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i. Intreduction

Since the pioneering studies of Clark and Marcker
[1] . Capecchi and Eisenstadt [2] and Lengyel [3], 1t
has been generally accepted that initiation of protein
synthesis in prokaryotic cells would always involve
formylated Met-1RN/ AMW as an initiator. It has, how-
ever, been shown {1, 1@] that fLRNAMﬂ differs in its
structure from tRNAM®! (which d@es not initiate but
transfer :mmethionine inside a polypeptidic chain) and
this raises the puzzling question: why should there be
two different signals (NH, blocking and initiator
tRNA struciure) at the very beginning of protein syn-
thesis in prokaryotic celis? A tentative answar is that
a highly evolved regulatory mechanism may be work-
ing at the initiation step of protein synthesis to couple
it to DNA and RNA syntheses in some cracial events,
such as mitosis for insiancs. The universality of NH,
blocked methionine at the initiation of prokaryotic
protein synthesis has already been questioned by
Samuel et al. [4] with Streprococcus jaecalis and re-
cently by White and Rayley [5] with Halobacterium
cutirubrum; these anthors have found conditions in
which cells may grow without formylation of initiator
methionine-tRNA,

The formy} residue of formy! methionine derives
from the ene-carbon pool metabolism; and since the
antimitotic trimethoprim [4] is 2 well known inhibi-

or of this metabolic pathway it has first been nted to
_ investigate the coupling between mRNA syathesis
and inifiation of protein synthesis on wild type £ coli.
1t is auggested that mRNA synthesis, at Teast for the
lac operon, is probably blocked by trimethoprim be-
fore {or in parallel with) protein synﬂxem, with a cor-
: —relat:ve accumulatmn uof F»Met ‘iRNAF e fn aﬁdm{m
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it was attempted to isolate mutants which would be
able to grow without formylation of initiator methio-
nine 1RNA. Therefora selection was performed on a
medium supplemenied with the one-carbon pool me-
tabolites, in the presence of trimethoprim and sulfanil-
amide {which inhibits folate synthesis). One observes
that mutants which grow in this medium fall in sever-
al classes involving DNA synthesis {thymine require-
ment}), RNA synthesis {resistance to rifampicin) and
pretein synthesis (resistance to streptomycin or spec-
tinomycin). Under these conditions it is shown that
formylation of Met tRNAYE Me oeenrs at a low level;
this suggests that fmmylaitaxm may act as a coupling

signal between replication, transcription and iransla-
tion.

2. Materials and methods

E. coli strains are derived from K12 {thiamine
auxctrophs). They are:

Hir: K116 KX 12 3000
K1161 {thy—) K 12 3300 Qlac i~)
iC 234 {pab—)

F~:

&00 € {thr— leu—)
2001 C (thr~ leu™ sir?)
PAy {Arg™ rel™ sir®)
PAE (Arg™ rel® sirf). [[(6]

: ”‘nmeihopnm was ch@sen asa. d}hyﬁr@x@la‘la nﬁme-
tase inhibitor because it has bean shown [7] that it is

' . amost potent inhibitor in K12 strains: it penetrates
. the cells much more easﬂy than mhe* folate antago-

TﬂS"‘Sm



Volume 34, number 2 'FEBS LETTERS August 1973
Table 1
Met tRMNA and FMet i1RNA content of trimethopzrim treated cells,
K116 Kl 161 {thy >
Trimethoprim
{ng/ml) 0 0.15 0.30 B.75 1.50 3.75 O 7.3
Met IRNA pMimg
wet celis 1.80 2.15 2.25 2,75 3.40 3.35 195 1.85
FMet tRNA pM/mg
wet cells 3.20 290 3.65 #.55 5.05 5.03 3.70 3.90
FMet/Met + FMet % B 37 62 62 &0 60 &8 68
Generation time
minutes 73 85 120 173 240 31D 70 73

Cells are grown at 35°C in MFS and acrated by shaking 60 min after trimethoprim addition, 1RNA is extracied as described by
Marcker [ 8] {early logphase). In this experiment Met is separated fmm FMet by enzymatic discharge using crude E. ¢olf tRNA 1i-
gases and excess AMP and pyrophosphate [9]. Met is counted as I HiMet {10 CY/mM).

Cplture media were! M 63 [8] supplemented with
thiamine (M 63 B; ) and glucose {4 g/%) or glycerol (6
g/%) and the required metabolites for auxotrophic
strains; MLFR which is M 63 B, supplemented with
12 gfR Bacto Folic Assay medinm (Difco); 200 mgf2
serine, glycine, methionine; 80 mg/? thymine; 10 mg/?
adenine, puanine and 4 /2 glycercl; MFS which is
M 63 By supplemented with 200 mg/% serine, glycine,
methionine 80 mg/f thymine; 10 mg/R wridine, 10
mg/® adenine, guanine; 1 mg/f pantothenric acid (calci-
um salt).

