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A poly(U)-programmed cell-free system from the hyperthermophilic bacterium Aquifex pyrophilus has been
developed, and the susceptibility of Aquifex ribosomes to the miscoding-inducing and inhibitory actions of all
known classes of aminoglycoside antibiotics has been assayed at temperatures (75 to 80°C) close to the
physiological optimum for cell growth. Unlike Thermotoga maritima ribosomes, which are systematically
refractory to all known classes of aminoglycoside compounds (P. Londei, S. Altamura, R. Huber, K. O. Stetter,
and P. Cammarano, J. Bacteriol. 170:4353-4360, 1988), Aquifex ribosomes are susceptible to all of the
aminoglycosides tested (disubstituted 2-deoxystreptamines, monosubstituted 2-deoxystreptamines, and strep-
tidine compounds). The significance of this result in light of the Aquifex and Thermotoga placements in

phylogenetic trees of molecular sequences is discussed.

Aquifex pyrophilus is a microaerophilic, gram-negative, hy-
drogen-oxidizing, hyperthermophilic bacterium thriving opti-
mally at 85°C (11). It differs from other bacteria in possessing
unique glycerol-diether membrane core lipids (11) and ribo-
somes having an unusually large protein complement (1). Phy-
logenetic trees of 16S rRNA (5) and protein synthesis elonga-
tion factor G (EF-G) (3) sequences indicate that A. pyrophilus
has a particularly deep lineage, branching somewhat more
deeply than Thermotoga maritima.

We have reported elsewhere (14) that T. maritima (optimum
growth temperature, 85°C) differs from other bacteria in being
systematically insensitive to all known groups of aminoglyco-
side antibiotics, both in vivo and in vitro, even though Ther-
motoga ribosomes do possess all of the 16S rRNA sequence
elements that are required for antibiotic action. Given the
apparent vicinity of the divergences of A. pyrophilus and T.
maritima in the 16S rRNA and EF-G trees, we wanted to know
whether the unprecedented antibiotic sensitivity spectrum of
Thermotoga ribosomes extends to neighboring deeply branch-
ing bacterial phyla or is a unique anomaly of the order Ther-
motogales. To investigate this point, we have developed a
poly(U)-programmed cell-free system from A. pyrophilus. The
results of in vitro assays show that A. pyrophilus differs from T.
maritima, and resembles the classically recognized bacteria, in
being systematically susceptible to all of the aminoglycosides
tested.

Development of an A. pyrophilus poly(Phe)-synthesizing sys-
tem. Aquifex cells (Deutsche Sammlung Mikroorganismen)
(DSM 6858) were grown as described previously (11) and
disrupted by using a French pressure cell in a medium (extrac-
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tion buffer) containing 20 mM Tris-HCl (pH 7.4), 10 mM
magnesium acetate, and 50 mM NH,CIl. After addition of
DNase (2.5 pg/ml) and removal of cell debris, ribosomes and
a ribosome-free supernatant were obtained by centrifugation
of the lysate in a Spinco Beckman Ti50 rotor operated at
40,000 rpm for 3 h. The crude ribosomes were dissolved in
extraction buffer containing 500 mM NH,CI (high-salt buffer)
and purified by centrifugation through a 7.0-ml pad of 0.5 M
sucrose made up in the high-salt buffer (13, 14). Soluble pro-
teins were precipitated from the ribosome-free supernatant
with 70% saturated (NH,),SO, and dialyzed in 20 mM Tris-
HCI (pH 7.4)-1.0 mM magnesium acetate—0.5 mM B-mercap-
toethanol. The A. pyrophilus system for poly(Phe) synthesis was
developed gradually, but the final reaction mixture contained
(per milliliter) 50 pmol of Tris-HCl (pH 7.4), 10 pmol of
NH,CI, 10 pmol of magnesium acetate, 2.0 wmol of spermine,
2.0 pmol of ATP, 1.0 pmol of GTP, 5.0 wmol of B-mercapto-
ethanol, 140 pg of poly(U), 143 pmol (6.0 A, units) of ribo-
somes, 120 pg of the ribosome-free supernatant protein, 250
g of Sulfolobus solfataricus tRNA (the same preparation used
previously to optimize the Thermotoga cell-free system [14]),
and 4.0 wCi of L-[**C]phenylalanine (522 mCi/mmol). For as-
says of misreading the poly(U)-directed system was as de-
scribed above except that it contained 2.0 nmol of L-phenylal-
anine and 4.0 wCi of L-[**C]leucine (344 mCi/mmol).

Synthetic capacity of the Aquifex cell-free system. The de-
pendency of poly(Phe) synthesis upon temperature is illus-
trated kinetically in Fig. 1. Under optimized ionic conditions,
an average synthetic capacity of four or five phenylalanine
residues per ribosome (in 40 min) was attained at 70 to 80°C,
which is close to the physiologically optimal temperature for
cell growth (Fig. 1A). As Fig. 1B shows, however, only about
30% of the 50S and 30S subunit particles participated in
poly(Phe) synthesis, thus giving an average synthetic capacity
of 12 to 15 residues per active ribosome.

