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The tetracycline antibiotics are known to be effective in the treatment of both infectious and noninfectious disease conditions.
The 16S rRNA binding mechanism currently held for the antibacterial action of the tetracyclines does not explain their activity
against viruses, protozoa that lack mitochondria, and noninfectious conditions. Also, the mechanism by which the tetracyclines
selectively inhibit microbial protein synthesis against host eukaryotic protein synthesis despite conservation of ribosome struc-
ture and functions is still questionable. Many studies have investigated the binding of the tetracyclines to the 16S rRNA using the
small ribosomal subunit of different bacterial species, but there seems to be no agreement between various reports on the exact
binding site on the 16S rRNA. The wide range of activity of the tetracyclines against a broad spectrum of bacterial pathogens,
viruses, protozoa, and helminths, as well as noninfectious conditions, indicates a more generalized effect on RNA. In the light of
recent evidence that the tetracyclines bind to various synthetic double-stranded RNAs (dsRNAs) of random base sequences, sug-
gesting that the double-stranded structures may play a more important role in the binding of the tetracyclines to RNA than the
specific base pairs, as earlier speculated, it is imperative to consider possible alternative binding modes or sites that could help
explain the mechanisms of action of the tetracyclines against various pathogens and disease conditions.

he tetracycline group of antibiotics includes naturally occur-

ring polyketide compounds, such as tetracycline, chlortetracy-
cline, and oxytetracycline, as well as semisynthetic compounds,
such as methacycline, minocycline, and doxycycline. In addition
to their antimicrobial activities, there are also many reports asso-
ciating them with anti-inflammatory (1), antiapoptotic (2), and
neuroprotective activities (1, 3). The mechanism(s) of action in
many of these reported activities is still poorly understood (4-6).
The ribosomes, which are the sites of protein synthesis in living
cells, are composed of proteins and RNA. Many studies have in-
dicated that the tetracyclines bind to the RNA component of bac-
terial ribosomes. More specifically, they are believed to inhibit
translation by binding to the 16S rRNA and inhibiting the binding
of aminoacyl-tRNA to the mRNA-ribosome complex (7, 8). A
number of binding sites have been identified on the 16S rRNA
through photoaffinity labeling and chemical footprinting, for
which results indicate certain bases contribute to the binding
pocket (9-11). However, these studies do not agree on the exact
target/binding site of the tetracyclines on the 16S rRNA (12). In
addition, there is increasing evidence of other useful properties of
the tetracyclines, such as their antiviral (2, 13, 14), anti-inflamma-
tory (4, 15), antiapoptotic (2), and neuroprotective activities (1),
that are not explained by the 16S rRNA binding mechanism cur-
rently held for the antibacterial action of the tetracyclines.

Recently, another study showed that the tetracyclines bind to
double-stranded RNAs of random base sequence (16), indicating
that the double-stranded structures of RNAs may play a more
important role in their interaction with the tetracyclines than the
specific base sequences. Given that rRNAs and other cellular
RNAs form extensive double-stranded structures which are essen-
tial for their interaction with other molecules, as well as their func-
tions, the binding of the tetracyclines to cellular RNAs may alter
the normal functioning of the various biological processes the
RNAs regulate. It is therefore necessary to review the existing in-
formation on these studies, with a view to identifying the way
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forward for research into the mechanism of action of the tetracy-
clines.

