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Preface

Recent works on genetic transcription have been shown the main
outliné of themechanisnlby which primary step of gene expression is
regulated, though some facets of it such aé transériptional termination
are.relatively ﬁot éé clear. 1In contfast, the meéhénisms which regulate
_template activity 6f the messenger RNA are much lésé understood.
‘Clarification of the mechanism of post-transcriptional control in the
pathway Ey which genetic information is translated into the amino
acids séquence of proteins is obviously one of the most important
problems in understanding the genetic regulation.

I will report here some aspects of regulation of the"transcripfional

termination and messenger RNA decay in Escherichia coli with particular

regards to the tryptophan operon.




Part 1.

Diversity of Regulation of Genetic Transcription ¢ Differential
Chain Termination in Transcripts Originating at the trp Promoter

and PL Promoter of Atrp Phage,

1o



Summary

Ihe trp operon translocated in the early region-of phage A can
be transcribed under the control of two promoters,.the-authentic Pt
promoter and the PL bromoter of the Ngene (Imamoto & Tani, 1972;
ihéia &,Imamoto; 1976a). To determine trp mRNA from Atrp, appropriate
¢80££B'DNAS were used és a DNA complement invDNA—RNA hybridization
assays. | | |

In the absence of N function, transcription of the trp operon from
the PL ﬁromoter in Atrp terminates at a specific site in trp leader
gene.. The effect can be Qbserved in the experiment employing Atrp

phage retaining an amber mutation in the N gene or a host strain

groN785 or nusA-B27-1 infected with normal Atrp phages. Result obtained

through base sequence analysis by tWo dimensional thin layer chroﬁatography
lead me to a conclusion that the termination signal is the DNA sequence

N

which is rich in AT base pairs. In Atrp phage employed, the tL terminator
has been deleted (Fiandt et al., 1974). The protein product of the tof-
gene has no_connecfién with this- effect. | |

In contrast td this observation, trp mRNA synthesis originated at
-the EEEE.promoter is not sensitive to this termination signal even in

absence of functional N gene product. Possible mechanisms for these

findings are discussed.



1. Introduction
When the baéterial trp or gal operons are'translpcated into A\

phage, transcription can occur starting either at the bacterial
operon promoter or at é proximal PL promdter of the N gene and
continuing through the operon sequences (Franklin, 1971; Imamoto
& Tani, 1972; De Crombrugghe et al., 1973; Tani & Imamoto, 1975;
Ihara & Imamoto, 1976a). Transéription from the PL promoter shows
at least four major differences from transcriptio;—Qriginated at
the authentic promoter of the operoﬁ; 1) the transcription is not
deleteriously affected by blockage of translation by antibiotics
.(Imamoto & Tani, 1972; Thara & Imamoto, 1976b) or by inactivation
of temperature-sensitive riﬁosomal elongation factors G, Ts or Tu
. (Kuwano & Imamoto, unpublished results); 2) the translational
termination at nonsense mutation sites of PL—promoted transcript
fails to produce polarity (Segawa & Im;moto, 1974; Franklin, 1974;
Adhya et al., 1974); 3) the signals for termlnatlng transcrlptlon
at the end of trp operon (Segawa & Imamoto, 1976; Franklin,
pefsonal communlcatlon), at tX (Franklin, 1974), and at the end
of the bioA gene (Adhya 3£ §iT, 1974) aré ignored in read-through
transcription from.the PL promoter; 4) tﬁe trp mRNA (Yamamoto &
Imémoto,>1975) and gél_;;ﬁA (Court et al., 1975) formed as a
pa;t of PL—bromoted transcript are chemically sfable}

‘ Many-gg‘these,bhenoﬁena-aré concerned with general insensitivity
~of the PL;bromoted transcription to eventé of translational arrest.
Here I-_;eport, in cbﬂfrasf to these changes, a fifth difference,

in the opposite.directioﬂ: trénscription of the trp operon inJ\trp_

phage from the PL promoter terminates at a specific site in trp jaader gene.



effected most possibly by rho factor in the absence of N function;
while the transcription initiated at the authentic trp promoter is

insensitive to this termination signal.



2. Materials and Methods

(a) Bacterial and phage strains

The following strains of E. coli K12 were used for infection

+ .
experiments; W3110 trpR trpAEl, a large deletion mutant covering -the

whole trp operon W3110 trpR+ trpAEl sul, groN785 (Georgopoulos, 1971)

and W31C2 nusA-B27-1 and the parental W3102 K37 (Friedman & Baron,
1975; Friedman, personal communication). The mutations of groN785
and nusA-B27-1 block ) development at the stage of N gene function.

The following phages were used for infection experiments; non-

defective transducing phage, Xtrp(Q}attSOtrp60-3immeSRx), which replaces
the ) genes to the left of § with the whole.trE operon of E. coli, and
its derivatives ktrEN;3 and AtrpN; tof12 which were obtained by crosses

with k§; §;3 or Atofiz (Takeda et al., 1975). The genetic map of the

~

Atrp phage is shown in Figure 1. .

The following phages were used as sources of DNA for DNA-RXNA
hybridization‘assays; %80, ﬁhe non-transducing parental phage, non-
 defective transducing phages ¢80££E§2_and @80tf§C—A. The trp operon

segments carried by the ¢80trp phages are shown in Figure 1.

(b) fréparationfof Atrp phages

‘kgzg_phagesvwere érepared by lytic infection of sensitive bacteria
E,‘coli KlZ.WlASSsﬁIIIvon_agar plétes-(lOg bacto-tryptone, 2.5g NaCl
lZg agar and one llter H O) " After extracfion wifh » diluticen fluid
v[l x 10 ZM Tris-— HCl buffer (pH 7. 3) and 1 x 10 2M MgClz], phages were
' E;concéntrated w1th one. cycle of low—and hlgh-speed centrlfugatlon and

nj’;suspended_in ;}dilutionffluid gontaining 20 ;g/ml»bov1ne-serum albumin.



(c) Preparation of phage DNA

Lysates of #80 and ¢80££Efs were prepared by 1lytic growthvon.
sensitiue bacteria E.coli K12 W1485. After low- and high—speed‘
centrifugation, phage particles wefe.suspended in Tl dilution
buffer [6 X 1074 MgSO,, 5 X 1074 CaCl,, 1 x 1073 gelatin and
6 X 10—3 M Tris-HC1 buffer (pH 7.3)] and treated with DNase
(3 fg/ml), After DNase treatment, phagesrwere purified by a
combination of one cycle of low- and high-speed centrifugation
and CsCl density centrifugation. Phages were suspended at a
concentration of‘2 X lOlZ/ml in 0.1 M sodium phosphate buffer
(pH 7.1) contaiuing 0.1 MFNaCl after dialysis against the buffer.
Phage DNA’s were extracted by phenol treatment (Kaiser and
Hogness, 1960) and dissolved in a saline-citrate solution (1 X.
SSC: 0.15 M NaCl-0.015 M sodium citrate) after dialysis against

.

the solution.

(d) Preparation of'pulse—labeled'RNA-

Bacteria were grown with aeration to 6 X 108 cells/ml in an
enrlcﬁed mnedium (Lebroth) (Lennox, 1955)-eupp1emented with L-
tryptophan (50ug/ml) Tﬁe cells were collected by centrifugation,

tuice
washed with cold Tl-dilution buffer and resuspended in the same
'buffer to give a final den51ty of about 6 X 1010 cells/ml. |
About 6 X 109 cells of bacteria were 1nfected with each of the
_bxtrp phages at a mult1p11c1ty of about 5 in 1.5 ml Tl-dilution
»:buffer contalnlng 1 h lO_3M KCV by 1ncubat1ng for 10 minutes at

‘130 C or in. l 5 ml of 0. 02M MgSO by 1ncubat1ng for lO minutes at

4

‘l30 C 1n the experlments of Flgs 2 ‘a and 6 Employment of the




latter cébition lessened ineé%lity of the rateg»of mRNA syntnegiﬁ
at onposife Ends:of the trp operon.(Imamoto,v1969);
The cells were'collected‘by centrifugation nnd suspended in 0.1
ml of cold minimal medium (Vogel & Bonner, 1956) and stored at 0°C
less than an hour untill labeling. The cell suspension was trans-
ferred to 2.8 ml of prewarmed (30°C) minimal medium supplémented
with 19 aminé%cids (each 0.5 mM) éxcluding tryptophan, and the cell
suspension was shaken vigorously in a water bath_at 30°C. L—tfypto—
phan (SOyg/ml)‘was added in experiments to demonstrate uniquely PL—
promoted synthesis of trp mRNA. At a suitable time during incubazznn
the celi%uspension was pulse-labeléd as indicated with 100 to 300
- pCi of tritiated uridine (19;0 Ci/mmol),
Labeling was stopped by rapidly pouring the suspension onto
35 ml of crushed frozen medium‘containing 1 x 107%y Tris-HC1 buffer
at pH 7.3, 5 x 107 M MgCl

1 x 107%M NaN, and 250 ug of chloram-

2° 3
phenicol/ml. RNA was prepared by the procedure reported previously
(Imamoto gg_gl:, 1965). THe RNA obtained was filtered through a

- -2
Millipore filter, precipitated by eé@nol and resolved in 1 x 10 "
3

Tris-HCl buffer containing 0.5M KC1 and 1 x 10 M Na EDTA or in H,0.

Pulse- labeling with 32P‘-was"performed in the same way as labeling
with [3H]uridine'except that céils were grown in trynton—k meddium,
-washed withvcoid buffer free from phosphate (see Materials and Methods
of pnrt BI).and labeled in the same‘buffer containing 20 ‘amino acids

with about 10 mCi of >ZP-phosphate.

(e):DnA—RNA hybfidization'  |
~ The hybridization'prqceduré'wns_aéﬁfollows;DNA of P80 or P#80trp
”nas diiunéd tn a connentranion:nf.lOO:ﬂg/ml_in 1 x SSC and heated
. Cin boiling waﬁer,fot‘ld minuténifolinwéd-by’rapid‘cnoling,in ice
b vater. 'Th'_e'l.)NA_ was furth,e? _dilut:eci»:.t:,-q .é‘,.__c»onc'e':ntrba'tion o‘f 8 ug/ml

in 3 x SSC. Five milliliters of thé'DNA ~ .




solution was‘filtered through a Miilipore fiilter (tyge HA, 0.45 .m pore
size) of 25 mm diameter.‘ The.fiitér was washgd with 40 ml of 3:x SSC,‘
cut into 8 pieces and dried at 80°C for 2 hours. Assay of ﬁzg_mRNA

was carried out by immersing one of these filter bits in 100 ul of
[3H]mRNA‘solution in 1 x lO—ZM Tris-HC1l buffer, pH 7.3, containing

0.5 M KC1 and 1 x 107 °M NaZ—EDTA, and incubating at 66°C for ‘18 hours.
Afterwards, the filters were‘treated with RNase (5 ug/ml) in 1 x SSC

at 37°C fqr 30 minutes, washed with 1 x SSC, dried and counted in
toluene-based scintiliation fluid. Total radioactivity of FH]uridine
incorporated into RNA (totall[BH]RNA)‘was measured és the material

precipitable by cold trichloroacetic acid.

(£) Sucrose‘density—gradient analysis

| RNA preparations were sedimentedvin 5 ta 30 % liﬁear sucrose
gradients contaiﬁing 2 x lO-ZM Tris-HC1 buffer (pH 7.3), 0.1 M NaCl,
0.5 %Z sodium dodecyl sulfate and 5 x lO—3M EDTA for 120 minutes at
63,000 rev/min in a SW65 rotor or 240 minutes at 45,000 rev/min in a

SW65 rotor at 15°C. After centrifugation the bottom of the tube was

punctured and appropriate fractions were.collected.

(g) . Chromatography on PEI-cellulose

The isolated RNA~(cdqtaining 20. ug of co%d carrie; RNA) was digested
with Tl RNAase and applied to the thin—layer plétes. 'Chroﬁatography
waé cafriéd out on PEI-cellulose by the téchniqués éé described by Mirzabekov
and Griffin (1972). The‘céaitioﬁ~of T

1 RNAase hydrolysis is also the

Same_as,déscribed'by them.

v (h)?Reégenfs

:*  ,Tfi§ia§ed uridine‘waé buréhased.from the Daiiéhi Chemical Companv,
Z:Oé;g§; éﬁd §és used wiﬁhout,&hé'gddiﬁ@dé,df;;étrier. _Miléipbre filters
> Q¢fé égréﬁaéééifébﬁ_ﬁhé M;iiiporé fii£§riéoﬁéé§§, Bédférd;;Mgss.
féﬁi¢;;mpﬂéﬁic§l€§a§lfréﬁ féﬁk Da;i§:; D§;sé‘éndeNASE Qe;gxébiaihéd.

e Worthington Biochemicdl Company. RNase was .used .after heating




at 80°C for 20 min in 0.15 M NaCl to inactivate any contaminating

DNase.