Titration curves of spermine, Mg®*, and monovalent cations
for optimal poly(Phe) synthesis are illustrated in Fig. 2; with
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FIG. 1. (A) Temperature dependence of poly(Phe) synthesis. Hot trichloroacetic acid-insoluble radioactivity was determined as described previously (13). (B)
Sucrose density gradient distribution of [**C]poly(Phe) chains on A. pyrophilus ribosomes after a 40-min incubation of the cell-free system at 80°C. The reaction mixture
(200 wl; 1.2 A, units of ribosomes) contained 50 mM triethanolamine-HCI (pH 7.4) instead of Tris-HCI and contained 10 mM KCl instead of NH,CI (13). After
fixation with formaldehyde to prevent pressure-induced dissociation of 70S monomers during centrifugation (13), the sample was layered on an 11.5-ml 10 to 30%
(wt/vol) sucrose density gradient made in 50 mM triethanolamine-HCI (pH 7.4)-10 mM magnesium acetate. The gradient was centrifuged in a Spinco Beckman SW41
rotor operated at 35,000 rpm and 4°C for 3 h. Fractions (0.3 ml each) were collected to measure hot trichloroacetic acid-insoluble radioactivity (open circles) while
continuously monitoring A,s,) (solid line); '“C radioactivity was measured with a 90% counting efficiency by using a Beckman LS 1801 radiation spectrometer.

Sedimentation values (S) are indicated above the absorbance peaks.

poly(U) as the messenger, Aquifex ribosomes were obligatorily
dependent upon a high spermine concentration (2.0 mM) and
did not tolerate NH, " concentrations higher than 20 mM. The
comparative data in Table 1 show that the polyamine and ionic
requirements of the Aquifex system differ markedly from those
of T. maritima (0.5 mM spermine and 100 mM NH,CI) and
resemble those of systems prepared from members of the Cre-
narchaeota (S. solfataricus, Desulfurococcus mobilis, and Ther-
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FIG. 2. Ionic and polyamine requirements of A. pyrophilus ribosomes at
75°C. (Left) Spermine dependence of poly(Phe) synthesis in the presence of 10
mM NH,CI and 10 mM Mg>"; (middle) NH,* dependence of poly(Phe) syn-
thesis in the presence of 10 mM Mg?* and 2.0 mM spermine; (right) Mg>*
dependence of poly(Phe) synthesis in the presence of 2.0 mM spermine and 10
mM NH,CIL

moproteus tenax) (13). The role played by spermine is unclear,
however, as spermine is not needed for cell-free translation of
natural mRNAs by Sulfolobus ribosomes (16). For a rigorous
comparison with the Thermotoga system, S. solfataricus tRNA
was used instead of Aquifex tRNA. In fact, the archaeal (Sul-
folobus) tRNA was routinely used to test the antibiotic sensi-
tivity of Thermotoga ribosomes and was shown to effectively
replace the homologous (Thermotoga) tRNA (14).

Antibiotic sensitivity assays. The following compounds
were tested for their abilities to inhibit poly(Phe) synthesis
(Fig. 3A to C) and to promote translational misreading (Fig.
3D to F): neomycin and paromomycin (4,5-disubstituted
2-deoxystreptamines), kanamycin (a 4,6-disubstituted 2-de-

TABLE 1. Ionic and polyamine requirements of poly(U)-directed
cell-free systems from hyperthermophilic euryarchaeotes
(Thermococcus celer and Pyrococcus woesei), chrenarchaeotes
(D. mobilis, T. tenax, and S. solfataricus), and bacteria®

Requirement (mM) for:

. Activity

Organism NH,* Mg Spormine (Phe/ribosome)? Reference
T. celer 100 15 0.0 8-10 13
P. woesei 100 10 0.5 10-15 7
D. mobilis 10 18 3.0 10-15 13
T. tenax 10 18 3.0 34 13
S. solfataricus 10 18 3.0 30-40 13
A. pyrophilus 10 10 2.0 5(12) This report
T. maritima 100 10 0.5 7 (15) 3

“ For all organisms, the temperature optimum was 75 to 80°C.

b Poly(Phe) synthetic capacities are given on a total-ribosome basis; numbers
in parentheses indicate the capacities calculated on the basis of the active-
ribosome fractions.
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FIG. 3. (A and D) Effects on poly(Phe) synthesis (A) and ['*C]leucine incorporation (D) of the disubstituted 2-deoxystreptamine compounds kanamycin (squares),
paromomycin (open circles), and neomycin (filled circles). (B and E) Effects on poly(Phe) synthesis (B) and ['*C]leucine incorporation (E) of the monosubstituted
2-deoxystreptamine hygromycin. (C and F) Effects on poly(Phe) synthesis (C) and ['*CJleucine incorporation (F) of the streptidine compound streptomycin. Bars
indicate standard deviations based on the results of five replicate assays. The antibiotics used were the same stock solutions used previously (14) for testing the
aminoglycoside sensitivity of Thermotoga ribosomes; kanamycin was a 95:5 (wt/wt) mixture of kanamycins A and B, and neomycin was a mixture of the B (92%) and
A (8%) components. The right ordinate shows amino acid incorporations per active ribosome (act.rib.) as determined in Fig. 1.