Mutagenesis was induced on exponentially growing
cultures (3 X 107 cells/ml) with 2thyl methane sulfon-
ate {EMS) {8] and selection for resistant mutants was
obtained on 159% agar plates containing MLFR supple-
mented with 50 mgfR tnmezhopnm and 1 gfR sulfanil-
amide.

In some cases rifampicin {50 pg/ml), streptomycin
{100 pg/ml) or spectinomycin {Upjohn) (100 pg/mi)
were added to test for resistance. Sugar utilization was
assayed on EMB plates.

In vivo incorporation of [SH]methionine {10 Cif
mM) waz obtained on MFS devoid of methionine and
tRINA was phenol extracted afier exiensive washing |
of cells in glycerophosphate buffer pH 6.0 (10 mM)
MgCl, (10 mM). The relative amounts of Met and -
FMet tRNA were measured either by enzymatic dis-
Icharga in the | presence of excess AMP and pyrophos-
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phate {9] or by elecirophoresis at pH 3.5 [10] after
discharging IRNA in 0.8 M triethylamine for 15 min
at 37°C

£ Galactosidase and transacetylase were assayed af-
ter cells had been induced with isopropyl fD-thioga-
lactoside (JPTG) or repressed with thiophenyl fD-ga-
lactoside {TPG) with the standard procedures {3] ex-
cept that iransacetylase was assayed in measuring
[14C)acetyl IPTG radicactivity from [19C]acetyl CoA
instead of using dithionitrobenzoic acid.

3. Resnlts and Jiscnssion

3.1. Trimethoprim effect on wild type E. coli {K 16,
K 12 3000, K 12 3300)

As already described by several investigators 11—
13] one observes that DNA synthesis {(incorporation -
of [®H]thymidine), RNA synthesis (incorporation of -
[PH]uridine) and protein synthesis {incorporation of
[*3Clleucine or [14C]proline) are reduced 10 less
than 10% of their initizi value 3 min after addition of
5 pg/m] trimethoprim {at 37°C, in MFS — devoid of
thymioe when radioactive thymidine is added — fora
generation time of 55 min). In the case of K1 161
which is a thymine auxotroph, this addition of 1xi-

- methoprim has no effect; furthermore, protein synthe-
sis proceeds at an al_most normal rate for 1 hr when
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only a small amount of thymine {5 ug/m!l instead of
30 pgfml) is present in the mmedium.

‘The sffect of trimethoprim on protein syathesis is
generally ascribed to inhibition of formylation of
charged initiator tRNA, Therefore the amount of Met-
IRNA and FMet-tRNA were measurad at different tri-
methoprim concentrations either by selective discharg-
ing or by direct electrophoresis. This latter method
yielded, in addition to Met and FMet a small amount
{= 5%;j of dipeptides FMst-aa.

Table 1 sums up the results obtained on Ki 16 and
Ki 161. Two main features appear: 1) the relative
amount of FMet compared to Met is almost un-
changed when the generation time increases four
times; 2) the total amount of Mei tIRNA and FMet
tRNA per mg of wet cells shows a 80% increase. Thus
trimethoprim either vields an accumulation of
charged tRMNA or induces an increase in the total
amount per cell of tRNAM®. This may be due to a
specific induction of {RNAF® synthesis (which would
accordingly be less formylated but in a higher concen-
tration) or on several tRNA species including
ZRNA%‘:HM and iRNAﬁm. Therefore the primary iarget
of trimethoprim inhibition is not protein synthesis;
this conclusion is in agreement with Dale and
Greenberg [13] and casts doubt on experiments
where trimethoprim is used as a specific inhibitor of
proiein synthesis.

3.2. Trimethoprim effect own the lne operon expression
Kennel and Simmons have recently shown [14}
with direct investigation of the messenger RNA that
there is a coupling between translation and transcrip-

tion for the lac operon. I have investigated this cou-
pling when trimethoprim is added to the culture, with
the help of thiophenyl galacioside {TPG) which is a
repressor of lac operon transcription. Although this
method is not very precise it suggests that frimetho-
prim may act more or less directly at the RNA level.
The Jac operon is induced by addition of IPTG 1hr
“before trimethoprim or cther inhibitors are added.
When 1 pgfml of trimethoprim is added to an expo-
nentially. growing culture induced with 100 M IFTG
the rate of increase of 3 galactosidase and transacetyl-
ase proceeds at a normal rate for at least 1hr whereas
the generation time has nearly tripted (175 min com-
pared to 60 min). Upon the addition of 5 ug/ml of
trimethoprim in a culture induced with 35 uM IPTG
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ig. 1. Effect of trimethoprim on 8 galactosidase synthesis.
i. coli K1 16 was allcwed to grow in MFS up to a densitr of
0.4 (600 nm). IPTG 40 pM) was added angd the growth pro-
ceeded for 60 min {£ —o-—o) and conizol 105 min). At this
time {0 min) the cul-ure was separated in 5 samples whe-e
trimethoprim {5 pgf nl) andfor TPG {2 mM) were added