OVERVIEW OF INTERACTIONS OF rRNA WITH ANTIBIOTICS

Ribonucleic acids (RNA) play a very important role in the regula-
tion of gene expression via translation (protein synthesis). Vari-
ous types of cellular RNAs participate in this process either di-
rectly (mRNA, rRNA, tRNA) or indirectly (regulatory RNAs,
ribozymes). The interaction of proteins or small molecules with
cellular RNAs often affects the functions of the RNAs during gene
expression and protein synthesis. Many antibiotics are known to
inhibit protein synthesis via their interactions with the ribosomes.
These drugs are often able to bind microbial ribosomes and in-
hibit protein synthesis while leaving those of the host organism
relatively unaffected. Although ribosomes are generally composed
of RNA and proteins, it is becoming increasingly clear that most of
these antibiotics work by binding to rRNAs (17-20). Often, these
antibiotics target and inhibit specific functional sites of the trans-
lation apparatus. Some are known to bind to the large ribosomal
subunit (23S rRNA) and inhibit the peptidyl transferase activity
(e.g., chloramphenicol) or interfere with the elongation of the
polypeptide chain in various ways (e.g., the macrolides). Some
others (e.g., aminoglycosides and tetracyclines) are known to bind
the small ribosomal subunit (16S rRNA) and inhibit the initiation
of transcription in a variety of ways (17, 18, 21). Of this group of
antibiotics that bind to the 16S rRNA, in-depth studies of these
interactions have been carried out for some antibiotics of the ami-
noglycoside group (20, 22, 23). However, there is still controversy
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surrounding the exact target sites and mechanism(s) of action of
the tetracycline group of antibiotics (24, 25).

COMPOSITION, STRUCTURE, AND FUNCTION OF rRNA

rRNAs are the RNA components of the ribosome, which is the
protein synthesis machinery of the cell. They constitute about
95% of total cellular RNA in Escherichia coli (26) and 85 to 90% in
eukaryotes (27). They form the active sites of the ribosomes for
decoding the message of the mRNA, and they also perform enzy-
matic functions in the translation process. They also catalyze the
formation of peptide linkages in the growing amino acid chain
during protein synthesis. In prokaryotes, the small ribosomal sub-
unit (30S subunit) contains 16S rRNA (=1,542 nucleotides [nt] in
E. coli), whereas the large ribosomal subunit (50S subunit) con-
tains 23S (=2,904 nt in E. coli) and 5S (=120 nt in E. coli) rRNAs
(26). In eukaryotes, the small ribosomal subunit (40S subunit)
contains 185 rRNA, whereas the large ribosomal subunit (60S
subunit) contains 28S rRNA, 5.8S rRNA, and 5S rRNA. The
rRNAs of prokaryotes are cotranscribed from an operon (E. coli
has 7 copies of rRNA operons in the chromosome), whereas in
eukaryotes, the 55 rRNA is transcribed differently from the rest.
The ribosomes of eukaryotic mitochondria and chloroplasts (70S)
resemble those of bacteria, which is consistent with the idea that
mitochondria are derived from bacteria. The processing pathways
of prokaryotic and eukaryotic rRNA transcripts also differ greatly.
The rRNAs form extensive double-stranded structures which are
essential for their interactions with other molecules necessary for
their function in protein synthesis (Fig. 1A).

DOUBLE-STRANDED RNAs IN CELLS

Double-stranded RNAs are seen in some viral genomes or are
produced as intermediaries of viral and transposon replication.
Apart from these viral RNAs, double-stranded RNAs are also
formed in cells as a result of RNA:RNA interactions between either
two different strands of RNA (sense and antisense strands) or
complementary segments of a single strand (folding). Double-
stranded RNAs result from base-pairing interactions due to the
formation of hydrogen bonds between the nitrogenous bases.
Typically, adenine forms a base pair with uracil, while guanine
forms a base pair with cytosine. However, guanine-uracil base
pairs (known as wobble base pairs) occur in RNA and often lead to
secondary structures of functional importance, especially in
tRNAs (19, 28-34).