'3.'2Resul£s-

The éZB:nRNA Synthesized speeificaliy.frdm the translocated trp
operon of Atrp phages was assayed after infecting a deletlon host
trpAEl which lacks the whole t trp operon. It has been directly demonst-
rated Fhat trp mRNA synthesis of Atrp which possesses an intact trp
operon is controlled by two pfomoters,'the authentic trp (Ptrp) and

the PL promoter, and by two operators, the trp and the OL operator

(Imamoto & Tani,.l972; Segawa & Imamoto, 1974; Tani & Imamoto, 1975;
Ihara & Imamoﬁo, 1976a). 1In order tovdemonstraee uniquely PL—promoted
synthesis of trp mRNA, strain trpAEl which retains a trypto;;an
regulator (trpR) gene located near thr on. the chromosome of E. coli,
far removed from the clustered tryptophan structural genes (Cohen &
Jacob, 1959), was infected with Xtrp phage in the presence of L-
tryptophan. In all the experlments, DNA of phage $80trps carrying
various trp gene segments was used as a DNA complement in DNA-RNA
hybridization assays to demonstrate ‘trp mRNA for the transsocated trp
operov. Ev1dence has been presented establlshlng that the hybridiza-
tlon reaction effectlvely dlstlngulshes between different genetic .and

phy51olog1cal states of regulatlon of the translocated trt operon in

A phage Qegawe & Imamoto, 1974 Yamamotc & Tmamcto, 19/3)
trp

(a) Decrease in trp mRNA production upon N-,mutation

After 1nfect10r cf. tranl with Atrp phage in. the presence of

L- tryptophan at 30 C the svnthe51s of trp mRLA reaches & sharp maximum

10




during'the first three to seven minutes after infection, and-then-
declines until it reaches a steady state (Yamamoto & Imamoto, 1975).

The rate of synthesis remains nearly constant during the period from

12 to at least‘20‘minutes after infection. This is shown in Figure

2(a). .fﬁe decline in the rate.of synthesis seen after several minutes

of infection is believed to be caused by the function of the tof genme,
whose product acts at the oberator of the N gene and substantially reduces
transcription with the l-strand of the early region of A soon after

the initiation of the phage development (Szybalski et al., 1970).

The appearance of trp mRNA after infection is sequential in the order

“of trpE to trpA, thus supporting a notion that the trp mRNA is asymmetri-

cally synthesized from the l-strand of Atrp DNA as is predicted by the
genetic evidence (see Fig. 1).

In Figufe 2(b), 1 show changes in the rate of PL—promoted
synthesis of trp mRNA in Atrp phage which retains anf;;ber’(SB) mutation
of the N gene. Seemingly, the rates are much lower than those of normal
Atrp phage during incubation for about 23 minutes after infection.

Yet Significant prodﬁction of Ltrp mRNA from only the operator—proximal
portion>of the trp operon (mRNA.hybridiZed to ¢80££R§2_bNA) was obSe?ved.

Bésides'the above observatioﬁ, further evidence has been available

suppbrting the notion that, in Atrp phage employed here, the tL

terminator has been deleted: (1) locatidh of the right endpoint of the -
bacterial substitution iﬁ the phage falls well within the imm2l region,

‘most probably to the right of the t, site (Fiandt et al., 1974); (2)

the PL-promoted trahscription is-permittéd to.extend from the X genome

into the_th Operon; even.when synthesis 6fgthe.§ product is blocked by

_antibiotics (Imamoto &~Tani; 1972); and (3) under .conditions in which




fad

the product of the N gene loses its activity in the E. coli K95 nus
host at non-permissive temperature (Friedman et al., 1973), the steady-
state level of the synthesis of mRNA for the Q, S and R genes from the

PR promoter in Atrp phage is severely suppressed, while trp mRNA

synthesis from the PL

promoter is not so affected'(data not shown).

Unlike changes characteristic of the initial trp mRNA synthesis
originating at ;he PL promotef by AEEE.§;3 phage, the synthesis of the
trp mRNA by AEEB-E;_;éflz phége exhibited an alleviation of the turn-
off phenomenon and continued at nearly a constant rate for at least 25
minutes after infection (Fig. 2,c). Yet the level of trp mRNA synthesis
from the operator-distal trpC, B and é_genés was considerably»lower.
throughout the incubation than that of the synthesis from the opéfator—
proximal portion of the operon. Reduction in the overall rate of trp
mRNA production from both the operator—proxiﬁal and distal region of the
oﬁeron was partially rélieved when an amber mutation of the N gene in
AE£2_§; Egiiz phage was suppressed bylintroduction of sul into host
bacteria (Fig. 2,d).

(b) Prematurebarrest:of P.-promoted trp mRNA synthesis in the absence

L

— f—

of N function

From the foregoing experiﬁents.it would be expected that trp mRNA
molecules produced'frqm the PL promoter by Atrp phages retaining an
amber mutation of fhe ﬁ_gené—;gould be_smailer in size than those of
trp mRNA molecules from the normél_hEER phage. This possibility ﬁas’
>éiaminéd in‘sédimentation studies with EEB_mRNA from cultures pulse~

labeled with.[3H]uridine at a steady-state of transcfiption of the trp

-.operon.




In Fig. 3(a) sedimentation profiles are presented for P -promoted

L

Ezp_mRNA from trEAEl infected with ktzp_§;3 phage. .When compared with
the profile of PL—promoted trp mRNA by normal Atrp phage (Segawa &
Imamoto, l974),~;he trp mRNA molecules produced when the activity of
the N gene product is low‘are fdund to be‘éxtradrdinarily small in size,
sedimenting at a position of ebout lZS. A sedimentation profile
essentially similar to this was observed when the experiment wes eerried
out with the trp mRNA synthesized by a host strain groN785 (Georgopoulos,
1971) 1nfected with normal A__p‘phage [in which the N antiterminating
hfunctlon is not expressed (Fig. 3,b)]. Though loss of function of the
N gene product might be somehow leaky in the strain nus§£27—l

(Friedman et al., 1975) infected with normal At rp phage, productjon of

the truncated trp mRNA molecules due to transcrlptlonal blockage at a

site arourd the t _Ep_leader gene was also obvious in this host, when
compafed the profile of trp mRNA from the mutant (Fig. 4,a) with that
of the mRNA from the parental strain infected with the phage (Fig. 4,b).
The reason why mRNA hybridizable with @80trpg§é DNA sedimented at 12s
is obscure, however it may reflect some function of these mutations

for mRNA metabolism._

Although suppressed level of trp mRNA synthesis by itr rp N53 phage
is lessened in Atrp N N tof12 phage (Fig. 2,c¢), the effect is not
attributed to allev1at10n of-premature arrest of the mRXA svnthesis

“but  to 1ncrease in frequency of transcription at 1n1t1at10n step

‘the maJorlty of the trp mRNA molecules produced bv itrp l to lq

phage is stlll as small in size as those from xtrp N, phage, thus

—53
1nd1cat1ng that arrest of transcrlptlon is effectlvelv ﬂceurrlng at the
beginniag of __p_operoqplg' 5 ,a). Upon suppression of the amber

mutatlon of the N gene by 1ntroduct10n of sul into host oacterla, the

—promoted svnthe51s of the ‘p mRNA 1s greately enhanced (Tlg 2,d).




This seeming encancement of the trp mRNA synthesis results from
production of the larger mRNA molecules (Fig.5,b); i.e., a block
" of transcription at the beginning of trp operon is at least in
part alleviated by function of the suppressed N gene.

The fact that the effect couples with loss of function of
- the N gene product lead me to consider the posibilify that in the
absence of N gene product, rho factor functions at a site located

near the beginning of the trpE gene and blocks the transcription.

(c) Sequence analysis of truncated P_trp mRNA produced under

N;deficientrcondition.

Figure 6 shows fingerprints of the 32P—££B_mRNA segment isolated
by hybridization with ¢80trpED DNA from a strain trpAEl infected with
AtrEN7Afof12 phage. The mRNA was digested completely with Tl RNAase.
The oligonucleotides obtained range from.one to about §§ nucleotides in
length and are adequately separated from each other. Results show that
spots for large nucleotides 2, 3, 4, 5, 8, 9, 11, 13 and 15 can
correspond to the nucléotides_sequenée of the trp leader region which
has been‘determihed by Bertrand et al (l975).> Further énalysis of the
oligonucleotides eluted from a spot 15 by twofdimensional:thinlayer
chfomatography following to pancreatic RNAase A reavealed that the spot
correéponded to 5'pUpUpUpUpUpUpUpUOH3' (data not shown). Thus it can
| be cpncluded‘that‘EEB mRNA synthesis initiated at the PLpromoter in
vtrEAEI infécfed with AtrpN7tofl2 frequently terminates at the site

where AT nucleoties pairs cluster in the trp leader regeon.

: (d) Escape of- Ptrp;promoted trp mRNA- syntne51s from the termlnator

An experlment was carrled out to 1nvest1gate 1f trp mRNA synthesis

_ orlglnatlng at the Ptrp promoter 1s also blocked by the signal for

14




terminating transcription created upon a loss of N function., 1In a

non—lysogenlc host trpAEl infected with )\trp N phage in the absence

7 .
. (Ihara & Imamoto, 1976a)
of tryptophan, both Ptrp promoter and P promoter function,

The sedimentation profile of Fig. 7 shows that the majority of
the trp mRNA molecules synthesized originating at the Ptrp promoter

are much larger than those from PL promoter. A small peazk in the

profile of trp mRNA hybridizable with‘?SOtrpED DNA may suggest that

small trp mRNA moleCules_afe still produced from the PL promoter in

Atrp §f

7 phage in the absence of tryptophan.

4. Discussion
My major inference is that when functional N gene product is

deficient, the PL—promoted trp mRNA synthesis is frequently blocked

Teader
at a site of trp: gene, whereas trp mRNA synthesis originated at the

Ptrp promoter in the same condltlon is not sensitive to this termination
signal.

In PL—mRNA molecules synthesized by AEEE.§;3 (about 125 or 800
nucleotides length), trp mRNA is covalentiy linked distal to the N mRNA
sequence (Tani & Imemoto, 1975). .In the Atrp (60-3) phage employed here,
the right terminus of the.E£B§0—3 substitution is within the imm21 region
just to the left:of gene N at 71.8 % X units; ime., theit£p60—3 endpoint
is preceded in X duplex ﬁNA_by 1.8 % A units or about 770 nucleotide

epairs to the left of the PL promotef at 73.6 % X units (Fiandt‘eg_gl.,
1974). Since at least the—tirst ahout 170.nucleotides of the N mRNA
synthesized from P promoter are probebly cut off zgpyizg by pfocessing
(Lozeron et al., I;}S), the bacterial mRNA sequence in the distal

' portlon of the molecule is estlmated to be about 200 nucleotldes length.

.The initiation codon forsthe polypeptide specified by the trpE gene is
preeeded"in P mRNA.by a "leader" sequence'of.ahout 160 nucleotides in

L

- leﬁgthd(Bertrandiet al., 1975) and probably some part of bacterlal RNA

sequences ahead of the leader mRNA portlon. Thus, the.81gnal for

N s




~
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transcription seems to be located within the trp leader region,'which is
vg@pported by the more dlreCt evidence from the two dlmen51onal thin laver
chromatographlc analysis (Fig. 6). In Fig. 6a rad10act1v1ty in spot 10
which represent (U8)36H is smaller than the other spots. It would be
attrihutable to some nueleasé activity in vivo, which degrades mRNA

from 3' to 5'.

