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The mechanism of resistance to tetracycline in Escherichia coli mediated by the Campylobacterjejuni-derived
resistance determinant Tet(O) was investigated. The cloned Tet(O) protein had no detectable effect on the
intracellular accumulation of tetracycline. The presence of Tet(O) markedly diminished the inhibitory effect of
tetracycline on protein synthesis both in vivo and in vitro. Ribosomes prepared from tetracycline-resistant and
susceptible E. coil cells bound almost identical amounts of radiolabeled tetracycline. Thus, a reduction in the
binding of the antibiotic to its target site on the ribosome is not the primary mechanism of resistance.
Poly(U)-directed polyphenylalanine synthesis revealed that an S-100 fraction prepared from tetracycline-
resistant cells made the ribosomes prepared from susceptible cells considerably more resistant to the inhibitory
action of tetracycline. The N-terminal portion (1 to 150 residues) of Tet(O) is highly homologous to the
GTP-binding domain of elongation factor Tu and to elongation factor G, indicating that the Tet(O) protein has
the potential to bind GTP. These data suggest that the Tet(O) protein could function either as a tetracycline-
resistant analog of this elongation factor(s) or by modifying the target sites on the ribosomes in a catalytic
fashion.

Resistance to tetracycline (Tc) in Campylobacterjejuni is
mediated by a self-transmissible plasmid (pUA466) of 45
kilobases (24, 26). To study the genetic basis of Tcr in this
organism, we previously cloned and expressed the resis-
tance determinant [designated Tet(O)] in Escherichia coli
(27). Nucleotide sequence analysis of the tet(O) gene re-
vealed that it encodes a polypeptide with a calculated
molecular mass of 72.3 kilodaltons (kDa) (12). By using an E.
coli derived-in vitro transcription-translation system, we
identified a polypeptide of 68 kDa as determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (12, 27). Amino acid sequence comparisons of
Tet(O) with other known Tet proteins revealed that it is
unrelated to the Tcr determinants of the family Enterobac-
teriaceae but closely related (75% homology) to Tet(M) (13),
originally isolated from the gram-positive Streptococcus
pneumoniae. Sougakoff et al. (21) have characterized the
Tet(O) from Campylobacter coli, and a comparison of the
amino acid sequences of C. jejuni Tet(O) with those of C.
coli Tet(O) revealed 98% homology (25). Recently, an almost
identical determinant has been characterized from Strepto-
coccus mutans (11).
Although the tet(O) gene from several organisms has been

analyzed, very little is known about the mechanistic basis of
Tet(O)-mediated resistance to tetracycline. Three types of
Tcr mechanisms have been reported so far. (i) In members of
the family Enterobacteriaceae, the net accumulation of
tetracycline in resistant cells is markedly reduced by an
energy-dependent efflux mechanism mediated by the Tet
protein of classes A through E (14). (ii) Unlike the Tet
proteins of the family Enterobacteriaceae, the streptococcal
Tcr determinant Tet(M) specifies a different Tcr mechanism
by acting at the level of protein synthesis, possibly by
protecting the ribosome (2). (iii) In contrast to the efflux and
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the ribosomal protective mechanisms by which the antibiotic
is not destroyed, a recently described Tcr mechanism spec-
ified by the cryptic class F determinant from Bacteroides
fragilis involves inactivation of the drug (18, 22, 23).

The elucidation of the mechanism of Tet(O)-mediated
resistance to tetracycline is dependent upon the correct
understanding of the mode of action of tetracycline. Tetra-
cycline binds to a single high-affinity site localized to the 30S
subunit within the 70S ribosome (Kd - 2 ,uM), as well as to
a large number of low-affinity sites. There is evidence that
the major inhibitory effect of tetracycline on protein synthe-
sis, the blocking of aminoacyl-tRNA binding to the A site, is
a direct consequence of its binding to the high-affinity site.
Earlier, we showed that the major protein photoaffinity
labeled by [3H]tetracycline in a site-specific manner is S7 (7).
More recently, we have used single-protein omission recon-
stitution studies to demonstrate the strong dependence of
tetracycline binding to 30S subunits on proteins S7, S14, and
S19 (3). Related studies (30) show that these three proteins
are part of a substructure, falling within the head region of
the 30S particle, that also includes the 3' major domain of
16S RNA, comprising bases 920 to 1396. Our results indicate
that tetracycline binds within this rather large substructure
and has a direct interaction with S7. This is consistent with
the results of Moazed and Noller (15), showing evidence for
tetracycline interaction with bases A-892, U-1052, and C-
1054.
We have investigated the mechanism of Tet(O)-mediated

resistance to tetracycline in E. coli using the cloned tet(O)
gene. Here we report that the Tet(O) protein confers resis-
tance to tetracycline by acting at the level of protein synthe-
sis, possibly by the modification of ribosomal function in a
catalytic fashion.