Although RNAs do not typically form long double-helical
structures, which are characteristic of DNA, they often contain
self-complementary sequences that cause them to fold and form
short double helices. This leads to the formation of stem-loop
structures within the molecule, and these can be very extensive
and complex in the case of long RNA molecules like rRNA. These
secondary structures appear as hairpin loops and bulges, with the
formation of grooves between the base pairs. Hence, in the base-
paired regions, the RNA molecule adopts a helical structure as in
DNA, although the helical form adopted has a distinct conforma-
tion that differs slightly from that of DNA (Fig. 1B). Double-
stranded RNA segments are abundant in living cells, and these
secondary and tertiary structures are essential to the function of
biologically active RNAs. Since RNA molecules are generally neg-
atively charged (polyanions), metal ions such as Mg>" are often
necessary to provide stability within the secondary and tertiary
structures (35, 36). Segments of dsRNAs often act as sites of inter-
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FIG 1 (A) Structures of the 50S and 30S bacterial ribosomal subunits, showing
the secondary structures of rRNA (orange) in association with ribosomal pro-
teins (gray). (B) Structures of dsDNA and dsRNA, showing hydrogen bonds
between bases (blue) and other intramolecular bonds (green). Structure tem-
plates were obtained from the Protein Data Bank (PDB) and drawn using Jmol
(an open-source Java viewer for chemical structures in three dimensions).

action for regulatory proteins and small molecules. These mole-
cules recognize and bind to dsRNA grooves or intercalate between
bases (19, 28-34).

STRUCTURE AND ANTIMICROBIAL ACTIVITY SPECTRUM OF
THE TETRACYCLINES

Tetracycline molecules are characterized by a planar polycyclic
structure composed of four (“tetra”) hydrocarbon rings, and thus
their name, tetracyclines. There are strong indications that the
antibacterial activities of members of this group of antibiotics are
related to certain aspects of their chemical structure (7, 37, 38). Of
particular interest in the context of this study is the planar tetra-
cyclic ring series, which makes them good candidates for interca-
lation between the base pairs of nucleic acids (Fig. 2). This possi-
bility has been relatively infrequently explored compared to
studies of their other possible structure-activity relationships.
The tetracyclines are broad-spectrum bacteriostatic antibiotics
which are effective against a wide range of human pathogens and
disease conditions (Table 1). Pathogenic microbes against which
the tetracyclines are effective include bacteria (39), protozoa (39),
viruses (2, 3), and helminths (40). These drugs are quite selective
in their action against microbes, with no known major growth-
inhibitory activity against larger organisms (7). This has greatly
encouraged their use as broad-spectrum antimicrobials, especially
in the treatment of chronic infections. They are also currently
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FIG 2 Chemical structures of tetracycline antibiotics in three dimensions.
Gray balls represent carbons in the rings, red balls represent oxygens, and blue
balls represent nitrogens. Structure templates were obtained from the Protein
Data Bank (PDB) and drawn using Jmol.

being used in research to control gene expression in eukaryotes
and mammalian cells (41-43).

ROLE OF METAL IONS IN THE PHARMACOKINETICS OF
TETRACYCLINES

The tetracyclines are strong chelating agents; hence, their pharma-
cokinetics and subsequent antibiotic effects are influenced by the
presence of metal ions (44, 45). Foods, particularly dairy products,
and antacids are generally known to impair the absorption of tet-
racyclines following oral administration, but minocycline, and to
a lesser extent doxycycline, are not affected as strongly as the wa-
ter-soluble tetracyclines (46, 47). However, there are indications
that tetracyclines cross the outer membrane of Gram-negative
bacteria as positively charged complexes with cations, most likely
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magnesium ions (48). This appears to also be the form in which
tetracyclines are actively transported out of bacterial cells by the
efflux proteins (49, 50). In addition, there is a possibility that the
active drug within microbial cells is in a complex with a magne-
siumion (39). Mg”* has also been shown to affect the frequency of
cross-linking of bases in the 30S ribosomal subunit, as well as the
binding of tetracycline to nucleic acids (25). It has also been re-
ported that the interaction of tetracyclines with dsRNAs in vitro is
enhanced by the presence of magnesium ions in a dose-dependent
manner, with little or no measurable interaction in the absence of
Mg** (16).

