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1. ln-t_m-duction,

Amino acid starvation inhibits the synthesis of sta-
ble RNA in all wild-type bacteria. This “stringent™
control is determined by the RC-gene; RC™ (RC—)
strains do not respond by diminuition of ribosomai
and transfer RNA synthesis to lack of 2n amino acid

' [l*l . Circumstantial, but convincing evidence based
on the resioration of stable-RNA synthesis by several
anlibiotics has shown that the ribosomes or (a) fac-
tor(s) acting on the ribosomes are responsible for this
control phenomenon [2,3]. Cashel and Gallant [4]
discovered the unusual nucleotides ppGpp and

ppPGpp (MS [ and MS 11, respectively) and estab-
lished a connection between the production of these

nucleotides and the inhibition of RNA synthesis.
While a causal relati:-pship and 2 mechanism remain
1o be proven the experiments in several laboratories
[2—4; 11] tend to show that thete is no production
of these nucleotides without concomitant inhibition
of stable RNA synthesis. Likewise, there is no case of
inhibition of RNA synthesis which can be fully re-
lieved by chloramphenicol, sparsomycin, tetracycline
or other inhibitors of protein synthesis with similar
action, which Is not accompanied by the strongly in-
crcamd formation of these nudeotides. -

Based on in vifro experiments [S], trimethoprim
hat been considered to inhibit specifically initiation
of protein synthesis. /n vive, however, the synthesis
l?l'plrli'lnm and certain amino acids is inhlbited prismat-
ity [6]. When purines and amino acids are supplied to
the growth medium MS formation in stringent sirains
becomes spurious as was found in different laborato-
ties {7, 8], and also by us. A partial inhibition of sta-
ble-RNA synthesis may occur not enly in stringent,
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but also in relaxed strains. This inhibition cannot be
relieved by chloramphenicol. Thus it is highly unlike-
ly that this inhibition of stable-RNA synthesis is con-
trolled in the usual way by the RC gene.

Haseltine et al. [9] have recently demonstrated

the formation of the unusual nucleotides in virro un-
der conditions which iz viva would result in the in-
hibitton of stable-RNA synthesis and production of
MS. They have, motaover, shown that this i vitro
reaction is under the control of the RC gene. Very
probably then, the formation of the guanine nucleo-
tides ix always linked to the stringent response.

In this study, we have investigated whether the
formation of these nucleotides in vivo occusd only on
ribosomes when these ribosomes are still on the
mRNA, and thus have a peptidvIl-tRNA in their P-site,
or whether the riboscmes will form these nucleotides
when they have terminated peptide synthesis, and
have 1un off,

Tt is clear that ribosomes still on mRNA can pru-
duce these nucleotides since immaediately after deple-
tion of an amino acyl-tRNA, independent of the type
of amino acid, synthesis of the unusual nucleotides
proceeds at a maximal rate. On the other hand, poly-
some disintegration, following amino acid starvation
of a styingent strain js a slow process {10].

The rationale for our experiments was to use
rifampicin 72 inhibit initiation of RNA synthesis.

We added rifampicin to bacteria under conditions of

a somewhat “leaky™ amino acid (or amino acyl-IRNA)
starvalion. The ribosomes will be arrested at a codon
for the amino acid lacking, but will be able to resume
their mdvement as the amino acyl-tRNA involved is
still being available, albeit to a much lower extent
than under non-starvation conditions. After some

335



Yolume 30, number 3.

time they will terminate the peptidec chain they were
synthesizing, and leave “their” mRNA molecule. As
no new mRNA chiins are initiated the number of
transiently arrested sibosomes on mRNA carrying
peptidyl-iRNA will drop with a rate inversely related
to the severity of starvation. If the unusual nucleo-
tides are only formed by ribosomes on mBNA carry-
ing peptidyl-tRNA their concentration should fall
after rifampicin addition concurrently with the run-
ning off of these ribosomes.

2. Experimentsl

Escherichia coli NP29, a mutant containing 4 tem-
perature sensitive valyl-tRNA synthetase [12] and a
Salnonclla typhimuriun: stringent relaxed pair [18]
were used. All bacteria were grown in a Tris-glucose
medium with low phosphate as described by Cashel
119}]. The medium tor NP29 was supplemented with
0.05% yeast extract and 0.2% Difco casamino-acids.
To the medium for S. f-phinariem 20 ggiml carricr
L laucine was added.

Sma'l cultures (abour 3 ml) were labeled with 50
uCifml carrier free 32P-orthophosphate (Philips
Duchar, Amsterdam, Tue Netherlands), 20 min prior
to first trearment in order to measure nucleotide
pools and stable RNA accumuiation. To measure pro-
tein synthesis, the sarne culture was labeled with 50
uCifmt {5-3H] Lteucine (The Radiochemical Centre,
Amersham. U.K).