MATERIALS AND METHODS
Bacteria and plasmids. E. coli K-12 (strain JM107; 31) and

LBE 11001 recA56 (E. Vijgenboom, University of Leiden,
Leiden, The Netherlands; 29) were used. Unless otherwise
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specified, the cells were routinely grown in Luria broth
medium. The plasmids pUOA1 and pUOA2 (27) were used
as sources of the tet(O) gene. The plasmids were amplified in
E. coli and isolated as previously described (26).

35S labeling of cells. JM107 and JM107(pUOA2) cells were
grown to the mid-log phase of growth, washed, and sus-
pended in fresh growth medium at a cell density at an A6. of
0.25. Portions (0.5 ml) of the cell suspension were incubated
at 37°C for 60 min with [35S]methionine (20 ,uCi/ml). The
radiolabeled cells were washed with ice-cold 10 mM Tris, pH
7.6, and lysed in cracking buffer (6) by boiling for 5 min. The
polypeptides were separated by SDS-PAGE (10) and auto-
radiographed as previously described (1). The extent of
[35S]methionine incorporation into polypeptides was taken
as a measure of in vivo protein synthesis.
Uptake of tetracycline. Tetracycline-susceptible (JM107)

and Tcr [JM107(pUOA2)] cells were grown in Luria broth
medium, harvested by centrifugation, washed, and sus-
pended in fresh medium (A6. = 0.25). One-milliliter por-
tions of the cell suspension were incubated with 10 ,uM
[3H]tetracycline at 37°C. At various intervals, duplicate
SO-pdl portions were removed. The cells were collected on
membrane filters (HAWP; Millipore Corp.; 0.45-,im pore
size) and washed four times (5 ml each) with ice-cold 10 mM
Tris, pH 7.6. The filters were dried for 30 min at 65°C, and
the radioactivity associated with them was determined by
scintillation counting. Samples without the cells were treated
identically, and portions were removed at various intervals
to determine the background. To reduce the background
count, the filters were prewashed with 1 ml of 1 mM cold
tetracycline. This prewashing markedly reduced the nonspe-
cific binding of labeled tetracycline to the filters.

Poly(U)-directed polyphenylalanine synthesis. S-30 frac-
tions capable of synthesizing polypeptides were prepared
from JM107 and JM107(pUOA2) cells as previously de-
scribed (5). Poly(U)-directed polyphenylalanine synthesis
was done essentially as described by Ohnuki et al. (17).
Typically, 5 pdl of an S-30 fraction (5 mg of protein per ml)
was incubated in a 50-pd reaction mixture containing 50 mM
Tris hydrochloride (pH 7.8), 60 mM ammonium chloride, 7.5
mM magnesium acetate, 1 mM ATP, 5 mM phosphoenol-
pyruvate (pH 7.0), 0.4 mM spermidine, 25 ,uM GTP, 20 ,uM
[14C]phenylalanine, 1.5 ,ug of pyruvate kinase, and 5 ,ug of
poly(U) in the presence of various concentrations of tetra-
cycline at 37°C for 60 min. Acid-insoluble materials were
precipitated with 10% trichloroacetic acid, collected on
Millipore filters (HAWP; 0.45-,um pore size), and washed
with 5% ice-cold trichloroacetic acid (four times, 5 ml each).
The radioactivity associated with the materials retained on
the filters was determined by scintillation counting. The
reaction mixture without poly(U) was treated identically to
determine the background. The background value was sub-
tracted to obtain radioactivity associated with polyphenyla-
lanine.

Tetracycline binding studies. Ribosomes from Tcr and
tetracycline-susceptible cells were prepared as previously
described (28). The binding of [3H]tetracycline to 70S ribo-
somes was done as described elsewhere (M. Buck, Ph.D.
thesis, University of Pennsylvania, Philadelphia, 1988).
Briefly, 130 pmol of 70S ribosomes was incubated in 70 R1 of
reaction buffer (50 mM Tris hydrochloride, pH 7.6, 50 mM
KCI, 10 mM MgC12, 6 mM P-mercaptoethanol, and 0.1 mM
EDTA) containing various concentrations (20 to 100 ,iM) of
[3H]tetracycline for 15 min at 37°C. The ribosomes were
collected on Millipore filters (HAWP; 0.22-jim pore size) and
washed four times (5 ml each) with ice-cold reaction buffer.

The washed filters were dried for 30 min at 65°C, and the
radioactivity associated with the filters was determined.
Reaction mixtures without ribosomes were treated identi-
cally, collected on filters, and washed, and the radioactivity
associated with the filters was determined for each concen-
tration of [3H]tetracycline used to obtain the background
count.

