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Institut de Biologie Moléculaire, (enéve

The synthesis of messenger RNA in bacteria

E. T). Hi\ Ll

Summary

Bacterial m-RNA can be operationally defined by two quite different
types of experiments. On the one hand, a messenger is a polyribonucleotide
chain, having a base sequence complementary to part of the bacterial
chromosome. This sequence relationship can be used to identify and isolate
specific messengers by RNA-DNA hvbndization.

[n addition to being a physical copy or transeript, each messenger is also
the funetional vepresentation of a gene. Thug each messenger may be
recognized as the capacity to make the corresponding protein. Such gene-pro-
tein studies led to the operon model [1] of gene expression. which postulated
L. That messenger RNA exists as an intermediate in the transfer of genetic
information from gene to protein. 2. That adjacent structural genes often
are expressed I a co-ordmate manner. 3. That messenger synthesis 13 1n-
creased upon induction{derepression and decreased by repression or removal
of mnducer. 4. Messenger RNA molecules are metahbolically unstable. From
this it follows that each change in the rate of messenger synthesis will be
accompanied by a change in the intracellular level of messenger.

Recently, because of the existence of specialized transducing bacterio-
phages which mceorporate small regions of the I. coli chromoseme, 1t has
become posgible to wsolate specific bacterial messengers. Given the avail-
ability of messenger as a physical entity. one can test rather directly the
various postilates of the operon model.

[n general, the approach has been to isolate DNA from the transducing
phage and to hybridize this with total RNA extracted from bactera. Smee
there is little if anv sequence homology between phage genes and bacterial
tessengers, this procedure will specifically detect messenger RNA comple-
mentary to the transduced genetic region (Le. tryptophan messenger for
80-tryp phage DNA).

From such hybrndization experiments performed with the @80-tryp-
tophan m-RNA system the following conclusions have been reached:

1. The rate of synthesis of messenger ncreases greatly when the tryp-
tophan operon 15 derepressed [27].
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2. Tryptophan messenger 1s transeribed as a long, polyeistronic molecule
[3], probably containing the RNA transcript of all five genes of the operon
in a single RNA molecu]e

& [‘he intracellular level of tryptophan messenger i regulated by tryp-
tophan in rﬁpresmble, wild-type strains [1]. In some constitutive (R )
stramns, the level 18 elevated, and 1s not reduced by the presence of tryp-
tophan. The level of tryptophan messenger 18 greatly reduced by starvation
for a required amino acid (arginine), indicating a generalized amino acid
control of messenger level [4].

4. Chain growth: By using DNA from phages with deletions in cifferent
parts of the tryptophan operon [5], Intayoro [6], BAKER and YaNorsky [T]
have been able to follow the growth of tryptophan messenger RNA chains
in synchronously derepressed cultures. They find: a) That repression-
derepression control acts upon the mitiation of m-RNA chams. b) That
messenger chang begin to be translated near their origin before they are
completed and released from the DNA. ¢) That the interval between tran-
scription initiation events is not random, but of fixed length. Hence the
production of messenger and of enzyme follows a step curve.

These conclusions bear out in all respects the predietions one might make
from the operon model. In addition, they begin to provide a description
of the mechanism by which m-RNA chains grow,

A further understanding of the dynamies of gene expression will require
that we know more about the structure of those genetic regions which act
to initiate and terminate transeription and translation.

Zusammenfassung

Bakterielle «<Messenger»-RNS (m-RNS) kann operationell durch zwei ganz
verschiedene Typen von Expermmenten definiert werden. Erstens 15t ein
«Messenger» eine Polyribonukleotidkette, mit einer zu einem Teil des bak-
teriellen Chromosoms komplementiren Basensequenz. Idese bequenzbe-
zichung kann zur Identifizierung und Isolierung spezifischer «Messengers»
durch RNS-DNS-Hybridisierung beniitzt werden,