{+ — + — ) trimn (0 min) alone; (@ —e—=s) trim + TPG D
mind; (X — X~ %) trim (O min) + TPG (2 min); {o—o—-0)
TPG {0 min) alone {(&#—~aA—2) frim {0 min) + TPG (8.5 min).
Ths data for transacetylase ate similar but less precise ang
the slope of the control is slightly higher.

this is o longer the case; after 10 min increase at the
normal rate the concentration of these lac operon en-
zymes levels on. Fig. 1 shows that 2 mM TPG inhibits
very efficiently transcription of the lac operon since

B galaciosidase and transacetylase are no longer
formed {or only at a slow rate) after about 4 min.
which is the likely value for the turnover of the mes-
senger RNA of the iac operon. When the TPG is added
2 rnin after trimethoprim the rate of incresse of the
lac operon expression ceases after four more minutes,
whereas, after 8.5 min the platenu is attained within
less than 2 min. These observations suggest that {at
least in the case of the lac operon) trimethoprim has

a more ©7 less direct inhibitory effact on RNA synthe-
sis such that one cannot &1l that inhibition of protein

329



Volome 34, number 2 .

synthesis is the cause of inhibition of RNA synthesis
in this operon. An alternative explanation is that tri--
methoprim increases the life time of the messenger
RNA by slow inhibition of protein synthesis.

In order to obiain a more precise evidence for this
mechanism, strains PA, {r8l™) and PA, (rel®) were
used, but it was observed that these strains could
grow not only when trimethoprim was present but
also when sulfanilamide was present {(on MLFR) This
observation will be explained hereafter.

3.3. Properiies of trimethoprim + sulfanilamide resis-
fant srains

The most direct method to obtain nformation on
the function of formylation would be to study a E.
codi Mutant which wounld grow without formylation
of initiator tRNA, It is known [13] that this function-
al group comes from N10 tetrahydrofolate (THF): a
mutant which would grow when THE metabolism is
blocked and the necessary {pne-carbon)metabelites
supplied isho Mped 1o be of the expecied kind since
FMet tRNAZ™" cannot easily be supplied.

Trimethoprim blocks the dibydrofolate {DHF) re-
dnction 1o THF whereas sulfanilamide blocks the
DHF synthesis; thus a first screening was obtained ns-
ing X1 16 and searching for mutants growing on
MLFR agar plates supplemented with 50 ugfm] tri-
methoprim and 1000 ug/mi SA. Since one obiains
generally 90% of thy — mmutanis the screening used a
replica-plating step on M 63 glucose plates where thy™
strains cannot grow. Mutants growing on M 63 glu-
cose supplemented with trimethoprim are considered
here since those mutants are either permeability mu-
tanis or dihydrofolate reductase mutants and proba-
bly not directly involving initiation of protein synihe-
sis. Strains which grew on MLFR + Trim + SA, on M
63 glu and not on M 63 + Trim were kept. Five of
them were tested for Mzt and FMet tRNA content
when grown on MLFR + Trimn + SA after phenol ex-
traction of tRNA, triethylamine discharge and high
voltage electrophoresis. In each case it was found that
formylation occurred at a level almost normal {about -
45% FMet/Mei + FMet) whereas in the control this
level was reduced to about 10%. Since this could be

explained by enhanced values of formylase activity or .

increase in some specific rates in the one-carbon pool
metabolism, I decided 10 use as a wild type a para-

“amino benzoic acid auxotroph {C 234) which should

be more drastically affected by SA than K116, -~
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Cultures of C 234 were mutagenized with EMS
and plated on MLFR + Trim + SA. After 48 hr
growth ar 37°C, colonies were visible. They were
picked up and spotted on the same selective medium .
for purification and this procedure was repeated
twice.

The possible couplmg between one-carbon pool me-
tabolism and DNA, RNA and protein syntheses was
tested by assaying mutanis for thymine requirement,
rifampicin resistance and streptomycin or spectinonyy-
cin resistance.