Effect of kirromycin. E. coli LBE 11001 and LBE 11001
(pUOA1) were grown at 37°C in Penassay broth (Difco
antibiotic medium no. 3; Difco Laboratories, Detroit, Mich.)
for 6 h. Cells were then diluted in 0.05 M sodium phosphate
and plated on Davis minimal agar containing 1% glucose,
0.5% Casamino Acids (Difco) and 1 mM EDTA (to make
cells permeable to kirromycin), and plates were incubated
for 18 h at 37°C before being scored for growth.
Amino acid sequence homology analysis. The amino acid

sequence homology of Tet(O) to other GTP-binding proteins
was analyzed by the Bionet Computer Program as described
by Needleman and Wunsch (16). The initial search was done
by matching the complete amino acid sequence of Tet(O)
with those of the proteins in the data bank. The protein
sequences that exhibited 20o or more overall homology
were selected and compared with the N-terminal portion
(residues 1 to 150) of Tet(O).
RP-HPLC analysis. Total protein derived from the 70S

ribosomes (TP70) prepared from Tcr and tetracycline-sus-
ceptible cells were analyzed by reverse-phase high-perfor-
mance liquid chromatography (RP-HPLC) according to the
procedure of Cooperman et al. (4).

Chemicals and reagents. L-[35S]methionine (1,117 Ci/
mmol), L-[U-14C]phenylalanine (512 mCi/mmol), and [7-3H,
N]tetracycline (0.6 or 0.5 Ci/mmol) were obtained from
Dupont, NEN Research Products of Canada, Montreal,
Quebec. Radiolabeled tetracycline was dissolved in 95%
ethanol and stored at -70°C covered with aluminium foil to
reduce photolysis. Kirromycin was a kind gift from N. Brot
(Roche Institute, Nutley, N.J.). Other chemicals used were
obtained from either Sigma Chemical Co. (St. Louis, Mo.) or
Boehringer Mannheim of Canada, Montreal, Quebec.

RESULTS

Tet(O) acts at the level of protein synthesis. To study the
effect of Tet(O) on tetracycline transport, the accumulation
of radiolabeled tetracycline in tetracycline-susceptible and
Tcr cells was measured. Both JM107 and JM107(pUOA2)
accumulated approximately similar amounts of [3H]tetra-
cycline over a period of 90 min (Fig. 1A). However, identical
experiments done in JM107(pBR322) containing the tet(C)
gene showed a markedly different profile (Fig. 1B).
Both in vivo and in vitro, protein synthesis was resistant

to the inhibitory action of tetracycline in the presence of
Tet(O). For example, 35S-labeling experiments with JM107
and JM107(pUOA2) cells revealed that 56 jiM tetracycline
almost completely inhibited the incorporation of [35S]meth-
ionine into cellular proteins in JM107 but not in JM107
(pUOA2). A fourfold increase in the concentration of the
antibiotic was required for significant reduction of protein
synthesis in the Tcr cells (Fig. 2). Similarly, 56 jiM tetracy-
cline inhibited poly(U)-directed polyphenylalanine synthesis
in an S-30 fraction prepared from tetracycline-susceptible
cells by 75%, whereas 450 jiM tetracycline was required to
obtain the same level of inhibition in the Tcr group (Fig. 3).
These data indicate that the key to the mechanistic basis of
Tet(O)-mediated resistance to tetracycline is its ability to act
at the level of protein synthesis.
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FIG. 1. Comparison of the uptake of [3H]tetracycline in JM107(pUOA2) (0) with that in JM107 (0) (A) and with that in JM107(pBR322)
(0) (B). The cultures were grown until they reached mid-log phase, washed, and suspended in fresh growth medium. The accumulation of
[3H]tetracycline for various intervals was measured as described in Materials and Methods. The plasmid pBR322 was used as the source of
the tet(C) gene, whose product, Tet(C) protein, is involved in the active efflux of tetracycline accumulated in the cells. Each point represents
the mean value of two independent determinations.

Ribosome binding studies with [31H]tetracycline. Since the
binding of tetracycline to the 30S subunit appeared to be a
prerequisite for its inhibitory action, we examined the bind-
ing of [3H]tetracycline to tetracycline-sensitive and Tcr
ribosomes. Ribosomes isolated from tetracycline-suscep-
tible and Tcr cells bound an almost identical amount of
[3H]tetracycline, indicating that interference of the binding
of tetracycline to its target site on the 30S subunit is not the
primary mechanism by which Tet(O) mediates resistance to
tetracycline (Fig. 4).
Homology of Tet(O) to GTP-binding proteins. The amino

acid sequence of Tet(O) was compared with the known
sequences of various proteins of the protein synthetic ma-
chinery. No ribosomal subunit proteins showed significant
homology to Tet(O). The N-terminal portion (residues 1 to
150) of the Tet(O) protein is highly homologous to N-
terminal regions of several GTP-binding proteins involved in
protein synthesis in particular elongation factors Tu and G
(32 and 44% homology, respectively) (Fig. 5). The regions of
Ef-Tu that showed similarity to comparable regions of
Tet(O) are known to be involved in the binding of GTP/GDP
as revealed by X-ray crystallographic studies (9).