Ein Messenger ist aber nicht nur eine physische Kopie oder « Uberschrei-
bung» eines Gens, sondern auch seine funktionelle Darstellung. So kann jeder
Messenger durch seine Fahigkeit, das dem Gen korrespondierende Protein
ALl machen, erkannt werden. Solche Gen-Protein-Studien fithrten zum Ope-
ron-Modell [1] der Gen- ‘ﬂ'u‘kl‘mg welches postuliert: 1. Messenger-RNS
existiert als ein Zwischenglied in der Ubertragung von genetischer Informa-
tion vom Gen zum Pmtem. 2. Nebeneinander liegende Strukturgene wer-
den oft koordiniert ausgedriickt. 3. Die Synthese von Messenger wird durch
Induktion/Derepression erhoht und durch Repression oder Entfernen des
Induktors erniedrigt. 4. Messenger-RNS-Molekiile sind metabolizsch unstabil.
Daraus folgt, (LLB jede Verdnderung i der Messenger-Syntheserate eine
Verdnderung der intrazelluliren Mesaeﬂger—Konzentmmon bewirken wird.
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Neuerdings ist es moglich geworden mit Hilfe von spezialisierten Bakterio-
phagen mit «Transducers-Kigenschaft, welche kleine Regionen des E.-coli-
Chromosoms inkorporieren. spezifisch bakterielle Messenger zu isolieren. Ist
einmal ein Messenger physisch erhiltheh, so kann man die verschiedenen
Postulate des Operon-Modells direkt priifen.

Im alleemeinen hat man versucht., DNS vom «Transducers-Phagen zu
isolieren und mit der gesamten Bakterien-RNS zu hybridisieren. Da sehr
wenig, wenn liberhaupt, Homologie zwischen Phagen-Genen und bakteriel-
len Messengern besteht, wird diese Prozedur spezifisch jene Messenger-RNS
identifizieren, welche zur «transduzierten» Genregion komplementir ist
(z. B. Tryptophan-Messenger fiir ¢80-tryp Phagen-DNS).

Aus solchen  Hybridisierungs-Versuchen mit dem  ¢80-tryptophan-
"a[l*wvnwm RNS-System 1st man zu folgenden Schlufifolgerungen gekommen

. Die Messenger-Syntheserate ist stark erhoht wenn das Tryptophan-
Upmml derepressiert wird [2].

2. Tryptophan-Messenger wird als langes, polycistronisches Molekiil tran-
skribiert welches wahrscheinlich die RNS-Transkripte aller fiinf Gene
des Operons in einem einzigen RNS-Molekiil enthiilt.

3. In repressierbaren «Wildws-Stiimmen wird die mtrazelluldre Menge an
Tryptophan-Messenger durch Tryptophan veguliert [4]. In einigen konsti-
tutiven (R ) Stimmen ist die Menge erhtht und wird durch die Gegenwart
von Tryptophan nicht reduziert. Das Niveau an Tryptophan-Messenger
wird durch Mangel an einer benttigten Aminosidure (Arginin) stark redu-
ziert, was auf ecine allgememe Kontrolle des Messenger-Niveaus durch
Aminosiiuren deutet [4].

L. Kettenwachstum: Durch Verwendung von DNS aus Phagen mit Dele-
tionen i verschiedenen Teilen des Tryptophan-Operons [5] konnten [ama-
MoTo [6] sowie Bakisr und Yavorsky [7] das Wachstum der Tryptophan-
Messenger RNN-Ketten in synchron derepressierten Kulturen verfolgen. Sie
fanden: a) dal} die Kontrolle durch Repression und Derepression auf den
Beginn der Messenger-RNS Synthese wirkt: b) dall die Translation von
Messenger-Ketten an threm Anfang bereits beginnt bevor sie fertig synthe-
tistert und von der DNS abgetrennt sind: ¢) dall der Intervall zwischen
den einzelnen Transkriptionsbeginn Ereignissen nicht zufillig, sondern von
bestimmter Dauer ist. Daler verliuft die Produktion von ".Ip-mmuwr und
von Enzym in einer stufenformigen Kurve,

Diese SchluBfolgerungen bestitigen die Voraussagen. die man aus dem
Operon-Modell machen kann. W mtcrhm bilden sie den Anfang einer Be-
schreibung des Mechanismus fiir das Wachstum von Messenger-RNS Ketten,

Kin weitergehendes Verstindnis der Dynamik der Gen-Wirkung erfordert
genauere Kenntnisse iiber die Struktur derjenigen genetischen Regioner,
ciie fiir den Beginn und das Ende von Transkription und Translation verant-
wortlich sind.
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Hesume

On peut définir opérationnellement FARN-messager des bactéries par
deux types dexpériences tont a fait différents. D'une part, un ARN-messager
est une chaine polvribonueléotidique dont la séquence des bases est complé-
mentaire d'une partie du chromosome bactérien. Cette complémentarits
pent étre utilisée pour identifier et woler des messagers spécifiques par
hvbridisation ARN-ADN.

