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One of the two major mechanisms of tetracycline resistance is ribosomal protection. Of this resistance type,
tet(M) is the best characterized. Although the mechanism oftet(M) resistance has not yet been fully elucidated,
it has been demonstrated that ribosomes isolated from a tet(M) strain are resistant to inhibition of protein
synthesis by tetracycline. A new generation of tetracycline compounds, the glycylcyclines, that are able to
inhibit protein synthesis occurring on tetracycline-resistant, TetM-protected ribosomes, as well as wild-type,
tetracycline-sensitive ribosomes, have been identified.

The high incidence of tetracycline resistance among clini-
cally important microorganisms imposes a severe limitation on
the use of tetracyclines in the treatment of bacterial infections.
Two major mechanisms of tetracycline resistance exist: tetra-
cycline effiux, active pumping out of the tetracycline decreasing
the intracellular concentration, and ribosomal protection, by
which the protein synthesis machinery is rendered resistant to
inhibition of protein synthesis (1, 2, 10). Resistance mediated
via tet(M) is of the latter class. The exact mechanism by which
TetM functions is unknown. The TetM protein shares strong
homology with and has many of the attributes of elongation
factor G, such as the ability to hydrolyze GTP in the presence
of ribosomes (2). Whether this homology is directly related to
TetM's ability to permit protein synthesis in the presence of
tetracycline is unclear. However, it has been demonstrated that
ribosomes isolated from tet(M) cells are resistant to inhibition
of protein synthesis by the currently marketed tetracycline
compounds (1-3).
A new generation of tetracycline compounds, the glycylcy-

clines, including DMG-MINO (N,N-dimethylglycylamido mi-
nocycline) and DMG-DMDOT (N,N-dimethylglycylamido 6-
demethyl-6-deoxytetracycline) have been identified (11). The
glycylcyclines are capable of inhibiting protein synthesis occur-
ring on wild-type ribosomes. In addition, they are able to
inhibit protein synthesis occurring on TetM-protected, tetra-
cycline-resistant ribosomes. This is the first demonstration of a
tetracycline compound that is able to inhibit protein synthesis
occurring on TetM-protected ribosomes. Two methods have
been used to demonstrate the ability of the glycylcyclines to
specifically inhibit protein synthesis occurring on either tetra-
cycline-sensitive, wild-type ribosomes, or tetracycline-resistant,
TetM-protected ribosomes. The first is an in vitro protein
synthesis system. The second is an in vivo assay for inhibition
of macromolecular synthesis, assessing the incorporation of
protein, DNA, or RNA precursors into macromolecules.

Inhibition of protein synthesis in vitro. The ability of the
glycylcyclines to inhibit protein synthesis in vitro was demon-
strated by using a DNA-directed protein synthesis system
similar to that originally described by Zubay (12). The system
used in these studies was as described by Collins (6). The assay
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utilized pUC119 as the DNA template. S30 extracts were
prepared from Escherichia coli MRE600 (4) or the TetM-
expressing strain MRE600(pAT182), in which pAT182 harbors
the tet(M) gene from the streptococcal conjugative transposon
TnlS45 (7). Each reaction mixture contained 3.5 RI of low-
molecular-weight mix (6); 1.0 RIl of template plasmid (1 jig/Rl);
1.0 ,ul of 19-amino-acid mix (without methionine; 3 mM each);
1.0 RI of [35S]methionine (10 mCi/ml; translation grade); 1.0 pI
of test compound, dissolved and diluted in dimethyl sulfoxide;
and 2.5 plI of S30 extract. The reaction mixtures were incubated
for 30 min at 37°C. A fraction of the reaction mixture (2.5 pI)
was then removed and incubated with 0.5 ml of 1 N NaOH for
15 min at 37°C to destroy any labeled [35S]methionine-charged
tRNA. Macromolecules were precipitated by the addition of 3
to 4 ml of 25% trichloroacetic acid (TCA). Tetracycline or
minocycline standards were included with every experiment.
The inhibition of protein synthesis was quantitated as the
percent incorporation of [35S]methionine into TCA-precipita-
ble material relative to a dimethyl sulfoxide control reaction.

All of the tetracycline and glycylcycline compounds tested
were effective at inhibiting protein synthesis when the S30
extract used was prepared from the wild-type strain and
contained tetracycline-sensitive ribosomes (Fig. 1A). Tetracy-
cline was slightly less effective at inhibiting protein synthesis
with an IC50 (the concentration of compound needed to
reduce the incorporation of [35S]methionine by 50%) of ap-
proximately 0.06 mg/ml. Minocycline and the two glycylcyclines
exhibited IC50s of <0.03 mg/ml. However, when the S30
extract was prepared from the tetracycline-resistant strain and
contained TetM-protected ribosomes, tetracycline and mino-
cycline were significantly less effective at inhibiting protein
synthesis (Fig. 1B). The IC50s for tetracycline and minocycline
were 0.25 and 0.12 mg/ml, respectively. In contrast, the two
glycylcycline compounds, DMG-MINO and DMG-DMDOT,
were highly effective at inhibiting protein synthesis occurring
on TetM-protected ribosomes. The inhibition of incorporation
of methionine was nearly identical to that seen when the
tetracycline-sensitive ribosome S30 extract was used. Both
glycylcycline compounds had IC50s of <0.03 mg/ml. The
glycylcyclines were more than four- to eightfold better at
inhibiting protein synthesis occurring on TetM-protected ribo-
somes than either tetracycline or minocycline. Unlike tetracy-
cline and minocycline, DMG-MINO and DMG-DMDOT were
equally effective at inhibiting protein synthesis in vitro whether
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Inhibition of protein synthesis in vivo. Th
tion assay system employed was a coupl
translation reaction (6, 12). Therefore, comp
protein synthesis, as well as those affecting
score as protein synthesis inhibitors in this;
strate that the glycylcyclines selectively inhib