The result is as follows: among 1990 {Trim + SA)
resistant C 234 mntanis 102 rifampicin resistant, 1
spectinopycin resistant and 1 streptomyecin resisiant
{these don’t cross resist?) were found. Since no Str?,
Spct or Riff due to permeability have been found yet,
those mutants are most probably located at the spe
{63 min) sit {64 min) and 1if {77 min) loci; indeed
the converse experiment i.e. the use of 817, Spc? or
Rif* mutants selected in the normal way (i.e. on the
corresponding antibiotic) yields cultures which grow
on MLFR + Trim + SA: this is the reason why PA,
and PA, grow since on this medium they were found
to be Str’.

The total mutagenesis yield is about 2 X 10~
which gives a yield of 103 for rif and 10~7 for str
and spc. This supporis the idea that almost all RifT,
Spc? and Strf have thus been selected since their rela-
tive occurrence, when obiained by selection on the
cognate antibiotic is similar (spontaneous: Rif*

5 X 10~7 Spe”, Stx' 5 X 10~9). Despite this likely in-
terpretation these resistant strains may be traced as
very improbable double muiations; therefore the Met
tRINA and FMet tRNA content were not measured
on sirains selecied on trim + SA but on strains ob-
tained from selection with the cognate antibiotic
{strain derived from 600C). One finds that the FMet
content is reduced to less than 15% of that of the
control when 50 pgfml trimethoprim and 1000 pgfmil
are added to the culture {after 2 60 min incubation
in MFS containing trim + SA, filtration, reincubation
for 3 min with [>H]}methionine and finally addition
of 100 pg/ml chloramphenicol). One should note at
this point that the FMei content was not found to be

' reduced 1o zero.

~Among other mutants mam y (90‘57) are thy— but
some grow on glu + Paba and some are mal—. A more

: gener'ﬂ rcharactenzahon isin p;rogrevs_ Enrichment in
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Str® and Spc® mutants has been further tested by inci-
bating about 1010 bacteria (K1 16 or K12 3000) in
MLFR + TMP + SA then diluting after 48 hr growth
in fresh media and finally repeating this procedure,
spreading 107 bacteria on streptomycin or spectino-
mycin plates. From the spontaneous St and Spe’
mutation rates one should not obtain any living colo-
nies; it is, on the contrary, observed that one finds
many such colonies? '

Thus it seemns likely that the changes in the 308
ribosomal subunits due to Spe? or Str’ yields bacteria
able to grow with Met iRNA%m, The in vitro assay to
test this hypothesis is in progress. The rifampicin resis-
tance is more difficult to explain since it involves the
$ subunit of DNA dependent RNA polymerase. This
snbunit is probably somehow coupled to initiation of
protein synthesis either directly or because the
mRNA or IRNA structures are affected {which seems
rather unlikely). This phenomenon may be related to
the experiments presented above on lac operon angd
Imamoto and Tani experiments chowing diversity of
regulation of genetic transcription [16].

4, Conclusion

Some of the gene modifications which more or less
reverse growth inhibition due to blocking of the one-
carbon pool metabolism {in the presence of the neces-
sary metabolites) are the thy™ mutation, the rifampi-
cin resistance and the streptomycin or spectinomycin
resistance. These are 1elated 1o DNA synthesis, RNA
synthesis and protein synthesis. One may therefore
think that there is an underlying mechanism which ag-

counts for the corresponding coupling between these
syntheses. I wish to add a weak teleonomic argument
for situating this coupling in the one-carbon pool me-
iabolism itself, not only because of formylation of ini-
tiator tRNA {one may also think of a specific snodifi-
cation of tRNA iiself) bui becavse of the very pres-
ence of thymine in DNA.

It appears to me that living beings had to loose a
rather important genetic stability when thymine was
introduced as an informational base: adenine, uracil,
cytosine and gnanine were mosi probably selected
among structurally similar molecules not only be-
cause of their ability to pair by hydrogen bonds but
because they are non fluorescert {no stable excited
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state of low energy) a* ambieni temperature. Accord-
ingly they are almost non reactive with one another,
even when stacked; contrarywise it is well kuowa that
thymine {which is slightly fluorescent) yields dimers
in DNA at a so high frequency (for genetic stability)
that an excision—repair mechanism has been selected
to reduce the effect of this pheromenon. Thus the
introduction of a methy] group in a2 DNA base must
have been of prime importance to overzome its disad-
vanteges. There are two ways for methyle*ion in the
cell, either use of S-adenosyl methioning or use-of the
one-carbon peol. Not only does the CH5 of thymine
come from the latier but it does not use the tetrahy-
drofolate coenzyme in catalytic but in stoichiometric
amounis. This is a very stringent counling to the gen-
eral ceflular metabolism and this gives a central role
to the dihydrofolate reductase. It therefore supporis
the idea that the tetrahydrofolate metabolism is cru-
cial for a coupling between replication, transcription
and translation and thus to mitosis.
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