Chaque géne est tout a la fols une cople exacte d un géne et sa représenta-
tion fonctionnelle. Amsi, chaque messager peut étre identifié par sa capacité
de produire une protéine donnée. De telles études géne-protéine ont conduit
an modele de Vopération [ L], qui postule 1. Que chaque ARN-messager existe
en tant qu'intermédiaire dans le transfert de 'information du géne a la
protéine. 2. Que des génes structuraux adjacents sont souvent exprimés
d’une maniére coordonnée. 3. Que la synthése du messager est angmentée par
réduction (ou dérépression) et abaissée par retrait de U'inductenr (on ré-
pression). 4. Les molécules dI’ARN-messager sont métaboliquement in-
stables. Il en résulte que chaque changement du taux de synthése dn mes-
sager sera accompagné d'un changement du nivean intracellulaire de mes-
RAZeT.

Yécemment, grice a lexistence de bactériophages transducteurs qui in-
corporent dans lenr propre chromosome de petites régions du chromosome de
E. coli, il est devenu possible d’isoler des messagers bactériens spéeifiques.
Avant & digposition nn messager tel nne entité physique, on peut tester assez
divectement les différents postulats du modéle de Fopéron,

Tin général, on a essavé dsoler PADN du phage transducteur et de
Ihybridiser avec 'ARN total extrait des bactéries. Pmisquiil v a pen ou pas
de séquences homologues entre les génes du phage et les messagers bacté-
riens, ce procédé détectera spécifiquement I ARN-messager complémentaire
de la région génétique atransduites (par exemple, le messager de 'opéron
tryptophane avee TADN du bactériophage transducteur ¢80-trypo),

A partir de telles expériences dhvhridisation, accomplies avee le messager
de Uopéron tryptophane, on a abouti aux conclusions suivantes:

1. Le taux de synthése du messager augmente fortement quand opéron
tryptophane est déréprimé [2],

2. Le messager de Uopéron tryptophane est transcrit en une longne molé-
cule CARN, qui est probablement la copie de tons les cing génes de Fopé-
ron [3] (messager polveistronigue).

3. Dansg les sonches sanvages, le nivean mtracellulaire de messager trypto-
phane est contrélé par le tryptophane Ini-méme qui agit conme un répres-
seur [4]. Dans certaines souches constitutives (R ), ce niveau est éleve et
n'est pas réduit parla présence de tryptophane. Le niveau de messager trypto-
phane est grandement réduit en Fabsence d’un acide amine arginine reguis
par la souche, ce qui indique un contrile réciproque du nivean de messager
pour la synthese des acides ammés [1].
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4. En ce qui concerne la croissance de la chaine d’ARN-messager: En
utilisant de PADN de phages transducteurs avee des délétions dans dillé-
rentes parties de Vopéron tryptophane [5]. Iatayoro [6]. Baker et Yaxor-
sky [7] ont été capables de suivre la croissance des chaines I"ARN-messager
dans les cultures déréprimées de maniére svnchrone. Il ont trouvé: a) que
le contréle répression-dérépression agit sur I'initiation des chaines ’ARN
messager; b) que les chaines de messager commencent a étre traduites
pres de leur origine avant d'étre terminées et relichées de VADN; ¢) que
I'intervalle entre deux événements conséentifs «'mitiation de T'ARN-
messager n'est pas réalisé au hasard, mais d'une longuenr déterminée, 11
s'ensult que les productions de messager et d’enzyvimes suivent une courbe
'escalier,

Ces conelusions confirment a tous égards les prédictions que l'ont peut
faire & partir du medéle de Topéron. De plus, elles commencent & fournir
une deseription du mécamsme, selon lequel les chaines d’ARN-messager
crolssent.