Effect of kirromycin. Kirromycin is a specific inhibitor of
Ef-Tu (19). We reasoned that if the mode of action of Tet(O)
is to replace Ef-Tu, these cells, which are normally suscep-
tible to kirromycin, might become resistant to kirromycin if
they contain tet(O). Van der Meide et al. (29) demonstrated
that E. coli LBE 11001 (the parental strain) is inhibited by
concentrations of less than 20 ,ug of kirromycin per ml. We
obtained similar results (Table 1) and found that the presence
of tet(O) carried on pUOA1 did not affect killing of the strain
by kirromycin.

Presence of Tet(O) in an S-100 fraction. The hydrophilicity
profile analysis of the Tet(O) protein (12) indicated that it is
moderately hydrophilic and could be associated with the
soluble fraction. To further examine this possibility, we
determined the ability of an S-100 fraction prepared from Tcr
cells to make sensitive ribosomes resistant to the inhibitory
action of tetracycline on poly(U)-directed polyphenylalanine
synthesis. Tetracycline at a concentration of 112 p,M inhib-
ited poly(U)-directed polyphenylalanine synthesis by ap-
proximately 82% when tetracycline-sensitive ribosomes and

a tetracycline-sensitive S-100 fraction were used (Table 2). A
similar experiment, in which the components were from Tcr
cells, provided only 23% inhibition. The inhibitory effect of
tetracycline was almost completely reversed when a combi-
nation of tetracycline-sensitive ribosomes and a Tcr S-100
fraction was used. However, the Tcr ribosomes with a
tetracycline-sensitive S-100 fraction also provided similar
results.
The pretreatment of tetracycline-sensitive ribosomes with

S-100 fractions prepared from Tcr cells failed to protect the
ribosomes from the inhibitory action of tetracycline (Table
3), indicating that the continued presence of Tet(O) is
required for the protection.
RP-HPLC analysis. RP-HPLC has been successfully used

to analyze individual proteins of the 70S ribosome (4). With
the use of the appropriate column and solvents, the majority
of the ribosomal proteins were well resolved, and the pres-
ence of any additional protein(s) associated with the ribo-
somes can be easily detected. By this technique, we exam-
ined the possible association of Tet(O) with Tcr ribosomes.
Our results reveal identical RP-HPLC profiles for Tcr and
tetracycline-sensitive ribosomal proteins (Fig. 6), suggesting
that no detectable amount of Tet(O) protein is associated
with Tcr ribosomes.

DISCUSSION

The mechanism of Tet(O)-mediated resistance to tetracy-
cline does not depend on the active efflux of tetracycline
from resistant cells. Our results confirm and extend those of
Burdett (2), who used the Tet(M) system in Streptococcus
spp. While, in principle, Tet(O)-mediated resistance to tet-
racycline could depend on its ability to sequester it, our
results suggested that this is not the case. In the absence of
purified Tet(O) protein, we used an S-100 fraction prepared
from Tcr cells as the source of Tet(O) for binding studies.
S-100 fractions obtained from the Tcr and tetracycline-
susceptible cells failed to bind [3H]tetracycline above the
background levels associated with filters, indicating that
neither the Tet(O) protein nor any other component of the
S-100 fraction is able- to bind a detectable amount of
[3H]tetracycline. Our experiments, as well as work by Bur-
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FIG. 2. Effect of Tet(O) on the inhibitory action of tetracycline

on in vivo protein synthesis. Tetracycline-susceptible (JM107) and
Tc'JM107(pUOA2) cells were radiolabeled with ["S]methionine in
the presence of various concentrations (0 to 225 pLM) of tetracycline,
washed, and lysed as descnibed in Materials and Methods. The
polypeptides were separated by SDS-PAGE and autoradiographed.
The extent of [35S]methionine incorporation into the polypeptides
was taken as a measure of in vivo protein synthesis. Since ethanol
was used as the solvent for [3H]tetracycline, 1% (vol/vol) ethanol
(comparable to the highest concentration used in the experiment)
was used as the control (EtOH) Lanes marked 0 56 112, and 225
represent the different concentrations (micromolar) of tetracycline
used. 1C;labeled myosin (200 kDa) phosphorylase b (92.5 kDa),
bovine serum albumin (69kDa)O ovalbumin (46 kDa), carbonic
anhydrase (30 kDa), and lysozyme (14 3 kDa) (Amersham Canada)
were used as molecular size standards(MW)a