Recently, new regulatory elements for the trp opercz have been :
Asnggested. One might wonder whether, when N gene product is deficient,
transcription is somehow arrested in the 1eader.reglon at the
'sttenuator," where the level of extended transcription is believed to
be limited (Bertrand et al., 1975). Such events qmgﬁt occur, but it
can be pointed out that more than one signal for tramscription termi-
nation is created in vivo in the Eﬁﬁg gene translocated into 7trph6
phage (Franklin, 1974) when the N function is lost (Nakamura &
Imamoto, unpublished results). It has also been demonstrated that
there are several sites in the trp (Shimizu & Hayashi, 1974) and gal
(De Crombrugghe et al., 1973) operons where rho factor can function
N gene products has been shown to function by 1nh1b1t1ng rho-

mediated termlnatlons in A phage, thus allow1ng transcrlptlon of»the_
distal genes downstream from the rho-binding sites (Roberts; 1970).
This would suggest that a def1c1ency of activity of the N gene product
would not decrease the rate of mRNA. synthe51s for the N gene. An
‘alternate possibility has been 1nferred-from the observation that a
loss of act1v1ty of N‘proteln results in a co-ordinate decrease in |
the amount of mRNA made complementary to the N gene and of mRNA
.complementary.to the distal.genes of the operon, thls_could inhibit
'.1n1t1at10n of RNA synthe51s at the promoter (Wood & -Konrad, 1974).
_ gPresent observatlons that the actlon of the V proteln is as an anti-
ﬂ'termlnator favor the former 1nterpretat10n.. In fact, when N mRNA
‘ 80 434 phage

.synthe51s was measured by employlng l strand DNA from

16




(Fig. 1) as a DNA complement in DNA—RNA ﬁybridizatioﬁ?assay of mRNA
specific for §;gehe of itrp phage, the raté of ﬁhe'synthesis wag almost
comparable (86 7% in AEEEN; phage of the normal) to that in the gontrol
Atrp phage (data not shown) .

- Considering the termination of transcriptioﬁ, EEEEfpromoted
transcription is markedly different from PL—proﬁoted ;ranscription:
oﬁly the former is sensitive to the polarity effected by general
tfanslationélbblockage, and to the natural terminatdrs for transcrip-
tidﬁ;‘but bnly the latter is sensitive to the terminations, probably
rho?ﬁediated, reported.here.‘ Recently, it has been reported that rho
factor. is the product of the suA gene (Richardson et al., 1975;
Ratnér, 1975), which.mutatibn can partially relieve the.polarity
éffeqt‘of nonseﬁse mﬁtations of the operon of E. Egli_without.suppres—
sing the mutant phénofype itself (Beckwith, 1963). Relief of polarity
by suA is associated with partial detectability of mRNA for genes
digtal to the mutated gene (Mofse & Primakoff, 1970). It has there-
fore been suggésted that the suA strain suépresses polarity because
it lacks normal activity of rho factor, the product of the wild-type
ggé_aliele.

However, this statement is in apparent conflict with the preseht
finding of the insusceptibility of ggggféromoted transpription to rho-
mediated terminatibn. This paradox is difficult to resolve by the
simﬁlest prevailing models for the termination of tramnscription. One
might argue that rho factor can have two different modes of action -
one on'éitesvin DNA (Roberts, 1969; Beckman et gl., 1971) or on RNA
polymerase (Schéfér & Zillig,'l9?3), and the bther on sites in ﬁRNA

'expdsed in the absence of translating ribosomes (Richardson et al., 1975;

- Galluppi et al., 1975). The first'mechénism’would then apply to PL—
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i ipti P -tra ription.
directed trp transcription, and the sgcond to r nscrip

‘However, since the expression of trp genes is normal and seemingly

very similar in both P -trp and P, -frp transcripts (Yamamoto &

Imamoto, 1975), the second medhanism should hold as much for one

species of transcript as the other!

Therefore, one must consider. other alternatives. As one

specuiatiVe possibility, one might assume that free-running RNA

polymerase can be programmed to at least two classes of termination

signéls, one independent of rho f#ctor; and fhg éther rho-mediated.
Rho—?ndépendent t;anscription stops could then occur with Ptr -
ffanscripts - at.attenuator sites, of at the end of the operon, for
example. Ihstéad, under certain conditions (e.g., blocked ribosomes),
the RNA polymerase would be reprogrammed to respond to rho-specific
stops. The reprogramﬁing would be transient, because it would be
reversed by a resumption of translation (as in the case of gradients

of polarity). N gene or other "positive factors" could differentially

change the susceptibility of RNA polymerase to one or another type of

_attenuation or termination signal. Alternative like this have the

advantage of consistency with all the data; but they assume that rho
factor, contrary to many current discussions, is not involved at all

in normal RNA chain termination by RNA polymerase.
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LegendsAtQ Figure

Figure 1.

Simplified molecular maps of collphages.

The relatlve s1ze of each___B gene carried by ¢8Q__R and A__E
phages is estlmated from the molecular weight of the corresponding

polypeptides (Imamoto & Yanofsky, 1967). The genetic map of the

| transducing phage Atrg, §}§££8955E60—319§A, is based on the data of
Nishimune (1973) and Fiandt.et al. (1974). Location ef the right
endpoint of the trp substitution in the phage is represented aligning
. on a relative scale for A chromosome length (Davidson & Szybalskl,
1971) For the markers descrlblng the maps see Szybalsk1 (1970).
’ Dotted,.solld, zigzag and double lines indicate the region of ¢80'
gemone, A genome, 434 genome and bacterial chromosome including trp

N

génes, respectively. v .

‘Figure 2.
; Time course of.transcription of tne translocated trp operon in

Atrp phages. | |

Strain trpAEl was 1nfected w1th Atrp(a), )553_53(b) or \EER_7t°f 12
phages(c) or strain trEAEl suI was'infected with )EEE_thf phages(d)
The 1nfected -cells were resuspended in cold m1n1mal medium (Vogel & ‘
Bonner, 1956) to glve a flnal concentratlon of 1. 2 X lO cells/ml.
_A portlon (0 2.ml) of the cell suspension was transferred to prewarmed
(30 C) minimal medlum (3 ml) supplemented with 19 amlno acids (each
0.5 mM) with L-tryptophan (50 ug/ml), and the cell suspen31on was

. shaken v1gorously in water bath at 30° C. »The_cultures»were pulse—
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labeled with 100 uCi to 200 uCi of [3H]uridine for 1 min at the times
indicated. 7.5 to 19.0 pg of [3H]RNA (spec. act. 5.0 x 104 to 3.4 x lO4 cts/min
per ug) were used for each hybrid assay. Trp mRNA correspondlng to

the trpE and trpD genes or trB trpB and E genes was assayed by

hybrldlzatlon of [ H]RNA with DNA from ¢80§£2__ or ¢80trEC—A
respectlvely. The values with $80DNA background were subtracted from
each hybrld value. The yalnes represented are the percentage of
hybridized RNA relative to the total labeled RNA and the averages of
duplicate determinations. Data are plotted in the middle of each
period of pulse-labeling. The other conditions arevas described

in Materials and Methods. (e) trp mRNA hybridized specifically with

$80trpED DNA; (o) trp mRNA hybridized specifically with $80trpC-A DNA.

Figure 3. . .

Sedimentation proflles of trp mRNA synthesized originating at the

P promoter in trpAEl infected with Atrp N N— phages (a)» gro 785

infected w1th Atrp phages (b)Or EEE___.lnfeCted with Atrp phages
Tritiated RNAs sedlmented were pulse~labeled with 150 uCi of'[ H]—
v _ I or 15th min (c)
uridine for 1 min at the 10th min (a) , 20th min (b) of incubation.
“About 100 ug of [3H]RNA [spec. acr., 7.4 x 103x to - 2.1 X lO4 cts/min
- per ug] were cosedimented with 10 ung [14C]RNA (2 x 104‘cts/min per ug)
prepared from the rifampicin-sensitive strain, as described previously
(Imamoto, 1973). Centrifugation was carried out for 240 min at 45,000
‘ : and (c)
_ rpm (a) or 120 min at 63 OOO rpm (b) After centrlfugatlon, about 30

fractlons were collected and lO ul portlons from each fraction were

used for the determlnatlon of [ C]RNA.,.The neighboring 2 fractions
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fed
v,

were combined and diluted to a volume of about 0.6 ml (a) or 0.4 ml (ﬁ)
. at concentration of 3 x SSC containing 1 x 10_3M NaZEDTA. 100 ul>of

" each ceﬁbined fraction was’hybfidizedj@ith DNA_from ¢80,v¢80££R§Q'or
¢80trEC—A_phages; 'The other cbnditions are as'iq Fig. 2-ane-Materiels
,.‘and Methods._ (o) EEE_mRNA hybridized specificelly with ¢80txpED DNA;
(Q) trp mRNA hybridieed specifically with ¢éOtr2C-A DNA; ( ————— ) total
»n[3H]RNA. Arrewé in the Eigure indicate positions of 23SrRNA,; 16SrRNA

and 4StRNA.

figuree4.
Sedimentation profilee ef’Ezg mRNAisynthesized originating at the
_PL promoter in nusA~-B27-1 (a) or the parental strain K37 (b)
;;%ected w1th A__B_phages.
Tritiated RNAs sedimented were pulse-labeled with 150 uCi of
[3H]uridine fof 2 min at the 20thbmin (;) or for 1 min at 14th min
(b) of incubation. The conditions and representations were the same
as described in the legend to Fig. 3, except that the centrlfugatlon
' at 63,000rpm
was carrled out - for 120 mJ.nA The amount of [~ H]RNA sedimented was

86 pg of 3.6 X 104 cts/min per ug (a) or 200 ug of 6.0 x 104 cts/min

per ug (b).

.Figure 5.
Sedimentation profiles of trp mRNA synthesized originating at the
Eé.promoter in trpAEl (a) or trpAEl sul (b) infectee with trENf

tof12 phages.

Tritiated RNAs sedimented were pulse-labeled with 100 -uCi of
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[3H]uridine for 1 min at the 23th min of incubation. _The cenditions

and representations were the same as described in the legend to Fig.

3, except that the centrifugation was carried out for 110 min at 63,000 rpm. The

amount of‘[3H]RNA sedimented was 23 ug of 2.0 x 104 cts/min per g (a)

or 46 ﬁg of 7.3 x lO'3 cts/min per ug (b).

Figere 6
. 32 o _
Autoradiogram of P-oligonucleotide chromatographed on
PEI-cellulose
Cells infected with Atng7tof12 were pulse-labeled with 32P in presence

of L-trptophan. E&EEE— A was prepared by hYbridization with ¢80trpED

DNA . NmRNA which is covalently associated with P_trp mRNA but not

hybridize with ¢80trpED DNAAwas broken down by RNAase treatment From the
hybrid trp mRNA was eluted by heating. After digestgggAgﬁgﬁ Tl RNAase
oligonucleotides are applied on two-dimentional thin layer chromatography.
PEI-cellulose was kept contact with X-ray film to_visualize tne radioactivity.
a, Autoradiogram. b, Schematic drawing of spots in a.

c,..-Diagrams illustrating the relationship between nucleotide composition

and position of spots. For}instance spot 8 meansu(ACZUB)G, although it

might be confused with.(A3CU3)G or (A5U )G.

Figure 7.
Sedimentation profile of trp mRNA synthesized originating at the
Ptrp and PL promoters in trpAEl infected with Atrp phages in the

.ébsence of ‘L-tryptophan.

Tritiated RNA sedimented was prepared and aésayed as described in
tﬁe 1égend to_Figuré 3, a, except that the incubation was cafried.out
_ig Fhé abséncg-of ;fyétophan. vRepresen;ations were.the éame.as in

' Fig.:3. Thé‘ambhntbof'[3ﬁ]RNA sedimented ﬁa{ about 100 ug of 3.0 x;103

" cts/min per ug.
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Part Ii.
Function of the tof Gene Product in Modifying Chemical Stébility

of trp Messenger RNA Synthesized from the PLPromoter of Atrp Phage.