MECHANISM(S) OF ACTION OF THE TETRACYCLINES: THE
JOURNEY SO FAR

Mechanism of antibacterial activity based on interactions of tet-
racycline antibiotics with bacterial rRNA. The tetracyclines are
believed to act by binding to ribosomes and impairing their ability
to synthesize proteins necessary for growth and survival of a bac-
terium (51). They are generally believed to bind to the 30S ribo-
somal subunit, which is made up of a 1,540-nucleotide RNA (the
16S rRNA) and 21 proteins. It has been established that the tetra-
cyclines inhibit bacterial protein synthesis by inhibiting the bind-
ing of aminoacyl-tRNA to the mRNA-ribosome complex (7, 8, 39,
51). However, the exact target site(s) and mechanism(s) of action
remain subjects of much debate. It was initially thought that the
tetracyclines inhibit protein synthesis mainly by binding the ribo-
somal proteins of the 30S subunit, as these proteins were photo-
labeled by tetracycline when photoincorporated into E. coli ribo-
somes (51). Although earlier studies had suggested binding
interactions with both 16S and 23S rRNAs (52) and an in vivo
study from several decades ago indicated an inhibitory effect of
tetracycline on rRNA synthesis (53), this early evidence seems to
have been largely ignored. The 16S rRNA was subsequently pro-
posed in one of the studies by Oehler et al. in 1997 to be solely
responsible for the inhibition of tRNA binding to the A-site of the

TABLE 1 Disease conditions or infections against which tetracyclines are effective, target sites, and mechanisms of action

Infection type (examples) or disease

condition Drug(s) used Target(s)” Mechanism(s) of action® Reference(s)
Bacterial infection” (anthrax, bubonic plague, ~ All tetracyclines 16S rRNA Inhibits protein synthesis by 8,39
Rocky Mountain spotted fever [Rickettsia inhibiting binding of aminoacyl-
rickettsii], borreliosis, psittacosis tRNA to mRNA-ribosome
[Chlamydia psittaci], leptospirosis complex
[spirochetes])
Viral infections (West Nile virus, HIV, Minocycline CD4" T cells Suppresses activation of CD4" T 2,13, 14,
Japanese encephalitis virus) cells; anti-inflammatory, 68-70
antiapoptotic, and neuroprotective
Protozoan infections (malaria, toxoplasmosis, Doxycycline, minocycline Mitochondria and Inhibits mitochondrial protein 5-7, 67, 86
leishmaniasis, amoebic dysentery, apicoplasts synthesis®

giardiasis, trichomoniasis)

Helminth infections (lymphatic filariasis, Doxycycline
onchocerciasis)

Acne and rosacea All tetracyclines

Elephantiasis Doxycycline

Osteoarthritis

Wolbachia endosymbionts

Doxycycline, minocycline Nitric oxide synthase

Eliminates bacterial endosymbiont(s) 40
necessary for parasite survival and

reproduction
Anti-inflammatory 15
Reduces plasma VEGF; 4

anti-inflammatory
Inhibits RNA expression, translation 71
of enzyme

“ Proposed target sites and mechanisms of action.
b Includes both Gram-positive and Gram-negative bacteria.
¢ Similar to antibacterial mechanism of action.
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protein synthesis machinery (9). In that study, the experiments
conducted in vitro and designed to correlate the activity of the
ribosomal subunits with the binding of tetracyclines to the rRNAs
suggested that inhibition of tRNA binding to the A-site is solely
due to tetracycline cross-linking to the strong binding site on the
308 subunit (9). Consequently, further studies on the mechanism
of action of the tetracyclines have been based on the presumption
that the binding of the tetracyclines to the 16S rRNA is strictly
responsible for the antibiotic activity of this class of drugs. How-
ever, it should be noted that pre-23S rRNA functions well in pro-
tein synthesis without maturation, whereas pre-16S rRNA is not
functional in protein synthesis (54). This is further complicated by
the dependence of the maturation of rRNAs on ribosomal func-
tion (55-57), resulting in immature 23S rRNA being functional in
the ribosomes while the immature 16S rRNA is unable to function
and, furthermore, inhibits 16S rRNA maturation. It is possible
that the nonfunctionality of the immature 16S rRNA, in contrast
to the functionally active immature 23S rRNA, erroneously led to
the assumption that the tetracyclines exert their antibacterial ac-
tion solely by binding to the 16S rRNA. Hence, most studies on the
mechanism of action of the tetracyclines have been concentrated
on the 16S component of rRNA instead of rRNA as a whole. Un-
fortunately, the methods employed in the majority of such studies
did not differentiate between the pre-16S and pre-23S rRNA sub-
units and their mature forms.

