptomycin
added to the medium. (ii) The drug is nevertheless appar-
ently not held in cells by covalent attachment to a cellular
component, for it is released when the permeability barrier is
breached by organic solvents such as toluene (32). (iii)
Although streptomycin is selectively taken up into suscepti-
ble cells, a specific carrier has not been found (see reference
4). (iv) Unlike other energy-dependent accumulation of
solutes, membrane vesicles are incapable of taking up strep-
tomycin (6, 7, 32); only vesicles containing cytoplasm have
been shown to transport drug (7).
These characteristics of aminoglycoside uptake are clearly

strange and exclude all standard mechanisms of bacterial
transport. In particular, consider three hypotheses regarding
why uptake of the drug is irreversible.
Hypothesis 1. Streptomycin uptake might be coupled to

transport dependent on a binding protein. Such a mechanism
would be consistent with the energy dependence of uptake,
but in all other cases to date, the solute that is transported,
unlike streptomycin, equilibrates with the external medium
(and has usually been shown to enter membrane vesicles in
the presence of a metabolizable energy source). Usual forms
of binding protein-dependent transport are thus excluded.

Hypothesis 2. Streptomycin in the cell might not be free as
it is in solution. If it were bound to some kind of "sink," that
would drive the uptake in a progressive way. A likely
candidate for such a sink is the ribosomes, as suggested by
Kogut et al. (24) and Bryan (3, 4, 7), since streptomycin
binds to 30S ribosomes at one strong affinity site (10) and
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FIG. 3. Relation between At (stimulated to varying extents by
addition of dicyclohexylcarbodiimide) and the uptake of gentamicin.
Gentamicin uptake was estimated by integrating the transport levels
over time. Reproduced from reference 14 with permission. See
reference 14 for further experimental details.

many weaker ones. This binding, however, is not irrevers-
ible, since streptomycin is freely released after toluene
treatment, when ribosomes remain in the cells (and, in
control cells untreated with streptomycin, can still form
protein). Also, as long as binding is ionic in nature, internal
streptomycin would still be expected to exchange freely with
streptomycin added to the medium. In a relevant case, Mg2"
ions bind and are concentrated by the negatively charged
phosphates of nucleic acids and nucleotides, with an affinity
comparable to that of streptomycin. As expected for normal
transport, part of the internal Mg2+ pool is free at any time,
and internal Mg2+ is freely exchangeable with Mg2+ added
to media. In contrast, streptomycin, contrary to expectation,
is neither released nor exchanged from cells. An ionic
"ribosome sink" cannot simply resolve the apparent conflict
with thermodynamics.

Hypothesis 3. Streptomycin might be covalently modified
(e.g., phosphorylated) as it enters the cell. In analogy to
other uptake systems, this mechanism would concentrate
the drug irreversibly. However, the drug can be recovered
from killed cells in completely active and unmodified form.
Thus, covalent modification is an unlikely explanation of
irreversible uptake.

Since uptake does not proceed by any of the usual
mechanisms, one is led to infer that streptomycin is taken
into bacteria by a different transport mechanism.
How might streptomycin be taken up? It seems unlikely

that bacteria have evolved a specialized mechanism to
concentrate cidal antibiotics irreversibly. Rather, one is led
to look for some mechanism of uptake of normal molecules,
perhaps incompletely understood, that is somehow being
scavenged by streptomycin.
One clue to the way aminoglycoside transport might work

comes from studies of the relation of streptomycin uptake to
energy production in cells. A role for energy was first
analyzed by Bryan and Van den Elzen (9). Then it was
realized that uptake specifically required the electrical po-
tential gradient (or "proton motive force" [PMF]) across the
cell membrane (8). The requirement for membrane potential
in antibacterial activity (11) was further specified when it
was found that uptake requires a threshhold value of PMF
(7, 30). Above that value, uptake of streptomycin is propor-

tional to the increase in potential (7); Figure 3 shows an
analysis of the similar dose response observed for uptake of
gentamicin (14).