Une compréhension plus poussée de la dyvnanmique de Paction des génes
nécessitera une connaissance plus approfondie de la structure des régions
responsables du début et de la fin de la transeription et de la traduction du
message génétique.

Riassunto

11 cosidetto «Messengers-RNA (m-RNA) batterico puo essere definito gra-
zie a due esperimenti completamente diversi, Innanzitutto un «Messenger»
¢ formato da una sequela polirtbonueleotidica con una sequenza basica
complementare che fa parte del cromosoma batterico. Questo rapporto di
sequenza puo essere utilizzato per identificare ed 1solare 1 «Messenger» speci-
fici, mediante ibridizmo delTRNA-DNA,

Un Messenger perd. non ¢ soltanto una copia fisica o «traserizione» di un
gene, ma anche la sua rappresentazione funzionale. In tal modo ogni Mes-
senger puo essere riconosciuto grazie alla sua facolta di produrre la proteina
che corrisponde al gene, Tali stuch delle proteme del gene caratterizzano il
modello « Operons quale espressione del gene e che viene definito dai seguenti
punti:

L. 11 Messenger-RNA esiste quale intermechiario nella trasmissione dell'in-
formazione genetica dal gene alla proteina. 2, Geni struttirali adiacenti sono
espressi sovente in maniera coordinata. 3. La sintest del Messenger ¢ awmen-
tata mediante induzione-derepressione e diminuita mediante repressione o
allontanamento dallinduttore, 4, Le molecole del Messenger-RNA sono
metabolicamente instabili. Ne deriva cosi che ogni cambiamento nella sin-
test del Messenger. sara accompagnata da un cambiamento della concen-
trazione intracellulare del Messenger.

Recentemente ¢ stato possibile di isolare der Messenger batterict speeifici,
grazie a der batteriofagl specializzati con qualita i «transducer» e che in-
corporano piccole regioni del cromosoma dell' £, eoli. Una volta ottenuto 1l
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Messenger quale entita fisica, s1 possono esaminare direttamente 1 diversi
postulati del modello « Operon s,

In generale si cerco di isolare il DNA dei fagt ctransducers e di ibridizzarl
con il RNA totale det batter, Dato che, se ne esiste una, 'omologia fra 1
fagi-gent e 1 Messenger batteriei, & minmima, tale procedura sard in grado
di wlentificare in maniera specifica quei Messenger del RNA che sono com-
plementari alla regione genetica o transdottas (per esempio i Messenger del
Tryptophan per 1 @B80-tryp-fagi DNA).

In seguito a tali esperimenti di ibridismo con il sistema ¢80-tryptophan-
Messenger-RNA s1 arrivo alle conclusiont seguenti: 1. Forte aumento della
sintexi el Messenger dopo derepressione del Tryptophan-Operon [2]. 2. I
Messenger-Tryptophan viene trascritto quale lunga molecola policistro-
nica [3] che contiene probabilmente 1 traseritti-RNA di tutti ¢ einque 1 geni
dell’Operon in una sola molecola RNS. 3. Nei ceppt «selvatici» repressibili,
la quantita intracellulare del Trvptophan-Messenger, viene regolata dal
Tryvptophan [5]. In aleuni ceppi costitutivi (R-) la quantita & aumentata
e non viene ridotta dalla presenza di Tryptophan. Il tasso del Trypto-
phan-Messenger viene considerevolmente diminuito in seguito alla mancanza
i un aminoacido necessario (arginina). 1o che ¢ dimostra esistenza di
un controllo generale del tasso di Messenger da parte degli aminoaeidr [4],
4. Sviluppo aeatena: servendos: del DNA estratto dai fagt mediante dele-
zioni in chiverse partt del Tryptophan-Operon |5], Imayoro [6], BAKER e
YANOFSKY | 7. hanno potuto seguire la crescita delle catene RNA del Trypto-
phan-Messenger nelle colture in derepressione e trovarono che: a) Il con-
trollo mediante depressione e derepressione attiva linizio della sintesi del
Messenger-RINAL b) All'inizio la traslazione delle catene Messenger comincia
prima che esse siano sintetizzate definitivamente e staccate dal DNA,
¢) Liintervallo fra 'inizio delle singole traseriziont non €& occasionale, ma di
una durata prestabilita. Per tali ragioni la produzione di Messenger e degh
enzimi descrive una curva graduale.