A number of these studies explored the binding of the tetracy-
clines to the 16S rRNA with the objective to identify the exact
target site on the rRNA. Photoaffinity labeling, Fenton chemistry,
X-ray crystallography, and chemical footprinting studies indi-
cated the involvement of certain bases that contribute to the bind-
ing pocket (9-11, 58). However, there have been varied and some-
times conflicting reports with regard to which bases within the 16S
rRNA form the core target sites (10). These studies have used the
small ribosomal subunit of different bacterial species, and there
seems to be no agreement on the binding site of tetracycline on the
16S rRNA (12). In addition, many of these studies were conducted
using methods that are prone to introduce errors, such as cross-
reactions with products of photolysis during photoaffinity label-
ing (9, 59). Hence, the proposed binding sites may not represent
the actual target sites in vivo. Also, the proposed sites do not offer
any indication of the mechanism of action. While representing
important contributions, the designs of these studies did not take
into account possible alternative binding modes or sites that could
help explain the interactions between the tetracyclines and ribo-
somes. Indeed, the studies were limited because they were con-
ducted using specific and isolated ribosomal subunits (especially
the 16S rRNA of the 30S subunit) rather than the whole ribosome
(9, 10, 12, 60). Also, these reports did not adequately correlate
binding with the antibiotic activity of the drugs, because the stud-
ies were mostly done in vitro. The development of modern sophis-
ticated molecular techniques that are usually applied on specific
components of the cell in vitro has also encouraged the concentra-
tion of subsequent studies on specific components of the ribo-
some. Nevertheless, these studies established that the tetracyclines
bind to bacterial rRNA, although the mechanism of antibacterial
action is not clear.

The most common mechanism of resistance to the tetracy-
clines involves drug efflux proteins, which actively pump the drug
out of the cell, but ribosomal protection also plays an important
role in tetracycline resistance (7, 8). Ribosomal protection pro-
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teins are believed to reversibly distort the structure of ribosomes
to prevent the binding of tetracycline, dislodge tetracycline, or still
allow tRNA to bind to the ribosomes irrespective of tetracycline
binding. Both efflux proteins and ribosomal protection proteins
will ultimately reduce the binding of the tetracyclines to rRNA, by
reducing the intracellular drug concentration or competitively in-
hibiting tetracycline binding, respectively. More studies have in-
dicated that base mutations in the 16S rRNA confer tetracycline
resistance, especially at positions AGA965 or A965, G966, and
A967 in h31 (61), G942 in h29 (58), and G1058 in h34 (62). These
mutations have been shown to occur in the tetracycline high-
affinity binding sites on the ribosomal 30S subunit (which are
often base-paired regions) and are believed to lead to conforma-
tional changes that hamper base pairing and affect drug binding
(10, 23, 58). They have also been shown to decrease drug binding
in direct proportion to the number of base mutations (63, 64).
Hence, all the resistance mechanisms against the tetracyclines ap-
pear to involve decreased drug binding in some way and indicate
the involvement of these binding sites in the mechanism of action
of the tetracyclines.

The broad spectrum of antibacterial activity of the tetracyclines
can be attributed to the highly conserved nature of ribosomal
protein synthesis pathways (and dsRNA structures) among bacte-
rial species. The reversibility of the association of the tetracyclines
with the ribosome is believed to account for their bacteriostatic
effect (39).