Tc concentration ("M)

FIG. 3. Effect of Tet(O) on the inhibitory action of tetracycline
on polypeptide synthesis. Poly(U)-directed polyphenylalanine syn-
thesis by S-30 fractions prepared from JM107 (0) and
JM107(pUOA2) (0) was measured in the presence of various
concentrations of tetracycline (0 to 450 ,uM) as described in Mate-
rials and Methods. Each point represents the mean value of two
independent determinations.

understood. Sanchez-Pescador et al. (20) have postulated
that either (i) Tet(O) is stoichiometrically associated with the
ribosomes affecting the binding of tetracycline to the 30S
subunit without interfering with the binding of aminoacyl-
tRNA to the A site or (ii) since Tet(O) has a significant
amount of regional homology to Ef-Tu and Ef-G, it is
possible that Tet(O) could mimic the function of these
proteins. In addition, we postulate that Tet(O) may have
catalytic function which modifies some key component(s) of
the protein synthetic machinery essential for the inhibitory
action of tetracycline without affecting protein synthesis.
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dett (2) with the closely related Tet(M) protein, have dem-
onstrated that these proteins act primarily at the level of
protein synthesis in conferring resistance to tetracycline.
Although the site of action of Tet(O) is at the level of

protein synthesis, the actual mechanism by which protein
synthesis is made resistant to tetracycline action is not yet

3H-Tc concentration (1M)

FIG. 4. [3H]tetracycline binding to 70S ribosomes. Binding of
[3H]tetracycline to 70S ribosomes isolated from JM107 (0) and
JM107(pUOA2) (0) was determined according to the procedure of
Buck (Ph.D. thesis) as described in Materials and Methods. Each
point represents the mean of two independent determinations. The
experiment was repeated twice, and identical results were obtained.
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Ef-Tu 1 mskekfertK phvNvGtigHVDhGXTTLT aaitTvlA ktyGgaarafdqiDnapeEkaRGITI
III 111111 11111

TetO 1 M K I iNlGILAHVDAGKTTLTEslLyTsGAiaelGsVdeGttrtDtMnlErqRGITI
IllIllIMlIl Il1II I111111

Ef-G 1 MarttpIaryrNiGIsAHiDAGKTTtTEriLfytGvnhkiGeVhdGaatmDwMeqEqeRGITI
-----m-rtk-i----N-Gi-a-vDaGKTT1Te--1-t-ga----G-v--g----D-m--E--RGITI

Ef-Tu 64 nT ShveydtptrhyahvDcPGHaDyvklnmitgaaqmDGAiLvVaAtDGpmpQTR eHiL
I III 1111111 III I I

TetO 57 qTAvtS fQwEdvkvNIIDTPGHmDFlaEVyRSlsVLDGAVLlVsAkDGiQaQTRilfHaLq
11 II III1 11 11 11 111111 I II

Ef-G 64 tsaatTAfwSgmakQyEphriNIIDTPGHvDFtiEVeRSmrVLDGAVmvycAvgGvQpQsetvwrqan
-----Ta--S----q-e----niiDtPGH-Df--ev-rs--vlDGAvlvv-A-dG-qpQtr---h-1-

Ef-Tu 122 lgrqvgvpyI I vflnkcdMVddEelleLv 150
1 1

TetO 118 imKiPtIfFINKIdqegidlpMVyREMkAkLS3150
1 1

Ef-G 132 kyKvPrIaFvNK M dR MgAn 150

--k-p-i-finki--------Mvdrem-a-1--

FIG. 5. Amino acid sequence homology of Tet(O) to elongation factors Tu (Ef-Tu) and G (Ef-G). Amino acid residues 1 to 150, as deduced
from the nucleotide sequence of the tet(O) gene (12), were aligned with those corresponding to the homologous regions of Ef-Tu and Ef-G
by using the Genalign program of Bionet as previously described. Uppercase and lowercase letters represent identical and nonidentical
residues, respectively. The consensus sequence for the three proteins is shown at the bottom.