In the jargon of the transport field, these results mean that
the uptake of streptomycin is electrically "gated." From the
kinetics of Fig. 2, the formation of the "gate" may somehow
require time.
The microbiological literature indeed contains other in-

stances in which bacterial transport is gated in a similar way.
They include polyamine and arginine transport, which are
much less studied but show kinetic phases similar to those
shown in Fig. 2 (6, 7). (Those studies [6, 7] also show that
puromycin treatment, which promotes uptake of streptomy-
cin into resistant cells, as discussed below, has the same
effect in promoting the uptake of polyamines and arginine!)
Also included is deoxyribonucleic acid (DNA) uptake, which
shows a similar requirement for PMF both during transfor-
mation and during the penetration of T4 DNA from infecting
bacteriophage (19, 26).
The very uptake of DNA is itself difficult to understand as

a form of transport in bacteria. Standard textbooks of
microbiology usually point out that bacteria normally take
up only small molecules; "endocytosis" of large molecules
is a property of eucaryotic cells. But the same books also
point out that many species of bacteria can be transformed
by DNA, scarcely a small molecule.

Polyamines and arginine share with streptomycin a high
positive charge (in fact, streptomycin is itself a polyamine),
and DNA also has a strong charge, though negative. This
suggests one possibility for a nonstandard type of transport
into bacteria:
Hypothesis 4. Streptomycin uptake occurs by an unusual

system designed for the irreversible uptake of certain highly
charged molecules and characterized by a threshhold for
PMF, an accelerated energy-dependent phase, and a lack of
a demonstrated specific carrier.
How far can such an hypothesis take us in extending the

formulation of streptomycin action on bacteria?

RIBOSOMES AND "PORES"

Pores involved in the uptake of streptomycin must be very
peculiar. If they were ordinary "holes," drug should come
out of cells as easily as it goes in. Indeed, this is precisely
what happens when holes are actually made in the mem-
brane by toluene. Instead, since uptake of streptomycin is
irreversible, any pores involved in its transport are one-way.
The notion that some kind of pores and changes in

membrane permeability are associated with the lethal action
of aminoglycosides is not new: in fact, it was the original
suggestion for the mode of action of the drugs (1). Further-
more, Bryan has shown that streptomycin uptake is dimin-
ished by mutations that render ribosomes insensitive to the
drug (3, 4). Thus, a connection among ribosomes, uptake,
and changes in permeability has seemed indubitable. What
has been elusive is the mechanism.
Bryan has incorporated most of his findings in an espe-

cially comprehensive treatment of this problem (5, 7; it
includes many of the questions discussed here). He treats
the possibility that streptomycin may after all be taken up by
a normal transport mechanism: an energy-driven process
("uniport") mediated by a carrier. In his formulation, the
possibility of both a quinone-related carrier and a multiplic-
ity of carrier proteins is considered for a first stage in uptake.
Ribosomes would be involved in a second and equally
critical stage of the process, with the interesting suggestion
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FIG. 4. Uptake of dihydrostreptomycin by susceptible and resis-
tant E. coli B cells as a function of concentration of puromycin.
Uptake was measured as the net amount of radioactive drug bound
to cells collected and washed on a nitrocellulose membrane, after
subtraction of zero-time control values. (a) Uptake by a resistant
strain; (b) uptake by a susceptible strain. Cells were exposed to
[3H]dihydrostreptomycin, and the concentrations of puromycin (in
micrograms per milliliter) are indicated on the graphs. Data from
reference 22 are used with permission of Elsevier Science Publishers.

that the ribosomes would remove drug molecules from the
membrane-bound carrier system and bring them into the
cytoplasm. Progressively, though it is not clear how, holes
would form that permit extensive leakage of small and even

large components, helping to account for lethality.
This model takes into account the requirements for oxida-

tive metabolism, phased uptake, and ribosome involvement.
Normal transport followed by "transfer" of antibiotic to
ribosomes can also account for the net concentration of
aminoglycoside inside the cell, because the ionic interaction
of drug and ribosome is strong. However, as discussed
earlier, this mechanism is inadequate to explain why uptake
is irreversible or why internalized drug cannot exchange
with drug added to the medium.
Mechanisms that suggest direct interaction with a suscep-

tible ribosome as an obligate intermediate in uptake have
also become less appealing on other grounds. In particular, a

direct role for ribosomes has traditionally been based on the
finding that bacteria with resistant ribosomes take up antibi-
otic poorly and that even susceptible strains take up much
less streptomycin if they are also treated with chloramphen-
icol. However, it had been clear for some time that uptake in
resistant strains, though low, showed some of the character-
istics of that in susceptible strains (particularly energy de-
pendence [9]). Then some totally unexpected results of
Hurwitz et al. (22) (Fig. 4) indicated that resistant cells also
have an intrinsic capacity to take up streptomycin at rapid
rates. They demonstrated that resistant strains could take up
as much streptomycin as did susceptible ones if the cultures
were pretreated with appropriate levels of puromycin.