The measuring of the MS accumulation was cacried
out as described by Cashel [19] . The separated 32P-
lubeled nucleotides on the polyethylene-imine cellu-
lose plates were cut out and counted in a Philips pro-
portional counter with about 2065 efficiency. The or-
dinate ¢f the figuzes always represents the activity in
10l calture i o cell density of Aégg‘“m is0.3.
Throughout all experiments samples were taken for
estimation of protein and RNA accumulation in ail
cuftures. The well-known figures are, for shortness,
not shown. The drug concentrations used were: 100
ge/ml 5-DL-methyltryptophan (Sigma Chem. Co., St.
Louis, Mo., USA), 200 ug/ml Rifampicin (Schwarz-
Mann, Orangeburg, New York) and 50 ug/ml Tri-
methoprim (2, 4-diamino-5 (3°,4", 5"-trimethoxyben-
zyl) pyrimidine), kindly provided by Dr. H.G.
Hitchings. Burroughs Wellcome, Amsterdam, The
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Fig. 1. Effect of rirampicin on MS accumulation caused by
uyptophan starvation in Salmonella typhimurium.
fo—o—0) 5-MT added at 1y {o—-o——o) rifampicin added
to the tryptophan-starved culture at 1 g.

Netherlands. Rifampicin and trimetBoprim were put
into the incubation vessels as solutions in ethanol.
The ethanol was evaporated before addition of the
bacterial suspensicu,

3. Results and discussion

Fig. 1 shows our results with a S-methyltrypto-
phan-induced tryptophan starvation in 5. fyphimiert
wm. This starvation is not complete as protein synihe-
sis still proceeds at a rate of 10 to 20% of the unin-
hibited culture. It is evident from fig. | that the con-
centration of the unusual nucleotides drops quickly
after addition of rifampicin as would be expected if
“empty "’ ribosomes do not contribute to the forma-
tion of ppGpp and pppGpp- Addition of rifampicin
prior to starvation results in a diminished formation
of the unusual nucleotides; the larger the interval, the
less is formed, as was also found by Lund and
Kjetdgeard {11].

Fig. 2 shows a similar experiment with £. coli
NP29 which possesses a temperature-sensitive vaiyl-
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Fig. 2. Effect of rifampicin on M5 accumulation induced by

inactivation of valyl-tRNA synthetuse at 47° in £. cali NP29.
(o—2—=x) Control brought to 42° at iy ; {o—-u~—a) rifam-
picin added 25 min after the shift to 42°.

{RNA synthetase {12]. After the temperature shift
the unusual nucleotides accumulate, but now their
concentration starts dropping very slowly after the
addition of rifampicin. We investigated ttiis phenome-
non at different temperatures and again found the ex-
pected relation keiween the severity of inhibition and
the rate of the ppGpp drop (fig. 3).

In another approach experiments were carried out
with trimethoprim urder conditions where it will gen-
cralize the amino acid starvation already induced by
S-methyléryptophan, will lead to purine depletion,
but now also inhibits polypeptide chain initiation. If
our view is correct, trimethoprim should transiently
increase the praduction <f the unusual nucleotides by
arresting ribosoines still travelling on mRNA, but
should then cause a decline because no new initiation
can take place while the ribosomes can still, at a re-
duced rate, terminate their peptide chains and run
off, Fig. 4 shows that these expectations are born:
out. It also shows that the decline in MS is not caused
by the lack of the precursors GDP and GTP which re-
main relatively constant during this period. The [im-
ited decline in ATP concentration is not the cause of
the decline in the nucleotides as an increase of the un-
usual nucleatides can accur wiih a simultaneous de-
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Fig. 3. Relationship of huid-life of MS I alter rirampiein treut-
ment at differsnt temperatures in NP29, The plot is com-
posed from figures like fig. 2, except that rifampicin was
added 2 min after the temperature shif.

cline in ATP (and even GTP) as was shown in other
experiments, and also by Cushelcral. |i3]).
Altogether. our expe:iments show that only ribo-
somes arrested on a mestenger RNA molecule and
thus possessing peptidyl-tRNA are able to cause for-
mation of unusual nucleotides in vive, In other words,
for the production of an unusual nucleotide an ceeu-
picd P-site is a requirement while the A-site must, in
view of starvation, be empty or occupied by an .un-
charged tRNA [14]. The results of Wong and Nazar
[15], GaHant [16], Watscn and Yamazaki [17] and
Lund and Kjeldgaard [11] are all in agreement with
our view, although in part differently intcrpreted by
these authars. In the fr vitro system of Hascltine et al.
[9] the presence of peptidyl-tRNA and (parts of de-
graded) mRNA on the ribosomes cannot be excluded.
Further experiments wili hiave to show whether in
vitro, tao, only messenger-bound ribosomes with an
occupied P-site produce the unusual nucleotides.
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Fig. 4. A) Efiect of trimzthoprim on MS accumulation induced by 5-MT in S, eyvphimurizem B CSU_ 5-MT was added at ty. tn-
methoprim at ty4. (6-—2-—0) 5-MT only; (a—o—=a) 5-MT plus trimethcprim. B) Correspondent affects of trimethoprim on
GTP and ATP pool. (o—¢—0) GTP, and (6—o—2) ATP, both sficr S-MT only. (8—e—@) GTP, and (&4—a &) ATP, both

after 5-MT plus trimethoprim.
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