Summary

The trp operon translocated into the early region of phage » can be
the authentic trp promoter

transcribed under the control of two promoters,A(Ptr trp mRNA) and the PL

promoter of the E gene'(PLtrE mRNA) (Imamoto & Tani, 1972; Ihara & Imamoto,

1976a). PLtrE mRNA has ) ﬂ'message at the 5'-terminal (Tani & Imamoto,

1975) and is chemically stabilized greatly (Yaﬁamot¢ & Imamoto, 1975), as
judged by slow decay to non-hybridizable fragments, of labeled trp mRNA in
cultures treated with rifampicin. This stabilization occurs specifically

with the P. trp mRNA species, but notr with Pt trp mRNA or bulk mKNA species

L Ip

produced by the host bacterial chromosome.
3 PLtrE mRNA became more stable with time after infection: at early
times after infection chemical degradation of PLtrQ mRNA was two-fold slower

than for Ptr trp mRNA, while at later times the stabilization of Eitrg mRNA
was almost total. Stabilization of PLtrE mRNA was markedly reduced when
the activity of the tof gene product is low inm Atrp carrying a missense (12)
mutation of the tof gene. In contrast there’ is no significant reduction

in stabilization when N function is lost in Atrp bearing an amber (53 or 7)

mutation. of the N gene. The very great difference in stabilization of

PLtrE mRNA pfoduced by normal itrp and Atrptofl2 phages was specific for this
RNA specieé: bulk mRNA from the bacterial chromosome decayed at a normal rate
in either host cells infected with Atrp and Atrptofl2 phages.

On the basis of these and other -experiments with AtrpsusN7tofl?2

phage, it is inferred that stabilization of the PLtrQ mRNA is caused by a

modification of the decay machinery, most possibly by the protein product of

the t ne. . L : : ,
(the tof gene The modified decay machinery could specifically block the signal
_fbr initiating mRNA degradétion‘at-the 5'-end of the PLtrE mRNA, thereby'compéting

withfthe norma1vactive_decay'trigger to the mRNA molecule. "Other possible

mechanisms are also discussed.
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I. Introduction
Very little is known about the rate-limiting step‘for chemical degrada-
tion of messenger RNA. It is generaliy accépted that the majority of |
prokaryotic mRNA is unstable, degradgd with an'averaée half-life of a few :
- minutes., However, recent evidence has shown that some species'of ﬁessénger
RNA are rathér stable. These may include the messenger species fbr.ﬁembrane
proteins of E. coli (Hirashima et al., 1973;.Lee & Inouye, 1974; Levy, 1975).
in.fact, at least 107 amount'of the RNA molecules that are produced in
growing E, coli cells, associate with ribosomes, and are not synthesized under
the éonfrol of the rel gene product, have been found to be very stable
chemically (Silengo et al., to be published). 1In cells infected with
bacteriophages such as T7 (Summers, 1970; Marrs & Yanofsky, 1971), T4
(Craig et al., 1972), ¢X174 (Héyashi & Hayashi, 1970), M13 (Janis@ et al.,
1970), R17 (Hattman & Hofschneider, 1970) and » (Gupta & Schlessinger, 1975;

Takeda & Kuwano , 1975) phage messengers show greater chemical stability than

N
~

host mRNA. The differential stability of various mRNA species in a single
cell has been directly shown by the demonstration that, in cells infected
yith AEER phages, EEééRNA synthesizéd as a result of read-through from the
PL promoter is éhemically stable, in contrast to the normal instability of
trp mRNA  produced originating at the authentic Ptrp.promoter (Yamamo;o &
Imamdto, 1975). 1In thoséﬂexperiments, it was also found that stabilitv of
‘the trp mRNA from the P promoter produced at 15 minufes after infection is
'greater than that produded at é@inutes after infection.
| “Here 1 SHOW that stabilizatiqn of the PLEiB_mRNA rmolecule is attributabpie
' to a modification caused by anphage—coded protein, the product of the tof
v géﬁe. By comparison, the N gene product, like the tof gene product important
'in_fhe”contr01'§f erRNA pgoduétiﬁn appears to play little if-any role in the
"vsgébiliéétiqh éfvthéfﬁigngNA; :POS;iBiéiméqﬁénisms 6f mRNAvstabilization bv

tof. gene product are discussed.
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2. Materials and Methods

(é) Bacterial and phage'strains
The following strains of E. coli K12 were used for infection experiments;

. . _
W3110 trpR trpAEl, a large deletion mutant covering the whole trp operon

(Yanofsky & Ité, 1966) and W3110 trER+trp'AElsul.

| The following phages were used for infection experiments; non-
transducing phage, Agzgjhéggggogzgﬁé—BEEgAQSRX), which replaces the Agenes
to the left of N with the whole trp operon of E. coli and in which the trp
operon is controlled by two promoters, the trp and the'PL promoter, and by

two operators, the trp and the OL operator (Imamoto & Tani, 1972; Thara &

Imamoto, 197?év5egawa & Imamoto, 1974), and its derivatives, AtrpsusN53,

Atrptofl2 and AtrpsusN7tofl2, which were obtained by crosses with AsusN7susN53

or Atofl2 (Takeda et al., 1975). The genetic map of the itrp phage is shown
in Figure 1.

The following phages were used as DNA sources for DNA-RNA hybridization
assays; the non-transducing paréntal phage ¢80; non-defective transducing
phages ¢80trpED énd $80trpC-A., 'The_EER_oéeron segments carried by the
$80trp phages are shown in Figdre 1.

(b) Preparation of Atrp phages

. Atrp phages were prepared by lytic infection of semsitive bacteria
€600sS (Sato et al., '1968) in the medium containing 10g bacto-tryptone, 2.5g
NaCl and one 1litre water. Phages were concentrated with one cjcle of low-
and'high—séeed centrifugation and suspen&ed in ggilution fluid [lxlO*ZM
Tris-HC1l buffer (pH 7.3) and.lxlo_zm MgClz] containing 20.g/ml bo&ine serum

. albumin.

: (c)” Preparation of phage DNA -
”  :Lysét§s=of ¢80 and»¢80tr2'ﬁhageéﬂwerg prepared by lytic growth on sensitive

ﬂbaqteria g,,coii.KlZ W1485. Aftef low- éhd_ﬁigh—speedvcentrifﬁgation, phage
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‘particles were.suspended in T1 dilution fluid [6x10_4M MgSOa, leO_LM CaClg
lxlO_3% gelatin and 6x10—3M Tris-HC1 buffer (pH 7.3)] and treated with DNAase
(5ug/ml). - After DNAase treatment, phages were purified by a cnmbination'of

bone cycle of low- and high-speed centrifugation and CsCl density centrifu-
gatlon. Phages were suspended at a concentratlon of about 2x10l /ml in
0.1M sodium phosphate buffer (pH 7.1) containing 0.IM NaCl after d1a1y51s
against the buffer. Phage DNAs were extracted by phenol treatment (Kaiser &
Hogness, 1960) and dissolved.in.a saline-citrate solution (1XSSC: 0.15M
NaCl/O.QlSM sodium citrate) after dialysis against the solution.

(d) Preparation of pulse-labeied RNA

Bacteria were grown with aeration to‘6x108 cells/ml in an enriched medium
(L-broth) (Lennox, 1955) supplemented with L—tryptophan (SOug/ml). The
cells were collected by centrifugation and washed twice with cold .Tl-dilution
fluid. Cells were suspended in the Tl dilution fluid containing 2xlO_3M KCXN
to give a final density of 2.5x109 cells/mk apd were infected with each of
tne Atrp phages at a multiplicity of about 5. After incubation for 15 min
at‘30°C, unadsorbed phages were removea by centrifugation and infected cells
we?e resuspended in cold minimal medium (Vogel & Bonner, 1956) to give a
final concentration of 6x10 10 cells/ml The cell suspension was diluted by
30 fold with prewarmed (30°C) minimal medium supplemented with 19 amino
acids teach O.SmM) with L-tryptophan (50 pg/ml) and was shaken vigorously in
water bath at 30°C. At a suitable time during incubation, the cell suspension

15
L

. 3 . 1 s g . 5 By
. was pulse-labeled with ["H]uridine as indicated in the legends to the Figures.
A portion (6x10 cells) of cell suspension was withdrawn and poured onto 3iml

- \ T

of crushed frozen medium containing ! _lezM t,1s—HCl buffer (pH 7.3), 5x1C ™
-2, ,'
MgC12, 1x10 "M NaN3 and 250 ug/wl of ciilg emohenecoJ RNA was prepared

S M
cordlng to Lne procedure reported prev1ouely (Imamoto, 1969) The [ “H]RIA

thained,was dissplvea_ln 1x10 ZM ivls—PCI buFfer (DH 7.3) containing 0.3
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KC1 and 1x10’3M NaZEDTA.'

(e) DNA-RNA hybridization

¢80 or
The hybridization procedure was as follows: DNA 0€A¢80tr2 phages was

diluted to a concentration of 100 ug/ml in 1 x SSC and heated in bbiling
water for 10 min followed by rapid cooling.in icé wéter. The RNA was
'further diluted to a concentration of‘8 pyg/ml in 3 x SSC. Five milliliters
of the DNA solutioﬁ was filtered through a Millipore filter (type HA, 0.45 um
pore éize) of 25 mm diameter. The filter was washed with 40 ml of 3 x S55C,
cut into 8 pieces and dried atﬁ80°C for 2 hours. Assay of trp mRNA was
carried out by immersing one of these filter bits in 100 upl of [3H]—RNA
solufioﬁ in 1 x lO—ZM Tris-HC1 buffer (pH 7.3) containing 0.5M KCl and

3

1x10~

M NaZEDTA-and incubated at 66°C for 18 hours. Afterwards, the filters

were treated with RNAase (5 ug/ml) in 1 x SSC for 30 min at 37°C, washed with
1 x SSC, dried and counted in toluene-based scintillation fluid. Total
radioactivity of [3H]uridine incorporated into RNA (total [3H]RNA)was measured

as tpe material precipitable by cold trichloroacetic acid.

.

(f) Reagents

Tritiated uridine was purchased from the New England Nuclear Company
and was used without the addition of carrier. Millipore filters were
'«purchased from the Millipore Filtef Compaﬁy, Bedford, Mass. Chloramphenicol
was.from Park Davis. DNAase and RNAase were obtained from the Worthingto;
Biochemical Compény.- RNAase was used after heating at 80°C for 20 min in

© 0.15M NaCl to inactivate any contaminating DNAase.




3. Results

In order to demonstrate uniquely PL—promoted synthesis of trp mRNA,

straip trpAEl, a strain with the 552_0;;}0n deleted but which rétains a
tryptophan regulator (trpR) gene located near thr on the chromosome of E. coli
(Cohen & Jacob, 1959), was infected with Atrp phege in the presence cf
tryptophan.. The trp mRNA synthesized from Atrp was assayed by ermploying DNA
of ¢80trp phages cerrying.various trp gene segﬁentsvas a DNA complement in

DNA-RNA hybridization reaction.

The notion that,in Atrp phages employed here, the tL terminator has

been deleted is supported by the following lines of evidence: (1) location of thz
right endpoint of the bacterial substitution in the phage falls well within

the imle region, most probably to the rlght to the tL site (Fiandt et al.,

1974), (2) the PL promoted transcription is permitted to extend from the 3

genome into the trp operon, even when synthesis of the N product is blocked
by antibiotics (Imamoto & Tani, 1972; Ihara & Imamoto, 1976b) or the product
of the N gene loses activity in Atrp phage with an amber mutation in the N

gene (Yamamoto et al., to be published); (3) under conditions in which N

gene activity -diminishes in the E. coli K95 nus host at non-permissive

temperature (Friedman et al., 1973), the steady-state level of the synthecsis

of mRNA for the Q, S and R genes for the PR promoter in itrp phage is severely

suppfessed, while trp mRNA synthesis from the PL promoter is not affected

drasticaily'(data not shown).