Our binding studies demonstrated that [3H]tetracycline
binds sensitive and resistant ribosomes to the same extent.
Since there is no reduction in the binding of Tcr cells,
compared with that of tetracycline-susceptible cells, it seems
unlikely that Tet(O) inhibits tetracycline binding to ribo-
somes. Analysis of the ribosomal proteins from tetracycline-
sensitive and Tcr ribosomes with RP-HPLC showed identi-
cal profiles. Similarly, in an analogous experiment in which
the 70S ribosomal proteins were analyzed by SDS-PAGE, no

additional protein band representing the 72.3-kDa Tet(O)
protein was seen in the Tcr ribosomes (E. K. Manavathu and
D. E. Taylor, unpublished data). Failure to see such a

protein would suggest that Tet(O) is not stoichiometrically
associated with the ribosomes. However, these experiments
cannot rule out the possibility that Tet(O) may be associated
with the ribosomes in very small amounts undetectable by
the methods we used for the analysis.
The suggestion that Tet(O) could be mimicking Ef-Tu or

Ef-G is an attractive one by virtue of the fact that Tet(O) has
a high degree of homology to the nucleotide (GTP)-binding
regions of these proteins. However, the following points are

worth noting: (i) as Ef-Tu is one of the most predominant (5
to 10% of the total) proteins in E. coli, it is unlikely that
Tet(O) produced in a very small amount could effectively

TABLE 1. Effect of kirromycin on the growth of Tcr E. coli
LBE 11001 cells

Growth in the presence
of kirromycin at

E. coli strain Cell concn indicated concn (pLg/ml)a

0 10 20

LBE 11001 2.5 x 106 ++ + -

2.5x104 + _ _
2.5 x 102 - _ _

LBE 11001(pUOA1) 2.5 x 106 ++ + _
2.5x104 + _ _
2.5 x 102 - _

a Symbols: + +, good growth; +, moderate growth; ±, slight growth; -, no

growth.

replace Ef-Tu; (ii) Tet(O) was unable to confer resistance to
kirromycin, a specific inhibitor of Ef-Tu in vivo; (iii) Ef-G
showed the highest degree of resemblance to Tet(O), and the
critical Gly residue essential for Ef-Tu function (8) is an Ala
in Ef-G and Tet(O); (iv) the molecular masses of Ef-G and
Tet(O) are very similar (80 and 72.3 kDa, respectively); and
(v) only one molecule of Ef-G per ribosome is found in E.
coli. Together, these data suggests that if Tet(O) mimics any
GTP-binding components of the protein synthetic machin-
ery, it is more likely to be Ef-G.
Whether Tet(O) is acting as a GTP-binding component of the

protein synthetic machinery or not, it is likely to be functioning
in a catalytic rather than a stoichiometric fashion. Three pieces
of evidence are consistent with this notion. (i) S-100 fractions
prepared from the Tcr cells were able to convert tetracycline-
sensitive ribosomes to Tcr during protein biosynthesis as

measured by the synthesis of poly(U)-directed polyphenylala-
nine. (ii) The Tcr ribosomes were resistant to the inhibitory
action of tetracycline even in the presence of a Tcs S-100
fraction. (iii) Only a small amount of Tet(O) protein is required
to render ribosomes Tcr. RP-HPLC and SDS-PAGE analyses
failed to detect the presence of Tet(O) either associated with
the ribosomes or in the S-100 fraction, although the same

TABLE 2. Effect of the addition of S-100 fraction containing
Tet(O) on the inhibitory action of tetracycline as measured

by poly(U)-directed polyphenylalanine synthesis

Ribosome-S-100 fraction Mean % poly(U)-directed
cibosomebSin00 fraction polyphenylalanine

synthesis
± SEM'

Tcs ribosomes + Tcs S-100....................... 18.2 ± 6.5
Tcs ribosomes + Tcr S-100 ....................... 94.6 ± 16.6
Tcr ribosomes + Tcs S-100....................... 88.9 ± 15.4
Tcr ribosomes + Tcr S-100 ....................... 76.8 ± 3.1

a Poly(U)-directed polyphenylalanine synthesis was measured as described
in Materials and Methods. Each value represents the mean of two indepen-
dent determinations. Since each ribosome-S-100 combination could have a
different rate of polyphenylalanine synthesis, a corresponding combination
without the addition of tetracycline (112 pLm) was taken as the control. Percent
control values were calculated as follows: (polyphenylalanine synthesized in
the presence of tetracycline/polyphenylalanine synthesized in the absence of
tetracycline) x 100.
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TABLE 3. Effect of pretreatment of Tcs ribosomes with an S-100
fraction containing Tet(O) on the inhibitory action of tetracycline

on poly(U)-directed polyphenylalanine synthesisa
Mean cpm in poly(U)-directed

Pretreatment polyphenylalanine synthesis
± SEMb

None ............................. 2,526 ± 603
Buffer ............................. 2,990 ± 359
Tcs S^100............................. 2,525 ± 883
Tcr S-100 .............. ............... 3,349 ± 284

a Tcs ribosomes (100 U at A260) were preincubated with an S-100 fraction
(total volume, 200 pL.) for 30 min at 37°C, washed by centrifugation, and
suspended. The pretreated ribosomes were combined with a Tcs S-100
fraction, and poly(U)-directed polyphenylalanine synthesis was measured in
the presence of tetracycline (112 F.M) as described in Materials and Methods.