TABLE 1. Inhibition of protein synthesis by tetracycline and the
glycylcyclines, using tetracycline-sensitive and tetracycline-

resistant, tet(M), E. coli isolates

Incorporation of radiolabeled precursors (%) in isolate

Tetracycline-sensitive Tetracycline-resistant
Compound MC4100 at: MC4100(pAT182) at:

0 min 15 min 30 min 0 min 15 min 30 min

DMSO controla 100 101 99 100 99 109
Tetracycline 100 10 9 100 60 58
DMG-MINO 100 7 7 100 8 7
DMG-DMDOT 100 5 4 100 6 5

a DMSO, dimethyl sulfoxide.

sis, these compounds were tested for their effect on macromo-
- - - - - - lecular synthesis in vivo. E. coli MC4100 (5) or MC4100

* - 'e- w | (pAT182) (7) cells were grown at 37°C on M63 glucose
1 minimal medium (8) with aeration. The test compound was

mg/ml) added to an exponentially growing culture (optical density at
550 nm, 0.4 to 0.6) to a final concentration of 10 ,ug/ml. At 0
min (immediately prior to the addition of the test compound)
and at 15 and 30 min postaddition of the compound, 1-ml
aliquots of the culture were removed and incubated for 4.5 min
with radiolabeled protein, RNA, or DNA precursors: 0.25 ,uCi
of 14C uniformly labeled L-amino acid mixture, 1 jxCi of
[3H]uracil, or 1 ,uCi of [3H]thymine, respectively. Termination
of the incorporation of radiolabel and precipitation of macro-
molecules was accomplished by the addition of 1 ml of cold
10% TCA followed by placement on ice. TCA-precipitable
material was then collected by filtration onto Whatman GF/C
glass fiber filters. The radiolabel retained on the filters was
quantitated by liquid scintillation counting. The percent incor-
porated radioactivity relative to the zero time point for the
same culture was determined.

Tetracycline and the two glycylcycline compounds, DMG-
MINO and DMG-DMDOT, were all able to effectively reduce

*^^ the incorporation of radiolabeled protein precursors by more
than 90% within 15 min after their addition to a culture of

-__ _ vx tetracycline-susceptible cells. In contrast, no significant inhibi-
tion of incorporation of radiolabeled DNA or RNA precursors
was observed (data not shown). The two glycylcycline com-
pounds were equally effective at inhibiting protein synthesis
occurring on TetM-protected ribosomes. When DMG-MINO

I or DMG-DMDOT was added to a culture of TetM-expressing
1 cells, more than 90% reduction in the incorporation of radio-

mg/ml) labeled protein precursors was observed. In contrast, tetracy-
cline inhibited the incorporation of radiolabeled protein pre-

ro. The results are cursors by only 40% (Table 1). This level of protein synthesis
led [35S]methionine inhibition was not sufficient to arrest cell growth, as measured
trol reaction values, by a continued increase in the optical density at 550 nm with
)taim.(g tet30cyclrnet time, equating to a doubling time of 4 versus 1.5 h for the

tetracycline-resis- control culture. As described above, no significant inhibition of
kg cpm. DNA or RNA synthesis was observed following exposure to

any of the compounds (data not shown). Thus, the antibacte-
rial activity of the glycylcyclines is mediated through the
inhibition of protein synthesis.

pe ribosomes or With a few exceptions, notably the anhydrotetracyclines
)mes. whose mode of action is not limited to the inhibition of protein
ke in vitro transla- synthesis (9), there have been no tetracycline compounds with
led transcription- antimicrobial activity against TetM-expressing microorgan-
iounds that inhibit isms. The mechanism by which the glycylcyclines overcome the
mRNA synthesis, TetM-mediated resistance has not been fully elucidated. It is
assay. To demon- possible that the glycylcyclines simply bind more tightly to
it protein synthe- ribosomes than the tetracyclines and that TetM is not able to
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disrupt this tight binding and allow protein synthesis to
progress. Alternatively, the glycylcyclines may bind to a ribo-
some in such a way that TetM is not able to effectively interact
with the ribosome and permit protein synthesis to progress.
Whatever the mechanism by which the glycylcyclines overcome
TetM-mediated tetracycline resistance, it is clear that the
glycylcyclines represent a new generation of tetracycline com-
pounds that specifically inhibit protein synthesis and are active
at inhibiting protein synthesis occurring on TetM-protected
ribosomes. This finding is supported by the low MICs for the
glycylcycline compounds when tested against tetracycline-re-
sistant bacteria of a variety of species, with resistance due to
either ribosomal protection or tetracycline efflux (11). Like the
newer generations of ,-lactam antibiotics, the glycylcyclines
should breathe new life into the use of tetracycline compounds
in antimicrobial chemotherapy.
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