(a) Progressivs gta abilization of the trp mRNA after infection

To confirm the possibility'that,stability of the trp mRNA'prodeced

from the P promoter 1ncreases with time after 1nfect10n (Yamamoto &

Imamoto, 1975) the decay klnetlcs of stablllzatlon of the PL promoted

trp mRNA is" analyzed in furtner detall The . result is shown in Figure 2

isuggestlng tnat the stablllzatlon nlght requlre a modlflcatlon of decay
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machinery, possibly by some phage-specific protein. At the 5th (Fig. 2(a)),

15th (b) or 20th (c) minute of incubation after infecting trEAEl with rErp

phage in the presence of -tryptophan, cells were pulseelabeled with [?H]—

uridine for 1 min and then chased by the addition of rifampiein and an .

excess emount of unlabeled uridine to inhibit further incorporation of [3H]—

uridine into mRNA. Samples were removed to measure the amount of trp mRNA
remaining at subsequent times. -

" The pattern‘seen in the Fig. 2(a) is consistent with previous observa-
tion that, upon addition of rifampicin, initiation of transcription is -
blocked almost instanténeously and both EEEEREQ mRNA and P, trpCBA mRNA
deceyed chemically at.a half-life of 5 to 6 minutes, which was two times
slower than for EEE_mRNAbsynthesized originating at the ?EER promater
(Yamamoto & Imamoto, 1975). In contrast to the mode of decay at this early
stege of pﬁage infection, PLEEE.mRNA synthesized at a la:fer stage was
markedly - stabilized. Fifteen minutes after phage infection begins,

a part of the EER__ mRNA (and sometimes of trECBA mRNA as well) Stlll decavea,

but most of the __R_mRNA remalned detectable by hybrldlzatlon with 280trp
DNA for at least 25 mlnutes after r1famp1c1n addition (Fig. 2(b)). Stabili-
zation of PL££E_RNA wes.almost complete if the molecules were labeled with
I3H]-uridi;e’at the 20th minﬁte‘after infection and followed one minute
later}by‘fifampiéin (Fig. Z(C)).

The possibility has been excluded that the’stabilization of PLEEE.mRNA
observed ‘in the exﬁeriment above could be attributable to some physiologicail
change teleted'to phage growth;eat the 20th minute after infection of trpAEl
w1th the Atrp phages in: the presence of tryptophan, bulk mRhA from the bacterial

_chromosome decayed at a normal rate, w1th a half 11fe of 3 to 4 minutes at

30 C as was.seen with,the mRNA from.uninfectedscells.(datarnot shown; cf.
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~ Yamamoto & Imamoto, 1975 and Fig. 6). Thereby it is also sﬁbStanfiated that
rifampicin shuts off transcription initiation in the later stage of phage
infection as rapidly as it does in uniﬁfected bacteria; |

As ézsndidates for phage—spesific protein factor(s) required possibly
for a modification of the decay trigger, 1 examined the protein products of
the.Egg and N genes of Atrp phage, as described in the followiﬁg sections;

(b) Effect of tof and N mutations on trp transcription of Xtrp phage

Before investigating the effect of these mutations on the chemical
stability of Pi\trg mRNA, I tested their effects on PL—promoted transcription
. i

of the translocated trp operon in Atrp to ensure that the products produced
; in
by these mutated genes werehsctive. When trpAEl was infected with Atrp phage

in the presence of tryptophan at 30°C, the rate of synthesis of PLftrp mRNA

reaches a sharp maximum during the first three to seven minutes after infection
and then declines until it reaches a steady state. The rate of synthesis
;emains nearly comstant during the period fppﬁ 12 to at least 20 minutes
after infection (Yamamoto & Imamoto, 1975; Ihara & Imamoto, 1976a). The
decline in the rate of synthssis seen after several minutes of infection is
believed to be‘caused‘by'the'function of the tof gene, whose prsduct acts at
the.operatbr of the §_gepé and acts to reduce transcription from the
l-strand of the "early" region>of A soon after phage development begins
(Szybalski et al., 1970);
In Figsre 3(a), 1 show changes in the rate of PL—promoted synthesis

of trp mRNA in igzg_phage which has a missense (12) mutation in the tof gene.
~ The synthesis of the trp mRNA by ktrEtoflé phage, as sxpected, now continued
at a'high, nearly constant rste fof.at least 24 minutes after infection.,

In AEEE phages retaining an amber (53) ﬁutation in the N gene, the
;ates of EzgstNAvsynthesis.are seémingly much lowerbthan those of normal

: Aﬁrp.phage_during'iﬁsubatioh.for aboutléé:minqtés_after infection (Fig. 3(b)).
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[Significant production of trp mRNA occurs in this case from oﬁly the operator-
proximal portion of the trp operon, due t§ premature arrest of tfaﬁscription
at a specific site in the trpE gene, effected upon a loss of N function,

( see part I of this work A ] HoweVér, even in the absénce of function
of the N gene product; reduction in the overall rate of trp mRNA synthesié
caused by the Egﬁ_gene product was also observed. |

The synthesis of the trp mRNA by AtrpsusN7tofl2 phage exhibited an

alleviation of the phenomenon of transcription shutdown, and continued at
nearly constant, though lower than normal, rate for at least 24 minutes after
infection. Reduction in the overall rate of trp mRNA synthesis from both

the operétor—proximal’aﬁd distal region of the operon was partially relieved

when an amber mutation in the N gene in AtrpsusN7tofl2 phage was suppressed
by introduction of sul into host bacteria ( see Fig.2 of part I in this work).

(c) Effect of tof  and N mutations on stabilization of trp mRNA

- Since the chemical stability of the PLtfg mRNA becomes even greater as

infection progresses, it seems likely that the rate-limiting step to initiate

mRNA degradation is somehow modified by phage-specific protein(s). Accordingly,

Atrp

——

I examined whether the stabilization of the PLtrp mRNA was altered in
phages retaining an amber (53 or 7) mutation in the N gene, or a missense
(12) mutation in the tof gene cr both.

In Figure 4, degradation of PLtrp mRNA in itrptofl2 after inhibition of

the synthesis by the addition of rifampicin at the 6th (a), 16th (b) and
21st (c) minute after the phage infection is shown. There is an @bvious great

delay in stabilization of the PLtrE mRNA in the mutant phage, when compared

with the profiles of PLtrE mRNA by normal Atrp phage (Fig. 2): the pattern

séen in‘Fig; 4(b) is essentially similar to that of PLtrE mRNA produced by

Atrp at the 5th minute-éfter inféétioﬁ_(Fig.12(a)); ahd'even at the 2lst

minute after infection of itrptofl2, a considerable fraction (more than 60%
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amount) of the PLtrE mRNA remained unstable (Fig. 4(c)).

The PLtrE mRNA molecules produced when the activity of the N gene

product is lost in AtrpsusN53 phage are found to be stabilized in essentially

normal fashion, as seen in Fig. 5(a). However, stabilization of P_trp mRNA

L

was_apparéntiy prevented or.abrogated for AtrgsusN7 phage bearing the'Egiig
mutation (Fig: 5(b)). -[ﬁnder these conditions, tﬁe trp mRNA seéuences assayed
corresponded to only the beginning portion of the trpE gene, since the PL—
promofed transcription was frequently blocked at a site of trpE gene wh;;

functional N gene product was deficient (Yamamoto et al., to be published).]

The loss.of the capacity to stabilize PLtrE mRNA in Atrp phage retaining

the susN7 and tofl2 mutations was not significantly relievgd even when an amber
7 mutation of the N gene was suppressed by introduction of sul into host
bacteria (Fig. 5(c)). Upon suppression of the amber mutation in the XN gene,
the PL—promoted trp mRNA synthesis now extended from the trpE region to the

operator-distal trp genes (Yamamoto et al., to be published), thus allowing

detection of the mRNA for trpC, trpB and trpA genes.

When the profiles for stability of PLtrE_mRNA from strpsusN/tofl2
in trpAEl (Fig. 5(b)) and trgAElsul (Fig. 5(c)) were compared with those

for stabili;y of the mRNA from Atrptofl2 (Fig. 4(b) and (c¢)), PLtrp mRNA

appears to be somewhat more unstable when both the N and tof gene

products are iﬁactive in AtrpsusN7tofl2 thén when only the tofl2 lesion

is present. However, this segming difference in the extent of stabilization
could»be_dué,to a Qariation.of physiblogical conditions of the host célls,
':théreby-permitting,éqme éccumulation, at varied levels, of the protein product
of a mutated tof gene, perhaps with some activity (Takeda et al., 1975).
In~an§ eveqt,'hpwever, it cap'be concluded Ehat the stabilization of PLEEB.

- mRNA is markedly inhibited when thé activity of the tof gene p;odﬁﬁt.is low,

but is not significantly .changed in absence of the N gene product.
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The remarkable difference in stability of PLEER mRNA produced by normal
»trp and Rthtole phages was specific for this_EﬁA species. Thus bulk mRNA
from the bacterial chromosome decayed at a normal rate in either host bacteria
infected with AEEQ and Atrptofl2 phages, with a half;life of apprdXimately
3 minutes under both sets of conditions for Egﬁf and ngf (Fig. 6) . Therefore,
thé possibility can bé.ruled out that.the modificatiqn of stability of PLEZB

mRNA observed in the experiment presented above might be attributable to some

general physiological feature related to phage grthh.
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(4) Discussion.
The experiments preéented here show that mutation in the tof gene seems

to negate or prevent stabilization of trp mRNA produced from the P. promoter.

L

In normal Atrp phages, stabilization of PLtrp mRNA increases with time after

phage infection; at the fifth minute after infection, the majority of PLtrp;

mRNA still decays chemically, though at an overall rate of two times slower
than does the trp mRNA synthesized originating at the authentic trp promoter;

while at the 15th minute after phage infection at least half the PLtrp mRNA

is completely stable (Fig. 2). The time course of progressive stabilization

of PLtrp mRNA appears consistent with -the onset of the lowered rate of

synthesis of PLtrp mRNA caused by the function of the tof gene product: the

tevel of tof protein becomes high enough to repress the trp mRNA synthesis
to a steady-state rate only about 12 minutes of infection (Yamamoto & Imamoto,
1975).

“Both functional inactivation and chemical degradation of PLtrp mRNA are

1S

twofold slower at early stages of the phage development (Yamamoto & Imamoto,
than that of Pt P t '

1975%. 11Slower cg miéginggétadation.might somehow be related to the lower

frequency of initiation of translation at the 5'-end of the mRNA chains.

Some phage'specific protein(s) other than the tof and N genes might also play

a role in partially stabilizing the PLtrp mRNA'producéd-at early times after

the Atrp infection. Or, alternatively; differences in the nucleotide se-
‘ the

trp mRNA could make A molecule less accessible

quence at the 5' end of the PL

to decay machinery not yet ﬁggified by the phage product.

In read-through ;ranscriptién of the'gél opefon from ;he phage's PL
promoter in cells lyéogenic for A, which”is caused upon induction of
prophéges, it has been suggested- that the stéﬁilization of the transcripts may

bé»réiated‘to the function of phage pfétein(é)fpfoduced from gene(s) located

in the E2QperonQ(Adhyalgﬁqél., g?ersohal~chmuhicatibn), In the present
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case, héwever, these factor(s) do not seem to: participate in the
mechanism forbstabilizing the PLEEE mRNA, since the region of the N operon
between the CIl and att has be;; deleted in Atrp phage employed: they are
replaced with Eﬁ_égli DNA>in¢luding the trp operon. MoreoVer, PLEEE mRNA

can still be stabilized even in the absence of the N function (Fig. 5a),
from
under conditions in which the phage genes located downstreamAthe N gene or

the tof gene are not expressed.

In any case, experimental evidence reported here (Fig. 4 & 5) show that

_the tof gene product is critical for the stabilization of PL££R>mRNA.
| - The small
extént of stabilization of PLEER mRNA still observed can reasonably be con-
zidered to be due to some lggkiness of the missense (12) mutation in %he tof
gene product (Takeda et al., 1975).

Many species of phage messenger RNA in infected cells are relativelv
stable; In these cases, at least, stabilization of the mRNA might generally
be attributable to some modification of the decay machinery of the host
bécferié. In addition, degradation of mRNA is believed_to be coupled with
the translational pfocesses‘(Schlessinger, 1971; Imamoto & Séhlessinger, 1974)
Modification by a phége product could therefore occur at the level of the
enzymatic machinery-associated with ribosomes. Perhaps decay machinery is
modified-to have a specifically sfrong affinity for the'Sf strucﬁure of the

PLtrp mRNA, competitively blocking the accessibility of the mRNA molecule to

rormally active decay machinery. Alternatively, modification might occur
at sensitive sites_on the A portion of the mRNA . at which decav is triggered.

The structure at the 5' end of P trp mRNA has.been so modified by a mechanism
) invOlviné&he functioh-of,the'tof-géne,produét'that'the molecule is no longer
s A - o B SerhT e

accessible to active decay machinery.