oxystreptamine), hygromycin B (a monosubstituted 2-deoxy-
streptamine), and streptomycin (a member of the streptidine
group). Since all of these drugs retain full activity upon pro-
longed incubation at temperatures of up to 80°C (6), the an-
tibiotic sensitivity of Aquifex ribosomes could be assayed at the
optimum temperature for in vitro translation. The results in
Fig. 3A to C show that all of the compounds tested, except

streptomycin, inhibit poly(Phe) synthesis, although to various
degrees (from 30 to 90% at 10~* M); streptomycin was inef-
fective even at a concentration (10~ M [approximately 600
pg/ml]) known to result in a 60% inhibition of poly(Phe) syn-
thesis on Bacillus stearothermophilus ribosomes (14).

The effects of the aminoglycosides on the accuracy of
poly(U) translation were assayed by measuring changes in the
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incorporation of a noncognate amino acid ([**C]leucine) (Fig.
3D to F). All of the compounds tested increased the error
frequency in tRNA selection, although to different degrees
(from twofold for paromomycin to fivefold for kanamycin).
The decrease of ['*C]leucine incorporation seen at high anti-
biotic concentrations most likely reflects inhibition of all pro-
tein synthesis, whether normal or ambiguous, as a result of
drug binding to low-affinity sites (10). In two cases (hygromycin
and streptomycin), induction of miscoding and inhibition of
poly(Phe) synthesis were dissociated: streptomycin promoted
an appreciable increase of [**C]leucine incorporation while
leaving poly(Phe) synthesis unaffected; conversely, hygromycin
inhibited poly(Phe) synthesis by about 50% (at 10> M) but
had practically no effect on incorporation of ['*C]leucine.

The significance of the opposite antibiotic sensitivity spectra
exhibited by the A. pyrophilus (this report) and T. maritima (14)
ribosomes depends on the relative phylogenetic depths of the
two hyperthermophilic lineages. If the evolutions of the 16S
rRNA (5) and the EF-G (3) marker molecules provide a trust-
worthy picture of organismal relationships, then 4. pyrophilus
and T. maritima constitute the deepest and the second-deepest
bacterial radiations, respectively. In this phylogenetic perspec-
tive, the present results argue against the possibility that the
behavior of Thermotoga ribosomes is ancestral, with aminogly-
coside sensitivity being a later development in the evolution of
bacterial ribosomes; the lack of sensitivity of Thermotoga ribo-
somes to all classes of aminoglycoside compounds (14) could
be interpreted only as indicating unique changes of antibiotic-
binding sites incurred by the 30S subunit particles during the
separate evolutionary course of the order Thermotogales. Al-
though unprecedented among bacteria, this is a common event
among the archaea, which display erratic antibiotic sensitivity
spectra reflecting a nonsystematic instability of antibiotic-bind-
ing sites (reviewed in reference 2).

However, two reservations should be borne in mind. First,
the rooting of the bacterial 16S rRNA and EF-G trees at the
Aquifex-Thermotoga level and the branching of A. pyrophilus
more deeply than T. maritima (rather than the reverse), al-
though consistently inferred by alternative tree-making meth-
ods, cannot be firmly asserted on statistical (bootstrap confir-
mation) grounds (3, 5). Second, alternative placements of the
two hyperthermophilic lineages are predicted by evolutionary
trees of RNA polymerase subunit and glutamine synthetase I
sequences. The RNA polymerase-derived phylogeny (12) has
T. maritima as the most deeply rooted free-living bacterium,
with A. pyrophilus being a later divergence situated between
the gram-positive bacteria with low G+C contents (e.g., My-
cobacterium leprae) and the members of the class Proteobacte-
ria; this topology would indeed support the possibility that the
antibiotic sensitivity spectrum exhibited by Thermotoga ribo-
somes is ancestral. On the other hand, phylogenies based on
glutamine synthetase I (4, 17) reveal unexpected deviations
from the 16S rRNA paradigm that could be most parsimoni-
ously interpreted (4) by taking T. maritima to be a member of
the gram-positive bacteria with low G+C in sharp contrast to
the Thermotoga placement inferred from evolutionary trees of
EF-Tu (8, 15), EF-G (9, 18), and 16S rRNA (5, 19, 20) se-
quences. Accordingly, we feel that a more informed interpre-
tation of the different antibiotic sensitivity spectra exhibited by
the two hyperthermophilic bacteria must await the analysis of
a larger set of molecular sequence data.
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