Current theories on the mechanism(s) of action against non-
bacterial pathogens and noninfectious disease conditions. The
mitochondria are organelles that were derived from free-living
proteobacteria acquired by eukaryotic cells via endosymbiosis
(65). Hence, they have DNA, and in particular, ribosomes that are
similar to those of bacteria. Because of the similarities between
bacterial ribosomes and mitochondrial ribosomes, it was believed
that the antiprotozoal activities of the tetracyclines were mediated
via a similar interaction with the mitochondrial ribosomes of
these parasites (66). In addition, some organisms which do not
contain mitochondria are known to contain organelles derived
from mitochondria, such as mitosomes and hydrogenosomes.
Therefore, it remains possible that this theory of tetracycline ac-
tion via inhibition of mitochondrial protein synthesis is valid, es-
pecially for unicellular organisms with very few mitochondria.
Similarly, there is increasing evidence that the activity of the tet-
racyclines against certain parasites is mediated through the inhi-
bition of protein synthesis in other endosymbiotic bacteria neces-
sary for parasite survival and reproduction. For example, the
endosymbiotic bacterium Wolbachia sp. has been identified as the
target for doxycycline in its therapeutic indication against lym-
phatic filariasis and onchocerciasis (40). Depletion of the Wolba-
chia endosymbionts essential for parasite survival and fecundity
by doxycycline leads to sterilization of adult worms in onchocer-
ciasis and death of adult worms in bancroftian filariasis. There are
also indications that the activity of the tetracyclines against Plas-
modium spp. may target the apicoplasts, which are vestiges of non-
photosynthetic plastids derived by secondary endosymbiosis (5,
67). It is possible that these effects are achieved via inhibition of
translation in the endosymbionts as in bacteria. However, the sus-
ceptibility of protozoa species which lack mitochondria (e.g.,
Trichomonas vaginalis, Giardia lamblia, Entamoeba histolytica) (7,
66), as well as viral pathogens (Table 1), raises further questions
about the exact molecular mechanism(s) of action of the tetracy-
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clines. In contrast to the proffered antiprotozoal activity via mito-
chondrial and endosymbiont rRNA binding, the antiviral activi-
ties of the tetracyclines have not been associated with rRNA
binding (2, 13, 14, 68-70). Rather, the antiviral activity has been
attributed in part to anti-inflammatory (4, 15), antiapoptotic (2),
and neuroprotective (1) properties. Just like the antiviral activi-
ties, these other useful properties of the tetracyclines (especially
the anti-inflammatory activities) are also not explained by the 16S
rRNA binding mechanism. There are indications that the anti-
inflammatory actions of doxycycline and minocycline in osteoar-
thritis are mediated via inhibition of nitric acid synthase. The
mechanism of action was reported to be, at least in part, at the
level of RNA expression and translation of the enzyme (71).
Attempts have also been made to elucidate the mechanism by
which doxycycline reduces pathology in lymphatic filariasis.
Hence, a reduction in plasma levels of lymphangiogenic factors
vascular endothelial growth factor-C (VEGF-C) and soluble vas-
cular endothelial growth factor receptor-3 [(s)VEGFR-3] has
been indicated (4). However, these proposed mechanisms of ac-
tion do not offer an in-depth explanation of the activities of the
tetracyclines under these conditions.

Consideration of tetracyclines as dsRNA ligands for a poten-
tial mechanism of action for their wide range of activities. It is
interesting that the viruses against which the tetracyclines have
shown some efficacy are RNA viruses, e.g., West Nile virus (WNV)
(2), Japanese encephalitis virus (JEV) (70), and HIV (3). There-
fore, the action of the tetracyclines against viruses appears to sug-
gest a more generalized interaction with RNAs. This line of
thought is supported by the results of another study which indi-
cated that tetracycline induced stabilization of various cellular
RNAs (72). Being that most cellular RNAs are partially or fully
double stranded, the binding of small molecules such as the tetra-
cyclines to dsRNA is worth considering as a possible explanation
for the wide range of effects associated with the tetracyclines. Be-
sides, the 16S rRNAs (like most cellular RNAs) fold into various
secondary and tertiary structures, forming collections of short
double helices.