46



It has recently been reported that trp mRNA synthesis starting from the
PL promoter in ACEEE_phage does not express polarity in vivo (Imamoto & Tani,
1972; Segawa.& Imamoto, 1974; Franklin, 1974; Ihara & Imamoto, 1976b).
The mechanism of relaxation of polarity may involvé-a modificationvéf trans--
~criptional machinery by the action of phage protein(s) (Franklin & Yanofsky,
1976; Adhya et al., 1976; Yamamoto & Imamoto,to be published; Nakamura &
Imamoto,to be published), thereby leading to a failure in a |
normal coupling of transcriptional machinery with translation.
Is the relief of polarity in trp transcripts from PL promoter somehow related
to the change in funétion 6f the ﬁRNA deéay,machig;;§ as reported here?
Thouéh there is no logical necessity for aﬁy connection, in fact, a loss of
tof function, which renders mRNA ~unstable (Fig.4 ) also alters the
nature of PL promoted transcription. In particulgr, on infecting by

AjEER?Egilg , trp transcription from the PL promoter becomes partially
sensitive‘to blockage of transcription in»presence of chloramphenicol, in
pontraé;vto insensitivityvof transcription in the qormal l:EEB phage (though
inhibition of transéription by the.antibiotié' is more severe in the absence
of the»ﬁ_product;_Nakamura gg_gl,, to be published).

All such effect occur subsequent to "triggering'' events at
the 5'-end of the mRNA,vwherevsome indispensablé factor(s) required for
coupling of RNA polymeréée»function to.translational machinery might also play
a role in determining the rate-limiting step:qf mRNA décay. Both tof and X '

gene products might first function there;

The metabolism of PLtrE mRNA cannot fit in a'simple, pfevailing
. . model where a-protein_(like’rho facter:Richardson'et al., 1975; Ratner,

.1976) arrests tfanscriptioﬁ,upqn blocking3trénslation, and where presence

of N protein on RNA polymerase counteract this effect.
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Legends to Figures
Figure 1.

‘Simplified molecular maps of coliphages.

The relative size of each trp gene carrie& by ¢80trp and I_ER_phéges
is estimated from_fhe molecular weight of the corresponding polypeptides
(Imamoto & Yanofsky,vl967). The genétic maﬁ of the transducing phage Atrp,
is bésed on the data of Nishimune (1973) and Fiandt et al. (1974). Location
of the right endpoint of the trp substitution in the phage is represented
aligning on a relative scaie for A chromosome length (Davidson & Szybalski,
1971). For the markers describing the maps see Szybalski (1970). Dotted,
solid.and double lines indicate the region of ¢80 genome, X genome and
_béctefial chromosome iﬁcluding the trp genes, respectively. There are

probably still some bacterial genes adjascent to the trpE and trpA.

Figure 2, .

N

T
L

Time process of stabilization of trp mRNA synthesized by P, promoter in
Atrp.

:Cellsjof trpAEl were infected ﬁith XEﬁRVand'incubated in the presence of
L—trjptophan (50 ug/ml). Puléé 1ab:?liﬁg Qés carried out.with 33uCi of
[3H]uridine/mi of the culture for 1 min .at the 5th (a), 15th (b) or 20th (c)
minute after infeétion,.éﬁd foliowed by addition of rifampicin (300 .g/ml),
unlabeléd uridine (1 mg/ﬁl)_and nalidixic acid (10 ug/ml). A portion of the
culture (63169 cellsﬁ wag remoyed at indicated fimes during incubation after
addition of fifémpicin and RNA was extracted The __R_mRN% values are
expréssed as H]RNA hybrldlzed/pgNgnd normallzed to lOO/ for the
ﬁax1mum value : [3 ]RNA hyorldlzed spec1f1cally w1th DNA from §80trpED or

_ é80trECBA was de51gnated trp mRNA or trECBA mR\A, respectlvely " The

':values with ﬂ80 DNA background were subtracted from each hvbrld value.



o

Values represented are the average of duplicate determinations. 6.2 to
12.2 ug of [3H]RNA (spec. act. O.7x104 to 3.9x104 cts/min per ug) were

used for each hybrid assay. The other conditions are as described in

Materials and Methods.  (e) trpED mRNA ; (o) trpCBA mRNA

Figure 3.

Time course of transcription of the translocated trp operon in 7trp

in the absence of phage tof or N gene function.

Cells of trpAEl were infected with Atrptofl2 (a) or ~trpsusN53 (b)
phages énd incubated in the presence of L-tryptophan. The cultures were
pulse-labeled with 100uCi (a) or 200uCi (b) of [3H{:uridine for 1 min at the
times indicated. After infection 7.5 to 19.0 ug of [BH]jRNA (spec. act.
3.4x104 to 5.0x104 cts/min per ug) were used for each hfbrid assay. Values
represented are the.percentage of hybrid RNA relative to the total labeled
RNA and fhe averages of duplicate determinations. Data are plotted in the
middle of each period of pulse-labeling. The other conditions are as
described in.the legend of‘Fig.,Z and Materials and Methods. (e) trpED mRNA ;

(o). trpCBA mRNA.

Figure 4,

'Time'process of stabilization of trp mRNA synthesized by P. -promoter

L

in the ébSéncg éf Egi gene function.
Cells of‘trﬁAEi'were infected with rtrptofl2 phages.and incubated in-
the pfesencg_of‘L—tryptéphanqi fhe_cultures were‘pulSeflabeled with
;[BH]u:idine for 1 ﬁin'ét ;he_Sth (a), lSth_(b) or 20th (<) minute after the
.;phage:infection.;.Decéy of Ptvﬁzg_mRNA.wééLaésgyéd in the coﬁdition described
.'iﬁitbé’legéng ofvFié.€2:aﬁé_Ma£ér%éisLapd,Mgtﬂdds. ‘878 to 17.6 ng of [3H]RNA
:<sp§§:l§ct. ﬁ.sglaa'ﬁéi2.7#104;c£s)miﬁ peftugj‘?e}ejﬁ;eavfgr eacﬁ hvbrid aésay.

(o) trpED mRNA ; (o) trpCBA mRNA
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Figure 5.
Effect of N and tof gene function on chemical stability of PL—trE mRNA. -
In (a) and (b), cells of trpAEl were infected with ~trpsusN53 ‘and

~trpsusN7tofl2, respectively, and, in (g), cells of trpAElsul were infected

with AtrpsusN7tofl2. After infection cells were cultured in the,presénce of

FL—tryptophan and pulse-labeled with [3H]uridine for 1 min at the 15th (a and
b) and 20th minute (c) after infection. ﬁecay of PLEEE.mRNA was assayed
in the conditiop described in the legend of Fig. é_;ﬁd Materials and Methods.
8.0 to 31.0 ug of [3H]RNA (spec. act. l.4x104 t§ 4.3x104 cts/min per ug)

were used for each hybrid assay. (e) trpED mRNA ; (o) trpCBA mRNA

Figure 6.
Comparison of chemical stability of bulk mRNA under PL—promoted

conditions.

Cells of trpAEl were infected with Aggg,ga) and ktrEtoflE;;nd then incubatad
at 30°C at a concentration of 2x108 cells/ml in the presence of L-tryptophan
(SO_pg/ml). Cells were pulse—labelea withb3 uCi of [SH]uridine for 30 seconds
- at .the 15.5th minute of incubétion; and followed Ey the addition of rifampicin
(3Q0 ug/ml), nalidixic acid (10 pg/ml) and unlabeled Qridiﬁe (1 mg/ml).

A portibn (0.2m1) of the culture was removed at the indicated cimes during
incubation after addition of rifampicin and poured onto 2 ml of_SZ ice-cold
tribhloroacetic acid. After at least 30 min on ice, each sample was filtered
onto a glass fiber filter, waéhed twice wi;h'SZ trichlorlacetic acid in 50%
.ethanol} bﬁce with 5 ml of 95% ethanol and once with 0.1 N HC1 (Silengo
EEJE&:’ 1974)7 :Dried filtérs were then counted with a toluene-based
.ééiﬁtiliaﬁqr. ‘Ihe_tdﬁai cﬁuﬁg.bf RNAiunstébie during a 20 min incubation
_pf ﬁhe:cﬁltﬁ;e§”Waé;s;;iéﬁdéigtorldOi;};Théfffactioﬁvof fhé uﬁstéble RNA

' reméining at each time isnplotted againSt\time.f‘Ihe,lOOZ_point represents




about 3.4x103 (a) and 3.3x103 (b) cts/min. The other conditions arc zc describos

in Materials & Methods.
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Part III.

Detection and analysis of stable Messenger RNA in

Escherichia coli
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Summary

Quantitative analysis of hybridization of E. coli bulk mRNA with
E. coli DNA of Vibrio DNA (which hybridizes specificélly with E. coli
rRNA but not with E. coli mRNA) in presence of exess cold rRNA and tRNA
showed that about 207% fraction of puise—labeled E; coli mRNA which can
be associated with ribosomes is very stable withAa'half—life of more
than 60 minutes at 30°, whereas the remainder decays exponentially with
a half-life of about 4.5 minutes. E. coli strain lggg_(rel+) was examined
after being pulse-labeled with [3H]uridine and>chased at 43° in order to
clarify the point that synthesis of these stable mRNA molecular species
is not under control of rel gene product.

To examine the possibility of existence of a unique structure at
.théif 5"end of the stable mRNA molecules, E. coli strain trpAEl was
labeled with [3H]methyl—methionine and mRNA was extracted followed by
digestion with RNAase T,. hromatographic analysis of the digested
fragments revealed existence of methylated bases at internal sequences
of the stable RNA, but did not demonstrate existence of the unique
strqcture such as m7Gpppr at the 5' end bf the molecule. Howevef,
from é similar type of analysis of’?zP lébeléd-m RNA it was found
~ that at least a part éf ﬁhe stable mRNA ﬁolecular species possesses
either pppGp or pppAp at.their 5' end of thevRNA structure. Possible

mechanisms of degradation and stabilization of mRNA are discussed.
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Introduction

It‘has been generally believed that many species of eukaryotic mRNA
are stable, while majority of prokaryotic mRNA is'labile degrading
exponentially with a half-life of a few minutes. Recent studues have
revealed the existence of,stable mRNA molecular species in E. coli system:
the mRNA species for membrane proteins of E. coli (Lee & Inouye, 1974;
Levy, 1975) and phage mRNAs, for example, T4(Craig et al., 1972), ¢X174
(Hayashi & Hayashi, 19790), MlB(JaCnish et al., 1970), T7 (Summerrs, 1970;
Marrs & Yanofsky, 1971) R17 mRNA(Hattman & Hofschneider, 1967), show grearer
chemical stebility than the bulk mRWA of E. coli. The greater stability
of mRNA may reflect some intrinsic feature of the strncture of these mRNA
molecules. Using AEEB_nhage 1 have shown that the ErgimRNA‘formed by read-
through from a. A promoter are far more stable than are the same trp transcripts
promoted by the usual trp starting sequence. This suggests that covalent
fusion of the 5'end of trp mRNA to the N mRNA sequence leads to %%tabilization
of a trp mRNA sequence (Yamamoto & Imamoto, 1975). This result together
with the previons finding that mRNA is broken down from 5' end of the molecule
(Morikawa & Imemoto; 1969 ; Morse gg_gl;; l969)‘fayo§;the,notion that the
rate—limiting step to.initiateImRNA‘degradatlon is derermined by e sequence'
' located at or near the 5' end of tne messenger RNA
lt has- been reported that mRNA in E. col can be stabilized under the
'condltlon of starvatlon for brac1l or aminog :acids (Forchhammegeli?raadl9b7;
Lindall & Forchhammer, 1969) and blockage of ribOSOme‘translocation (Craig,
1972;-Cremer.§£_él,, l974).g3Varlation ofvtrenslation yield of segments along
a single mRNA chain resnlt in a change of chemlcal lifetime of the sequences.

function |

The chemlcal llfetlme can ‘be’ greatly prolonged if mRNA is blocked.

A

Thls 1mp11es that mRNA degradatlon couples w1th functlonal processes of
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translation.
Here I show that a fraction of mRNA species is relatively stable
in normally growing E. coli cells. These RNA molecules fofm polyribosomes
and are produced under stringent-control. I also present results of experiment
in which the structure of the. 5' end of stable mRNA molecules is determined.

The regulatory mechanisms of mRNWA degradation will be discussed. -
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2. Materials and Methods

(a) Bacterial strains

The following strains of E. coli K12 were used for mRNA preparation;
10B6 rei+, a temperature sensitive mutant for valyl tRNA synthetase and

W3110 trprtrpAEl, a large deletion mutant covering the whole trp operon

( Yandfsky- & Ito, 1966). E. coli K12 W3110 and Vibrio metschnikovii

were used as DNA sources for DNA-RNA hybridization experiments.