b Each value represents the mean of two independent determinations.

preparations were resistant to the inhibitory action of tetra-
cycline on poly(U)-directed polyphenylalanine synthesis;
also, our attempts to obtain overproduction of the Tet(O)
protein by using three different procaryotic expression vec-
tors (tac, XPL, and T7 promoters) into which the Tet(O)
determinant had been cloned failed to yield amounts of
Tet(O) protein detectable by Coomassie blue staining despite
the presence of the Tcr phenotype. Although it is quite likely
that Tet(O) is acting as a catalyst, the exact function remains
speculative. It is possible that Tet(O) could modify the
ribosomal protein(s) or rRNA such that the inhibitory effect
of tetracycline is diminished but protein synthesis is contin-
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FIG. 6. RP-HPLC separations of total protein (TP70) from Tcr

(A) and Tcs (B) ribosomes. Samples were injected onto a SynChro-
pak RP-P column. The solvents used were 0.1% (wt/vol) CF3COOH
in water and 0.1% (wt/vol) CF3COOH in acetonitrile. TP70 (661 ,ug
in panel A; 622 ,ug in panel B) was eluted with a convex gradient of
15 to 45% of 0.1% (wt/vol) CF3COOH in acetonitrile in 160 min. Peaks
corresponding to the ribosomal proteins (S7, S14, and S19) involved
in the binding of tetracycline to the 30S subunit are indicated.

ued. The type of modifications one could envision are
phosphorylation or acetylation of protein(s) or methylation
of proteins or RNA. Such subtle changes, while possibly
crucial for biological function, may not be detected in
RP-HPLC or SDS-PAGE. Experiments are under way to
examine whether such changes take place in the presence of
the Tet(O) protein.

ACKNOWLEDGMENTS

We thank Joseph Smith for assistance with RP-HPLC studies,
Peter Newnham for help with Bionet programs, and Heather Mitch-
ell for excellent secretarial work.

This work was supported by grants from the Natural Sciences and
Engineering Research Council of Canada and the Central Research
Fund of the University of Alberta to D.E.T. and by Public Health
Service grant A116806 to B.S.C. from the National Institutes of
Health. D.E.T. is a Heritage Medical Scholar.

LITERATURE CITED
1. Bonner, W. M., and R. A. Laskey. 1974. A film detection

method for tritium-labelled proteins and nucleic acids in poly-
acrylamide gels. Eur. J. Biochem. 46:83-88.

2. Burdett, V. 1986. Streptococcal tetracycline resistance medi-
ated at the level of protein synthesis. J. Bacteriol. 165:564-569.

3. Cooperman, B. S., M. A. Buck, C. L. Fernandez, C. J. Weitz-
mann, and B. F. D. Ghrist. 1989. Antibiotic photoaffinity label-
ing probes of Escherichia coli ribosomal structure and function,
p. 123-139. In P. E. Nielsen (ed.), NATO series, vol. 272.
Kluwer Academic Publishers, Inc., Boston.

4. Cooperman, B. S., C. J. Weitzmann, and M. A. Buck. 1988.
Reversed-phase high-performance liquid chromatography of
ribosomal proteins. Methods Enzymol 164:523-532.

5. DeVries, J. K., and G. Zubay. 1967. DNA-directed peptide
synthesis. II. The synthesis of the (a-fragment of the enzyme
P-galactosidase. Proc. Natl. Acad. Sci. USA 57:1010-1012.

6. Dougan, G., and M. Kehoe. 1984. The minicell system as a
method for studying expression from plasmid DNA, p. 233-258.
In P. M. Burdett and J. Grinsted (ed.), Methods in microbiol-
ogy, vol. 17. Plasmid technology. Academic Press, Inc., New
York.

7. Goldman, R. A., T. Hasan, C. C. Hall, W. A. Strycharz, and
B. S. Cooperman. 1983. Photoincorporation of tetracycline into
Escherichia coli ribosomes. Identification of the major proteins
photolabelled by native tetracycline and tetracycline photoprod-
ucts and implications for the inhibitory action of tetracycline on
protein synthesis. Biochemistry 22:359-368.

8. Jacquet, E., and A. Parmeggiani. 1988. Structure-function rela-
tionships in the GTP binding domain of Ef-Tu: mutation of Val
20, the residue homologous to position 12 in p21. EMBO J.
7:2861-2867.

9. Jurnak, F. 1985. Structure of the GDP domain of Ef-Tu and
location of the amino acids homologous to ras oncogene pro-
teins. Science 230:32-36.

10. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

11. LeBlanc, D. J., L. N. Lee, B. M. Titimas, C. J. Smith, and F. C.
Tenover. 1988. Nucleotide sequence analysis of tetracycline
resistance gene tetO from Streptococcus mutans DL5. J. Bac-
teriol. 170:3618-3626.

12. Manavathu, E. K., K. Hiratsuka, and D. E. Taylor. 1988.
Nucleotide sequence analysis and expression of a tetracycline-
resistance gene from Campylobacterjejuni. Gene 62:17-26.

13. Martin, P., P. Trieu-Cuot, and P. Courvalin. 1986. Nucleotide
sequence of the tetM tetracycline resistance determinant of the
streptococcal conjugative shuttle transposon Tn1545. Nucleic
Acids Res. 14:7047-7058.

14. McMurray, L. M., R. R. Petrucci, and S. B. Levy. 1980. Active
efflux of tetracycline encoded by four genetically different
tetracycline resistance determinants in E. coli. Proc. Natl.
Acad. Sci. USA 77:3974-3977.

76 MANAVATHU ET AL.



STUDIES ON Tet(O)-MEDIATED TETRACYCLINE RESISTANCE

15. Moazed, D., and H. F. Noller. 1987. Interaction of antibiotics
with functional sites in 16S ribosomal RNA. Nature (London)
327:389-394.

16. Needleman, S. B., and C. D. Wunsch. 1970. A general method
applicable to the search for similarities in the amino acid
sequence of two proteins. J. Mol. Biol. 48:443-453.

17. Ohnuki, T., T. Katoh, T. Imanaka, and S. Aiba. 1985. Molecular
cloning of tetracycline resistance genes from Streptomyces
rimosus in Streptomyces griseus and characterization of the
cloned genes. J. Bacteriol. 161:1010-1016.

18. Park, B. H., and S. B. Levy. 1988. The cryptic tetracycline
resistance determinant on Tn4400 mediates tetracycline degra-
dation as well as tetracycline efflux. Antimicrob. Agents Che-
mother. 32:1797-1800.

19. Parmeggiani, A., and G. W. M. Swart. 1985. Mechanism of
action of kirromycin-like antibiotics. Annu. Rev. Microbiol.
39:55-77.

20. Sanchez-Pescador, R., J. T. Brown, M. Roberts, and M. S.
Urdea. 1988. Homology of the TetM with translational elonga-
tion factors: implication for potential modes of tetM conferred
tetracycline resistance. Nucleic Acids Res. 16:1218.

21. Sougakoff, W., B. Papadopoulou, P. Nordmann, and P. Courva-
lin. 1987. Nucleotide sequence and distribution of gene tetO
encoding tetracycline resistance in Campylobacter coli. FEMS
Microbiol. Lett. 44:153-159.

22. Speer, B. S., and A. Salyers. 1988. Characterization of a novel
tetracycline resistance that functions only in aerobically grown
Escherichia coli. J. Bacteriol. 170:1423-1429.

23. Speer, B. S., and A. A. Salyers. 1989. Novel aerobic tetracycline

resistance gene that chemically modifies tetracycline. J. Bacte-
riol. 171:148-153.

24. Taylor, D. E., S. A. DeGrandis, M. A. Karmali, and P. C.
Fleming. 1981. Transmissible plasmids from Campylobacter
jejuni. Antimicrob. Agents Chemother. 19:831-835.

25. Taylor, D. E., and P. Courvalin. 1988. Mechanisms of antibiotic
resistance in Campylobacter species. Antimicrob. Agents Che-
mother. 32:1107-1112.

26. Taylor, D. E., R. S. Garner, and B. J. Allan. 1983. Characteri-
zation of tetracycline resistance plasmids from Campylobacter
jejuni and Campylobacter coli. Antimicrob. Agents Chemother.
24:930-935.

27. Taylor, D. E., K. Hiratsuka, H. Ray, and E. K. Manavathu.
1987. Characterization and expression of a cloned tetracycline
resistance determinant from Campylobacter jejuni plasmid
pUA466. J. Bacteriol. 169:2984-2989.

28. Traub, P., S. Mizushima, C. V. Lowry, and M. Nomura. 1971.
Reconstitution of ribosomes from subribosomal components.
Methods Enzymol. 20:391-407.

29. van der Meide, P. H., R. A. Kastelein, E. Vggenboom, and L.
Bosch. 1983. tufgene dosage effects on the intracellular concen-
tration of Ef-TuB. Eur. J. Biochem. 130:407-417.

30. Wiener, L., and R. Brimacombe. 1987. Protein binding sites on
Escherichia coli 16S RNA:RNA regions that are protected by
proteins S7, S14 and S19 in the presence or absence of protein
S9. Nucleic Acids Res. 15:3653-3670.

31. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-109.

VOL. 34, 1990 77