A recent study indicated that tetracyclines bind to various syn-
thetic dsRNAs of random base sequences (16). These findings im-
ply that the double-stranded structures may be the target sites of
tetracycline-RNA interactions instead of the specific base pairs
investigated earlier. This also suggests that the tetracyclines bind
to the double-stranded segments of cellular RNAs, especially the
rRNAs that have extensive double-stranded structures (Fig. 3).
Such binding would be expected to affect not only the stability of
the secondary and tertiary structures but also the processing
and/or function of the RNAs in some way. Therefore, it is possible
that the tetracyclines act by binding to double-stranded RNAs in
cells to inhibit their normal processing and function. In bacteria,
for instance, this would imply that the tetracyclines bind to the
double-stranded portions of the rRNA to inhibit their processing
and, consequently, protein synthesis. Indeed, given the diverse
functions of RNAs, one can envisage wide-ranging effects com-
mensurate with the wide range of activities of the tetracyclines
(which are not limited to antibacterial or even antimicrobial ac-
tivities). These postulations still need to be adequately investi-
gated.

The differences in the processing pathways could then account
for the differences in the relative effects of tetracyclines on the
functions of the various cellular RNAs, as well as the differences in
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FIG 3 Graphic representation of the binding of tetracyclines to double-
stranded segments of cellular RNA.

their effects on prokaryotic and eukaryotic rRNAs. Endonucleases
often generally degraded double-stranded RNAs both in vitro and
in vivo. In cells, they are also known to degrade dsRNAs to process
them for the specific functions they subsequently perform. In bac-
teria, for example, RNase IIT is essential for the initial processing of
precursor rRNA transcripts for further maturation into the func-
tional rRNA necessary for protein synthesis. They cleave the dou-
ble-stranded secondary structures of the long pre-rRNA to yield
the pre-16S and pre-23S rRNA for further maturation (73-75).
Hence, the reported inhibition of dsRNA degradation by RNase
III in the presence of the tetracyclines in vitro (16) may have wide-
ranging implications in living cells with respect to RNA process-
ing. This suggests that the binding of the tetracyclines to dsSRNA in
bacteria could interfere with dsRNA processing pathways, espe-
cially those for rRNA processing.

However, it would be wrong to suppose that the tetracyclines
do not affect eukaryotic cells, as there are a range of toxic effects
associated with their use, such as photosensitivity and teratogenic
effects. The mechanism(s) of action involved in these toxic effects
remains unclear but may involve dsRNA binding and processing,
at least in part.

The binding of the tetracyclines to dsRNA may also explain the
mechanism of their action against viruses. Since the viruses
against which they are known to be effective by inhibiting/sup-
pressing viral replication are RNA viruses (14), for example, WNV
(2), JEV (70), and HIV (3), the tetracyclines may bind to these
viral particles or products to activate or inactivate some other
molecular pathways involved in the viral response (76—78). Most
viruses produce dsRNA structures during replication. In flavivi-
ruses (WNV and JEV), dsRNAs are often produced by RNA-de-
pendent RNA polymerases during viral replication. In retrovi-
ruses (e.g., HIV), dsRNA is produced by the base-pairing of
primer tRNA with the genomic RNA, forming a substrate for the
reverse transcriptase (79). Also, replication of these viruses, like
most RNA viruses, takes place in the cytoplasm of host eukaryotic
cells, where ionic conditions (particularly Mg>* concentrations)
are favorable for doxycycline/minocycline binding. On the con-
trary, replication of most DNA viruses takes place in the host
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eukaryotic cell’s nucleus. In addition, a number of host defense
mechanisms and innate immune responses are activated by
dsRNA intermediates of viral replication, such as the RNA inter-
ference pathway and Toll-like receptor 3 (TLR3) activation of
NF-kB and interferon production (78). Some of these immune
responses are also indicated in the anti-inflammatory activities of
the tetracyclines. Some viruses, particularly HIV, are known to
successfully evade these host immune responses. It is possible that
minocycline suppresses both viral replication and activation of the
inflammatory and cellular responses to these viral infections via
an effect on dsRNAs (14). Hence, the antiapoptotic, anti-inflam-
matory, and antiviral activities of minocycline that have been ob-
served in viral infections (2, 13, 14, 68-70) may also be mediated
via interactions with dsRNAs. Further investigations in line with
the dsRNA binding perspectives are, therefore, quite imperative.