Since cells with resistant ribosomes can take up large
quantities of streptomycin, the high-affinity site on suscep-

tible ribosomes is apparently not required for uptake. On the
other hand, if interaction with low-affinity sites on any

ribosomes is sufficient, one cannot explain why susceptible

ribosomes usually promote much more rapid uptake. Thus,
the previous view had to change drastically. Ribosomes are
somehow involved in the uptake of streptomycin, but the
activity or metabolism of ribosomes is more critical than
their susceptibility or resistance to the drug. Low levels of
puromycin potentiate uptake in a resistant strain, but high
levels inhibit the transport, which suggests that an appropri-
ate level of ribosome activity is required. As for chloram-
phenicol, it may block uptake by changing the susceptibility
of ribosomes (for example, by prevention of ribosomal
dissociation to a susceptible 30S stage [22]). But stopping the
activity of ribosomes might instead prevent cycling required
for uptake.

According to the hypothesis for streptomycin uptake that
we are considering here, rather than acting as a sink,
ribosomes might somehow function in the formation of the
gate or pore associated with transport. Davis et al. (12) have
considered how streptomycin action could be linked to
membrane permeability phenomena and have proposed the
interesting notion that it involves bits of proteins that are
membrane bound. These would be fragments of proteins that
are ordinarily secreted. In the presence of streptomycin,
susceptible strains would make only short polypeptides with
miscoded amino acids (12). These would have their usual
affinity for the membrane, in which they could conceivably
form a weak point.
As an alternative possibility, polysomes at the membrane

may be involved. They are probably always involved in
forming transient pores for the secretion of nascent protein.
These could become magnified when the rate of formation of
initiation complexes and short peptides is increased. This
particular alternative has the advantage that the pores might
exist only transiently, consistent with the irreversibility of
uptake.

According to either formulation of "induced pores,"
puromycin at low levels would produce increased rates of
interaction of both streptomycin-susceptible and streptomy-
cin-resistant ribosomes at membrane sites, but the dose
response to puromycin of the two types of ribosomes would
be different, as observed by Hurwitz et al. (22), by affecting
the rate of either the ribosome cycle or production of
"damaging" polypeptides.
This type of mechanism can reconcile apparent differences

in the rates of uptake and killing. At one extreme, in cells
with resistant ribosomes, EDP-II uptake can occur without
any subsequent killing (22). At the other extreme, in suscep-
tible cells, cells die (lose the ability to form colonies) before
the major influx of streptomycin or efflux of K+ ions (22). In
that case, because streptomycin is taken up irreversibly, the
initial amount transported is apparently sufficient to be lethal
even after cells are diluted out of medium containing the drug.

According to the model of an interaction of the cycling
ribosomes with transport, ribosomes that are modified by
mutation might alter transport processes. Recently, several
fascinating mutants of exactly this type have been reported.
For example, a mutation in protein export can be suppressed
by a second mutation in the gene for ribosomal protein S15
(15). Mutations in other elements of the protein-synthetic
machinery, such as initiation factor IF2 (34), can also
suppress secretion-defective mutations.
The ideas of how ribosomes can help form one-way

"endocytic" pores in susceptible bacteria are still somewhat
vague, but they are consistent with both the observations of
modulation of secretion by mutations in ribosomes and the
early observations that uptake of streptomycin is initiated
with the formation of some kind of pores large enough to
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FIG. 5. Streptomycin accumulation in chemostat cultures under

aerobic and anaerobic conditions. E. coli grown in a fortified
minimal medium were grown aerobically or with continuous flushing
with nitrogen to achieve anaerobiosis. Streptomycin was added to
growing cells, and uptake was measured essentially as in the legend
to Fig. 4. Symbols: Accumulation under aerobic conditions (0);
under anaerobic conditions with an energy poison added (U) at the
time indicated by the arrow or without such addition (0). Data are
used with permission of the Society for General Microbiology (31).

permit the efflux of small metabolites and ions such as K+ (1,
12).