(b) Preparation of bacterial DNA

"E..coli and Vibrio DNA were prepared according to the method of

Saito and Miura (1963).

(c) Pulse-labeling of RNA with SH-uridine

| Bacteria were grown with aeration to 6X108 cells/ml in an enriched
medium (Lennox, 1955). The cells were collected by centrifugation and
washed twice with cold minimal medium (Vogel & Bonner, 1956), and éus—
pended in the same medium to give a final density 3 X 1010 cells/ml.
The cell suspension was diluted 15-fold with prewarmed (30° or 43° )
mipim@l medium supplemented with 20 amino %cids‘(each 0.5 mM)'éﬁd the
susggnsion wésxshaken vigbrqusly in avwatér ﬁath at- 30° 6r'43°.. A; a
suitable time during inéubétion;‘v cells we;e'pulse labeled with 100-300
uCi/ml. of [3H] uridinevas indicated.in the legends to the figures,
bfollowed Ey éddition‘of rifampicin (300 pg/ml), nalidixic acid

9

(10 ug/ml.) -and unlabeled uridine ( 1 mg/ml.). A portion (6 X10~ cells)

of cell suspension was withdrawn and poured onto 30 ml of crushed frozen

‘medium containing 0.01 M Tris-HC1 buffer (pH 7.3), 0.005 M MgClZ, 0.01 M
NaN, and 150 pg/ml 6f,thoramphenicoi.
(d) Long labeling of'DNAAwith;L—[methYI 3H]—.methionine 95_32P

8

'Bacteria'wefe'groWﬁ with aeration to 6'X:lO cells/ml in an enriched
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medium (L broth) (Lennox, 1955) supplemented with L-tryptophan (50 pg/ml)

and L-cystein (50 pg/ml). The cells were collected by centrifugatién, washed

twice with cold minimal medipm or cold buffer free from phosphate[ 5 X 10—2M:

4 0.05% C6H507Na3 .2 H 0 and O Ol/

4.7 HZO]’ for labeling with L—[methyl— H]-methlonlne or 32P,_respectlvely-.

Tris-HCL buffer (pH 7.3), 0.1 % (NH,),SO
‘MgSO0
After Qashing, cells were suspended in the respective medium to giveﬁé

10 cells/ml. About 10lO cells of bacteria were

final density of about 5 X 10
transferred to 3 mi’of prewarmed (30° ') minimal medium supplemented with
19 aminélacids (each 0.5 mM) excluding L-tryptophan or of prewarmed césamino—
acids-broth [17 vitamine-free casamino acids, the phosphorous content of

which was reduced to 21 mg/ml by precipitating phosphate as NH, MgPO

480

0.25% NaCl, lmg/l of vitamine Bl, 0.04 mM KHZPO and 1 mM MgSOA](Ogawa &

4
Tomizawa, 1967), for labeling with L—[methy1—3H]—methionine or 32P, respec-
tively. The cell suspension was shaken vigorously in a water bath at 30°
‘Bacteria were labeled for 20 minutes with 0.8 mCi of L—[methyl—SH]—methio-
nine or 1 mCi of carrier free [32P] phosphate, added at the 5th minute of
in¢ubation. Labeling was stbpped‘by rapidly pouring the suspension onto

35 ml of crushed frozen medium mentioned above.

(e) Preparation of polysomes

Bacterial cultures ( 1 X lOlO cells in 6 ml) were pulse-labeled with

300-350 pCi[3H]uridine at appropriate time of incubation at 30° or 43°
Cells were harvested ané miXed with 2 X 108 cells prelabeled-with lvpCi:
[14C]uridine'(50 pCi/ZBOPg) for 3 hrs in minimal medium at 30° and lysed
éccordingAto the procedure of Godsoﬁ (1967) . The lysate was centrifuged

on 5 mlbof 10 to 30% linear sucrose density gradient contéining 10mM Tris-

HCl buffer (pH 7.2), 10mM MgSO, and 60 mM KC1l for 60 min. at 40,000 rev./min

4

in a SW69 rotor. at 4° , A portioh of each fraction‘was put on a filter
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disk and counted after drying. Polyribosomal fractions were combined into

6 fractions and [3H] RNAS were extracted.

(f) Preparation gﬁ_RNA

RNA was prepared by the procedure reported previously (Imamoto,1969).
The RNA obtalned was filtered through a Mllllpore filter, prec1p1tated by
ethanol and resolved ;n H20°
(g) DNA-RNA hybridization

The hybridization procedure was as follows: DNA of E. coli or Vibrio

was diluted to a concentration of 100 pg/ml in 1XSSC and heated in boiling
water for 10 min. followed by rapid cooling‘in ice water. The DNA was
further diluted to’etceﬁcentration of 16 pg/ml in 3XSSC. 10 ml of the DNA
solution was filtered through a Millipore filter (type HA, 0.45 pm pore
size) of 25 mm diameter. The filter was washed with 40 ml of 3xSSC and

cut into 8 pieces. DNA filter was dried at 80° for 2h. Assay of E. coli
mRNA was carried out by immersing one of these pieces of filter in 100 ul
of.[SH] RNA .in 4.5XSSC in the presence of excess amount of rRNA and tRNA,
and incubating at,665z for 18 hrs.

Vlbrlo DNA was used for the assay of E. c011 rRNA (Pederson &
nglgaard 1972) Afterwards, the filters were treated with RNAase (5ug/ml)
in 1xSSC at 37° for 30 min., washed with.leSC, dried and counted in
ngluene,scintillation fluid. | |

(h) Sucrdse»density-gradieht'analysis 9§_[3H] RNA

RNA preparatione were sedimented in 5% to 30% linear sucrose gradient
containing 2 X 1072 M Tris-HC buffer (pH 7.3), 0.1 M NaCl, 0.5% sodium

dodecyl_sulfate‘and:S X 10—3

M EDTA for 110 min. at 64,000 revs./min. at
15° "in a SW 65 rotor. After centrifugation the bottom of the tube was

- punctured andyépprepriate'f;éctions-were col1ected;:
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(i) Analysis of 5’-structure of RNA

Procedures of treatment of the labeled RNA with ribonﬁclease.and of
column chromatography of the RNA digests were carried»out'as described
by Shimotohno‘and Miura (1976).

(i) Reagents
All reagents and chemicals were pufchased:and used as described in

Part II. Only the reagents used for base analysis were the same as

described by Shimotohno and Miura (1976).

67



3. Results

(a) Degradation of mRNA in normally growing cells.

The kinetics of degradation of bulk mRNA (termed here as RNA species
other thaﬁ those of tRNA and rRNA) was analized iﬁ normally growinégells
of E. coli, carrying the temperaturé—sensitive valyl—tRNA synthetase (
Edlin & Stent;1969). This strain was used to investigate the effect of
~ stringent phenotype at a high temperature because of an inefficient supply
of vaiyl—;RNA ( Neidhardf o , 1966) on ove;all rate of degradatioﬁ
of ceilular bulk mRNA. The tryptophan derepressed culture of 19§§.£§lt
was exposed to a one minutes pulse of [3H]uridine during steady-state
transcription at 30°. Further incorporétioﬁ of [3H]uridine into mRNé&as
preveﬁted by the addition of rifampicin and by diluting the label with
an eé@ss.of unlabeled uridine. A typical result of these ekperiments is
represented in Figrl. Consisﬁent with the previous reports (Imamoto, 1973;
Yamamoto & Imamoto, 1975), it was found that iEEEQ mRNA decayed exponentially
wifh a half life of } to A¥ minutes subsequent to instantaneous block of
initiation of the synthe31s by’ the additién of r1famp1c1n and trpCBA mRNA
dlsappeared at a sllahtly slower raLe, w1th a half—llfe of about 2 minutes
after rifampicin additionm. ' The degradatlon of bulk mRNA hybridizable with
»E: coli DNA in présénqe of eXceés unlabeléd rRNA énd tRNA was found to
exhibit}tﬁe’diphasic_pattefn of the_decay curves. The observation that the
ﬁulse;labeledvbulk.mRNA decayed with'an apparent half-life of about 35 |
mirutes, which wés abouf half-theAfate'offgiR mRNA degradation,‘suggest
thgzexisfence.of a telatively stabie mRNA'fractiqn; - A-shallow changes‘
iﬁithe rate cufves of ﬁRNA.decéy were.oﬁservéd with bulk mRNA compared to

that of tgélmRNA} This indicates'thét relatively stable mRNA species
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which degrade with a half-life of more than 40 minutes -at 30° exist together
with unstable mRNA species, su;h_as trp mRNA. Essentially similar obser-
vatiqn was also obtained with the experimént in.which E. coli strain
A;ﬁgﬁﬂﬁﬁl,was employed.

Similar type of the experimenﬁ@as carried out With E. coli 10B6 re1+.

a# 43° under tﬁe.conditiOn_of which transcriptiodbf rRNA and tRNA genes ﬁaé
repressed_by a stringent control. The result obtained showed that general
behavior of synthesis and degradation of bulk mRNA were essentially the same.
This suggests that the most of stable mRNA molecules detected under the present

conditions are not those species of RNA produced from rRNA and tRNA genes.

(b) .Sedimentation analysié of stable bulk mRNA.
I nave previously shown thaf trp mRNA synthesized originating at the

PL promoter of N gene (PLEER mRNA) in Atrp phage in which the trp operon
is translocated into the early region of )\ phage is greatly stabilized
(Yamamoto & Imamoto, 1975). In these experiments, sedimentation analysis
showed that a considerable fraction of the mRNA was conserved as large
molecules during a period of 18.5 minutes after inhibition of RNA synthesis
by»rifampiéin, though some fragmentation occured on é part of PLEEB.mRNA
ffactién;.resulfin% in accumulation of small fragments of the molecules
(about 4s).

| Eséentially-similar changes to thqse in the sedimentafion profiies
were observed with the stable bulk mRNA. Fig.2 represents the resultsof
experiments with a strain 10B6 rel+ growing at_a'permissive temperature

(30°). It can be seen in the Figure that a considerable part of the mRNA

fraction (about 10% of pulse-labeled mRNA) was conserved as ethanol-
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precipiteble and E. coli DNA.hybridizable materials.during.incubation for
at leest 30 minutes after addition of fifampicin.A A considerable fraction
of steble mRNA:ﬁas still large molecules after the incubation)'though
‘Some of theseAmoleeules seemed to be endonueleolytically cleavee. Bulk -
stabie mRNA was not‘hYbridized with Vibrio bNA containing.the-rRNA genes
homologous to those of E. ggli_(Pedersonb&bKjeldgaard, 1972), thus verifing
that these_stable RNA species were not those of RNA from rRNA genes, such
as spacer RNA%pecies etc.

Figure 2b presents the sedimeﬁtation profiles of pulse-labeled RNA
in the process of degradation in a strain lggé_zglt cultured.:at a non-
permissive temperatere7where synthesis of rRNA and tRNA was repressed.
General behavior of stable bulk mRNA molecules in the sedimentation profile
was essentially similar to that seen in cells growing at a permissiye
temperature (Fig. 2a), though the rate of disappearance of large moleeules

.~

was somehow faster at a high temperature.

(¢) Stable mRNA recovered in inactive polyribosomal fraction.

: Since any significant protein synthesis determined by incorporation of
14 |
[

C]leucine into host-trichlotroacetic acid insoluble protein fraction

was. not obseryed in E. géli cells efteriincubation for more than 30 minutes
at 30° in the presence of r1famp1c1n (data not shown), I have examined
whether stable ﬁRNA might exist as unloaded molecules free from rlbosomes
or still be associated with ribosomes. Results represented in Figure 3
shoWeprofiles of polyribosoﬁes ﬁrepafed'from the strain lggé_zglt_ pulse-
laBeled_With [3Hjufidine for'ope minuﬁes at'30‘o at a steady-statebqf tran-

. seti?tion and chased the label for-6Q_minqtee.at 30° (Fig. 3a) or 30
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minutes at 43° (Fig. 5b) after addition of rifampicin. After incubation

for these periods at permissive and nonpermissive condition small but
discernible amount of large polyribosomes was still found in faster—
sedlmentlng region in the profiles. Sedimented materials were then divided
into six subfractions and, after extractlon of | H]RNA from each fraction,
bulk mRNA were assayed by DNA—RNgbybridization with E. coli DNA or Vibrio

" DNA in presence of eééss of mature rRNA and tRNA.