Rueste conclusiont confermano le previsioni che si possono fare servendosi
del modello Operon. In pili, esse rappresentano 'inizio i una descrizione
el meecanismo riguardante la erescita delle catene del Messenger-RNA.

Per poter capire ancora maggiormente la dinamica dellazione der geni,
SONO necessarie conoscenze piu esatte sulla struttura di quelle regioni gene-
tiche che sono responsabili dell'imizio e della fine della traserizione e tras-
lazione,

1. Jacoe Boand Movoop J.: T molec. Biol. 3, 318 (1961).
3, Intastoro I, Morikawa N, Saro K, Mismrova 5., Nisesoiras T and MaTsesamo A,
Joomolec, Biol, £, 157 {1865).

A0 Tvamoro I, Morigkawas N, and Saro K. J. molec. Biol, £3, 168 {1165).

4. Srowes J.ooand Hace B Do J. molee. Biol, 37, 303 { 1963).

5. Deee S, Orasoro Ko and Haoo B, D.: Virology 317, 289 (1967).

6. Isamoro I Proe, nat, Acad. Sei, {Wash.) 60, 305 (1068).

7. Bakenr R, F.and Yaxorsgy (L: Proe. nat. Acad. Sei. (Wash.) 66, 313 {1968).
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Address of the author: B. D, Hall, M.1».. Department of Genetics. University of
Washington, Seattle, Washington 98105,

Discussion

T, GixserERe (Basle): Have you been able to successfully isolate an intact messenger
from the DNA-RNA hybrid which was shown to be active in in vitro protein synthesis

B. D. Hauw (Geneva and Seattle): No, we have not attempted this as vet. The high
termperatures currently used for hybridization cause chain scission. Research in several
laboratories indicates that specific hybridization can be obtained under milder condi-
tions {at 25° U or 377 C), in the presence of dimethyl sulfoxide. ures, or formamide.
With messenger RN A isolated by hybridization under these conditions, it seems quite
fensible to look for template activity in protein synthesis,

H. P. vox Haww (Basel): How specific is RNA/DNA competitive hybridization in
bacteria ¥ Tn mammals, it is known (Attardi) that spuriously high hybridization percent-
ages can be obtained with RNA on single stranded DNA because only small regions of
the RNA need to be hybridized to the DNA, leaving long ~Loose ends™. Thus, many
more RNA molecules of a particular type can be attached to DNA than would be the
cage if the entire RN A molecule were bound to its corresponding DNA region. This is
evenn more enhanced by the large redundancies of certain genes in the mammalian
HOTIOME,

B. DL Havn {Geneva and Seattle): In bacteria, ribosomal genes and some transfer RNA
zenes are known to be moderately redundant (2-10 copies per genome). Since these are
likelv not to be precise repeats, one mav well expect to find “cross-reaction” in the
hybridization of stable bacterial ENA molecules.

For bacterial and phage messenger RNA, the indications are that hybridization is
indeed gene-specific. The work of J. Steess (ref. 4) shows this clearly. RNA isolated
from a tryptophan deletion mutant of £. coli containg no molecules capable of compet-
ing elfectively with tryptophan messenger for hybridization sites on ¢ 80 fryp DNA,
For the messenger RNA of bacteriophage T4, a similar statement can he made. Since
it 1s possible to isolate a specific messenger for the rpp region hy deletion hybridization
(Bavtz and Harr, 1962) it follows that rpym-RNA binds only to one small segment of
the T4 genome, the rp region. Competitive hybridization experiments (R, SepERrOrr,
A, BoLLe and R. EpsTeEmN, in preparation) show that no T4 messenger other than the
rip messenger can compete for hybridization to these particular DNA sites,

In both bacteria and phage, then, it appears that “near repeats” of nucleotide
sequence do not cccur at different places in the genome. This is in contrast to the situa-
tion in mammals, where repetitious sequences are known to exist, and where competitive
hyhridization is frequently aspecific,

Bavrz E. K. ¥. and Have B. D.: Proc. nat. Acad. Sei, (Wash.) 48, 400 (1962).
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