ESCAPE OF CELLS AT LOW pH, IN ANAEROBIOSIS,
AND IN OTHER CONDITIONS

How far can the present models take us in understanding
other cases in which aminoglycoside action fails?
The failure of streptomycin action at low pH is explicable

by the uptake mechanism proposed. At low pH, the PMF
falls, and so, as several groups have pointed out (7, 11, 14),
transport will become much poorer, lowering the effective
intracellular concentration of the drug.
With respect to the failure of streptomycin action in

anaerobic cultures, recent experiments have once again
forced a change in thinking. The notion long current was that
anaerobic cultures could take up streptomycin only to low
final levels. In short-term cultures, this is patently true: for
example, streptomycin-dependent bacterial strains stop
growth when transferred to anaerobic conditions, and "phe-
notypic suppression" of several alleles by streptomycin (18)
requires very high levels of drug in anaerobic cultures.
Bryan et al. (5), however, showed that anaerobic cultures of
Bacteroides fragilis can take up streptomycin in certain
conditions, and E. coli grown anaerobically can also take up
much larger quantities of the drug after an initial refractory
period (31) (Fig. 5).
Bryan has discussed the possibility that anaerobic cultures

may simply have a reduced rate of electron transport,
effectively lowering the PMF required for uptake. This idea
remains attractive, but if PMF were indeed lower in anaer-
obic cells, the induction of uptake after a lag (Fig. 5) would
be hard to explain. In addition, some investigators have
found that the PMFs of anaerobic and aerobic cultures are
comparable. Thus, the effect of anaerobiosis may be more
complex. In the present context, one can suggest that pores
may require time to form in anaerobic cells. This would be

true, for example, if the membrane structure is immediately
modified (to affect secretion?) in anaerobic conditions. More
possibly, pore formation might require an oxidative insult
that would of course occur at a much lower frequency
anaerobically. Such a mechanism has been shown to occur
during the formation in fungal cells of polyene-dependent
pores (2). It might be that streptomycin uptake in anaerobic
cultures, even after prolonged incubations, could, like irre-
versible damage by polyenes, be counteracted by added
catalase.
Such a mechanism could help to rationalize still other

puzzling phenomena associated with streptomycin action.
For example, E. coli cells infected with phage T6 provide
another case, not mentioned thus far, in which streptomycin
fails to inhibit protein synthesis strongly (16). Phage devel-
opment proceeds essentially normally, although the synthe-
sis of lysozyme late in infection is strongly inhibited. It may
be that early in phage infection, when host protein synthesis
stops and there is very little protein secreted from the cells,
the paucity of membrane-bound polysomes results in a
paucity of potential pores for streptomycin entry. Late in
infection, when the plasma membrane begins to become
leaky, the drug would enter cells more easily, and as a
consequence the formation of proteins like lysozyme would
be largely blocked.

PRACTICAL CONSEQUENCES: CAN ANTIBIOTIC
IRREVERSIBILITY BE CONTROLLED?

Whether the particular formulation of the hypothesis for
uptake proposed here is right or wrong, the special charac-
teristics of streptomycin transport are critical in understand-
ing its lethality. The early experiments on the site of action
of streptomycin remain persuasive. This is especially true in
light of the experiments of Hurwitz et al. (Fig. 4), which
showed that internal streptomycin can be brought to very
high levels in both susceptible and resistant bacteria, but
even then only the bacteria with susceptible ribosomes are
killed. However necessary membrane pores may be for
killing, they remain secondary to the effect on ribosomes.
On the other hand, the killing action of the drug obviously

requires its irreversible uptake. For this reason, the special
uptake characteristics may well be the reason why amino-
glycosides are cidal, whereas chloramphenicol, which is
reversibly taken up by a more conventional transport mech-
anism, is bacteriostatic.

Following this line of supposition, one can imagine two
ways in which antiribosomal antibiotics might be changed in
their spectrum or their static/cidal character:

(i) The uptake of aminoglycosides could be increased, in
all cultures by manipulations of PMF and in anaerobic
cultures in particular by conjugating the drugs with a mole-
cule that would not affect drug activity but would confer a
"normal" uptake mechanism (for example, glucose).

(ii) Chloramphenicol or other static antibiotics might be-
come lethal if they were attached to a highly charged
molecule (a DNA oligonucleotide?) that could be taken up
into bacteria by the irreversible mechanism.
Of course, it is also possible that such substitutions would

destroy antibiotic activity or that the "normal" uptake
mechanism for chloramphenicol would override any uptake
based on a covalently attached substituent. But in a review
one benefits from the privilege of speculation. What is
undeniable is that the blockage of aminoglycoside action in
anaerobic cultures is linked to the very strange mechanism
of uptake of such drugs, and an understanding of that
process is very likely to have practical consequences.

CLIN. MICROBIOL. REV.
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