" Results of these experiments are shown in Figure 6. Significant
amount of Bulk mRNA (about 30 7 of [3H]RNA remained after incubation with
rifampicin), which hybridized with E. coli DNA but not with Vibrio DNA, was
] d >tected in large polyr1bosoma1 fractions (A B and C fraction in the
Figure 3[ This indicates that at least a fraction of stable mRNA molecules
exist as inactive polyribosomes even after the long incubation of the
cells at either 30° v 43°.

The size of [3H] bulk mRNA which was recovered from large poly-
ribosomal fractions (A, B and C fraction of Figure 3) and non—polyribosomal
(D E and F fractlons of Flgure 3) was analyzed on a linear sucrose;
'>density gradient centrifugatlon,(Flg.:4). Bulk mRNA preparations .exhibited

polydlspersed pattern in the sedlmentatlon proflles thus verifying a
notion that stable mRNA were conserved as large molecules in polyrlbosomal
fractlon after overall act1v1ty of proteln synthe31s in the cells had

dlsappeared durlng 1ncubat10n in presence of r1famp1c1n

(d) Analysis of 5'-end structure of stable mRNA.

The experiments;preéentedAinvthefforegoing sections show existence
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of étable mRNA whose synthesis is not controlled by -stringent factors.

| This suggests that the mechanis@?f degradation of mRNA molecules are
diverse. There has been evidence available to éupport a notion that the
rate-limiting étep to initiate mRNA degradation is determined by a
sequence located at or near the 5' end of the mRNA molecule (Imamdto &
Schlessinger; 1974; Yamamoto & Imamoto, 1975). It would, therefore, be

an obvious expectation that stable mRNA might possess the unique structure
at its 5" end of the molecules. it has been reported that many species of
eukaryotic.RNA possess a unique structure of m7Gpppr at their 5' end of
the molecules ( for example, Miura et al., 1975), though p&éiologicai
~significance of this structure has still been obscure.

This expectation was examined and the results obtained are presepted
in Figure 6. Bulk mRNA prepared from E. coli strain trpAEl labeled with
[3H»methyl]methionine (Fig. 6a) or 32P (Fig. 6b) was digested with
RNAaseTs and analyzed by DEAE—cellulosé:chromhtograpﬁy in presence of
7M urea. In the profile of Figure 6a, any significant radioactivity

»wifh nétvcharges 6f =4.5 to =5.5 should be;found if m?Gpppr exists.
,Any'bfher_unique bases-were_not detected, but conéiderable‘radioactivity
of ﬁmp was fouﬁd, which seeméd to be derived ffomvinternal sequences of
RNA:mOleCUlesf FIH anéiYSiS of 32P—-laBeled RNA,vthe.radioactivity.peaked
at a posifion of net charge of —5, Fractions of the peak region were
pooled »and»reanalyzed by cﬁromatographynon a Bio-Rad ‘AGl column aftef
treétmenﬁ wifh Penicilliﬁm nuclease P;. Tﬁe eluéion profile represented
in Figure_7 sho@s thaf the radidactivities peék in the posotiﬁns of ATP,
GTP and Pi. The distribution éf‘radiqaéfiYi;iés for ATP and GTP shows

that at least a part of:stablévaNA-molecules,possesses-a structure of
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PPPAp or pppGp at their 5' end of the molecule.
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4. Discussion.

It has been reported thatbin E. coli starved for uracil approximately
‘one-half of the messenger activity of RNA is»relatively'short-lived,
whereas the remaining half shows a much slower decay (Forchhammer &
Kjeldgaard, 1967). LaterAit.was pointed out that semi-stable mRNA is
only present during stafvation of cells for uracil (Lindahl & Forchhammer,
1969). 1In exponentially growing cells this mRNA fraction is turned over
withvthe half-life cﬂ}acteristic of the short-lived mRNA pfesent in the -
starvrd cells. Therefore it can be assumed that slow decay of the mRNA
could be due to slow translation which was an indirect result of blocked
transcription caused by starvation for uracil. This premise, however,
woﬁld be inapplicable to the interpretation of.resulfs reported here, since
the pulse-labeling was followed by dilution of the radioactive precursor
with eé?ss unlabeled uridine. The broportion of the fraction of stable
mRNA and unstable mRNA was about 1 : 4 in the present condition, but
this ratio might be variable according to the physiological conditions
of the cells. Recentiy, mRNA in E. ggli;for thé membrane protein has
been reported to be-relétivelf sfable bpth functioﬁally (Lég & Inouye,
1974) and éhemically (Takeishi Eﬁ.il" 1976). Since such species of
mRNA is considerably small in size (aboutVS ;o 6s), findings reported
here-suggest:that variety 6f stable mRNA species are obviously present in
groﬁingvg. coli cells.

The judgemeﬁt‘that:the.most of tﬁe stabie RNA species presented here
ére neithér RNA_produCed frbm_rRNA genés nor RNA from tRNA genes is -
suppdrted by the following obsérvatibhs:AfheSQ stable mRNA molecules

~are still synthesizedAUndér the stringent control of rel geme product
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and major parts of the stable mRNA sediment faster than tRNA in sucrose
'density gradient analysis (Fig. 2). Experimental results of DNA-RNA
hybridization using Vibrio DNA also show that stable mRNA fraction dose
not possess the spacer sequence of the precursor RNA produced from»rRNA
‘genes.

In spite of the preater chemical stability, P#EEE_mRNA loses the
capacity to serve as template for enzymes synthesi; rapidly as does
the normal EEEE;EE_mRNA (Yamamoto & Imamoto{ 1975). it would be difficult
to assume thatvstable bulk mRNA molecules continue to Serve as template
for protein synthesis for a long period after the mRNA synthesis has
been inhibited by rifampicin, since overall rate of 14C—leucine inte
proteins becomes undetactable»after incubation of the cells for more than
3ghinutes in presence of rifampicin. By contraries; functional stability
of mRNA for the membrane proteins seems to be greater than that of the many
other mRNA sPecies, Factoxs) controlling functional stability of the mRNA
template is (are) currentiy under investigation.

There has been ample supports fOr-a oremise that degradation of mRNA
is controlled by the event occuring at the 5 proximal sequence of the
molecule (Morlkawa & Imamoto, 1969 Morse et al , 1969; Yamamoto &
FImamoto, 1975). It would be a p0531b111ty ‘that the uniuue structure of
m7Gpppr might play a role in stabilizing the mRNA, though the function
ofvthe cap:structure;is obscure. Under the present conditions, however,
this unique structure was. not found with the E. colil stab‘e mRNA.

At least a part of the stable mRNA.fraction 1nvolves those molecules

possess1ng either pppGp or pppAp at their 5"term1n1. :It can be reasonobly
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speculated that any of activities to degrade mRNA could be restricted

at the 5' end of the molecules.
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Legends to Figures

Figure.l

.Decay kinetics of E. Egli_bulk mRNA,
-Bacteria were pulse-labeled with 3H—uridine at a steady state of transcription.
One minutes after 3ﬁ—-uridine addition (0 time), rifampicin, nalidixic. acid
aud cold uridine were added to a final concentration of 300, 10 and 1000
Lg/ml, respectively. A portion of the culture was removed at indicated
times during incubation after addition of rifampicin and RNA was extracted.
The trp mRNA and bulk mRNA values are expressed as 3H—RNA hybridized/ug
RNA and normalized to 100% for the maximum value. 3H—RNA hybridized
specifically with DNA from $80trpED, ¢80trpCBA or E. coli DNA was designated
trpEDmRNA, trpCBAmRNA or E.coli bulk mRNA, respectively. Values represented
are the average of duplicate determinations. | |
(o) trpEDmRNA; v(o) trpCBAmRNA; (W) E. coli bulk mRNA
Figute 2

| 'Sucrose density gradient analysis of bulk.stable mRNA,

~and d
Bulk mRNA was prepared from cultures of 10B6 rel at 30° (a, b, c¥ or

g and h : 3

at 43° e, £, A ). The cultures were pulse—labeled with "H~uridine for 1
minute at a steady .state of transcription and followed with the addtion of
rifampicin -nalidixic acid and cold uridine as described in Fig. 1.
Samples were vlthdrawn from the cultures at 0 (a &e )y, 7. 5 (£, 15 (b & g2,

(c & ) and. 60 (d) ' '
36 minutes after addition of r1famp1c1n ‘RNA extracted was cosedimented

A v
with 10ug of “4c-Rua (2X104.cts/min per ug prepared from the rifampicin-

sensitive strain as deécribed-previously (Imamoto,'l973). Centrifugation

was carried out as described in Materials and Methods. After centrifugation
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about 30 fractions were collected. Total 3H and 14C as well as E. coli
DNA hybfidizable and Vibrio DNA hybridizaﬁle radioactivity_were determined
in each fraction.

(®) RNA hybridizable with E. coli DNA; (B) RNA hybridizable with Vibrio

DNA

Figure 3
Polysomal profiles remaining dﬁrng incubation after addition of
rifampicin
_Cultures of strain 19§§,£§li was pulse-labeled and chased as described
in Fig. 1 and Materials and Methodé. After 60 minutes (30°,a) or 30 minufes
(43°,b) of incubation after addition of’rifampicin,3H—RNA was prepared.‘
Cells are lysed and cenfrifuged to remove debris. 10ul of each fraction
was put on a filter disk and counted after drying. 'Arrow in the Figures
indicates position of 70S monosome fraction. The other condition is as
described in Materials and Methods. . |
(8) du-rwa; (o) o-rwa )
Divided portions, A té F, in the figures shoﬁ subfractions from which 3H—

RNAs were extracted for the experiments of Fig. 4.

Figure 4
- Polyribosomal distribution of bulk stable mRNA
Poljribosomal fractions designated as‘'A-F in Fig. 3 were pooled respectively

~and 3H—RNAS were extraéted from each subffa;tion of A-F. Tritiated RNA from

respectiVe.sﬁbfraction was hybridized with E; coli and Vibrio DNA. Arrows

in the Fig. indicate thevposition_of'a'shbfractioniwhich_contains 708




monosome. The other condition and representation are as described in

Fig; 3 and Materials aﬁd Methods.

(® ) SH-RNA hybridized with E.coli DNA; (O) H-RNA hybridized with Vibrio
DNA
Figure 5

»Sedimentation profile of undegraded mRNA in polyribosomal fraction
The cultures of lggé_zglt were labeled with 3H—uridine and incubated in
presence of rifampicin as desvribed in Fig. 3. After 30 minutes of chase
periods at 43°, cells were lysed and divided into two fractioms by
centrifugation: polyribosomal fraction (a) and supernatant fractiom (b),
corresponding to the fractioms A,B,C,D and fractions E,F of Fig. 3,
respectively. From each fractions RNAs were extfacted and analyzed by
sucrose density gradient centrifugation. The other conditions or

N

represetations are as described in Fig. 2 and Materials and Methods. -
(o) 3H—RNA hybridizable with E. coli DNA;

(0 ) Total H-RNA

Figure 6

- DEAE;cellulose chromatography of long-labeled E. coli mRNA.
The cultures of trpAEl were labeled with SﬁCi of {methyl—%H] (a) or
ldmCi op 32? (b) for 20‘minutes Auripé steady state of tranécription.‘
Labeled RNA was extracted and'thé mRNA fraction was appliéd to DEAE-
cellplose éhromatography in 7M urea affer.digestioﬁ by RNAaseTs.
-The other.conditions'are as deséfibéd elseWhefe (Shimotohno & Miura,

1976). Arrow in_eaéhlfigﬁré indiéates-thé elution position of m7Gpppr.
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Negative numbers represent the net charge of the nucleotides of the
position.

- -0) [methyl—3H] radioactivity; (—»—) Absorbance at 260 nm.

Figure 7
| Chrbmatography on a Bio—Rad AGl column of the Penicillium nuclease Pl
digest of oligonucleotides in Fig. 6
The oligonucleotides bf fraction 80-90 in Fig. 6b were pooled and digested
by Pl{nuclease . The‘digesf were applied to the Bio-Rad column.
The other conditions are as described else where (Shimotohno & Miura ,
1976). |

@%{». 32P—radioactivity; (——) Absorbance at 260 nm.
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