Proposed mechanism of selective microbial protein synthe-
sis inhibition by the tetracyclines. If the mechanism of action of
the tetracyclines involves rRNA binding, two mechanisms could
be postulated for their selective inhibition of microbial protein
synthesis.

(i) Higher-affinity binding for prokaryotic rRNAs versus eukary-
otic rRNAs. Prokaryotic rRNAs are located in the cytoplasm of the
cells where ionic conditions (especially Mg/divalent ion concen-
trations) are ideal for drug binding, as opposed to eukaryotic
rRNAs, which are organized in a protected environment (the nu-
clear compartment). The relative Mg>" concentrations in these
cellular compartments may affect the binding of the tetracyclines
to the rRNA (16, 46). This mechanism is consistent with the mi-
tochondrial protein synthesis inhibition in eukaryotic cells (in
both unicellular organisms like protozoa and higher organisms
like animals and humans) at concentrations similar to those re-
quired for bacterial protein synthesis inhibition (80, 81). For uni-
cellular organisms (which are mostly intracellular parasites),
inhibitory concentrations could easily be achieved in the mito-
chondria of these parasites (82, 83). However, inhibition of mito-
chondrial protein synthesis in larger organisms may have addi-
tional considerations for tissue penetration and distribution in
order for the drugs to access and bind to mitochondrial rRNA in
the cytoplasm (80, 81). On the other hand, inhibition of cytosolic
protein synthesis in eukaryotes occurs at concentrations that are
several orders of magnitude (>10 times) higher than are required
for bacterial protein synthesis inhibition (80, 83). These differ-
ences are associated with drug binding/affinity (probably due to
differences in ionic conditions and drug chemistry) and may ac-
count for the mild side effects and toxicities associated with the
therapeutic use of the tetracyclines in animals and humans (84).

(ii) Relative effects of drug binding on processing of prokaryotic
versus eukaryotic RNAs. Currently, reports have shown that the
binding of the tetracyclines inhibits RNase III processing of
dsRNA (16). The processing of prokaryotic rRNAs is primarily
dependent on RNase I1I (73); hence, inhibition of RNase IIT activ-
ity/processing would be expected to inhibit mature rRNA forma-
tion and function in prokaryotes. On the contrary, the processing
of eukaryotic rRNA involves a much more complex pathway that
is not dependent on RNase III and occurs in a protected environ-
ment (the nucleolus) instead of in the cytoplasm of bacteria (85).
The activity of other enzymes involved in dsRNA and rRNA pro-
cessing may also be differentially affected in prokaryotes and eu-
karyotes. In addition, tetracycline binding could stimulate confor-
mational changes in the active sites of the rRNAs (where the
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message of the mRNA is decoded), which could also alter the
enzymatic/catalytic functions of the rRNAs themselves. These cat-
alytic functions also differ between prokaryotes and eukaryotes.
The differences in the processing pathways could account for the
inability of the tetracyclines to generally inhibit protein synthesis
in larger organisms (animals and humans), as well as the effects of
the drugs in noninfectious conditions (which may be mediated via
effects on other dsRNA processing pathways).

CONCLUSION

It is becoming increasingly apparent that the 16S rRNA binding
mechanism currently held for the antibacterial action of tetracy-
clines is not only limited but also does not explain their activities
against other, nonbacterial, pathogens and under certain patho-
logical conditions. It has therefore become imperative to consider
alternative binding sites/modes that may offer insights into the
broad spectrum of activity and antimicrobial selectivity of tetra-
cyclines. The binding of the tetracyclines to cellular dsRNAs and
the consequent effects on affected RNA processing and function
could be a worthwhile alternative to explore.
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