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KOPSAVILKUMS

Prokariotu mRNS translacijas iniciacijas rajonu evolucija un butiskas
pazimes. Faga MS2 RNS analize.

Normunds Licis

Si promocijas darba forma ir publicéto vai publicéanai sagatavoto zinatnisko rakstu sérija. Darbs ir
izstradats Latvijas Universitates Biomedicinas pétijumu un studiju centra laika posma no 1991. lidz 1997.
gadam. Dala cksperimentu veikta Leidenes Universitates Gorlaeus Laboratorija, Niderlande.

Geénu translacijas precizitate un efektivitate prokariotos ir atkariga no sakotnéja
translacijas posma, kura laika ribosomas saistas ar informacijas RNS un atpazist uz tas
translacijas iniciacijas rajonu (TIR). Translacijas iniciacijas efektivitati savukart nosaka
TIR ipaSibas un to raksturo$ana ir nozimiga ne vien teorétiskaja, bet ari praktiskaja
plaksné, ka pieméram pielietojumam biotehnologija. Musu pétijums ir veltits RNS TIR
butisko pazimju noskaidro$anai un analizei, izmantojot bakteriofagu MS2 un fr
vienpavediena RNS. So baktériju virusu genomu veido minéta RNS molekula un tas
génu ekspresija tiek kontroléta galvenokart translacijas limeni.

Darba tika pielietotas divas atSkirigas eksperimentalas pieejas. Pirma tezu dala ir
veltita in vitro analizém, bet otraja dala aprakstitajos peétjjumos meés izmantojam
vairumam RNS virusu raksturigo ipaSibu — augsto adaptacijas potencialu — lai risinatu
apliikojamas problémas ar dabiskas evoliicijas procesa palidzibu.

In vitro dati lauj mums secinat, ka bakteriofagu MS2 un fr RNS translacijas
iniciicijai butiska informacija ir lokalizeta ne vairak ka 16 nukleotidu gara fragmenta, kas
satur translacijas iniciacijas kodonu AUG un SD-sekvenci. Evollcijas pétijumu rezultati,
kas iegnti, analizéjot faga MS2 apvalka proteina un replikazes géna mutagenizétus TIR,
norada, ka izpemot SD-rajonu un translacijas iniciacijas kodonu, citas nukleotidu
sekvences ipaSibas ir saméra nebatiskas translacijas inicidcijas procesam. Savukart
nozimiga TIR efektivitati ietekméjoSa pazime ir ta RNS otréjas strukturas stabilitate.
Dotais darbs pierada ari agrak izteiktos pienémumus, ka bakteriofaga RNS-RNS talas
distances mujiedarbibas ir svarigas replikazes géna translacijas kontrolei. Bez tam
ekspernimentalie datt liecina. ka, kaut ari SD-seciba ir batiska translacijas iniciacijal, ta
nav absoldti nepiecieSama funkcionalal ribosomu saistibai.

Darba rezultati ir apkopoti 5 rakstos, 3 no kuriem ir publiceti, bet 2
sagatavoti publicéSanai starptautiski recenzeéjamos zurnalos, ka ari zipoti 6
starptautiskos kongresos un konferences.



SUMMARY

Evolution and essential features of mRNA translation initiation regions in
prokaryotes. An analysis of phage MS2 RNA.

Normunds Licis

The form of the thesis is the summary of published or prepared for publication scientific articles. The work

was carried out in Biomedical Research and Study Centre of Latvian University in the period between 1991

and 1997 years and some of the experiments were done in Gorlacus Laboratories of Leiden University, The
Netherlands.

Gene expression in prokaryotes ultimately depends on the efficiency and the accuracy of
translation that in turn is determined at the stage when ribosomes recognize and bind to
mRNA translation initiation region (TIR). The properties of TIR are the major
determinant of the efficiency of translation initiation and their revealing is of importance
both from theoretical and practical viewpoint, for example application in biotechnology.
The present work is devoted to both aspects of general relevance for control of
prokaryotic translation by features of mRNA TIR and particular molecular basis of
translational control in the subjects of this study — single stranded RNA bacteriophages
MS?2 and fr. Phage MS2 is a member of a group of bacterial viruses in which the genetic
information 1s stored in and expressed directly from RNA genome and thus the gene
expression in these organisms is controlled mainly at the translational level. Two general
approaches have been used in the present work. The first part of the thesis concerns with
in vitro experiments whereas in the second part we have exploited a characteristic feature
of most RNA viruses — a high adaptability - to test the phage RNA properties essential for
translational control by natural evolution. /n vitro data allowed us to conclude that all the
important information for an efficient initiation of the replicase gene translation in phage
MS2 and its close relative phage fr TIR does not expand outside a short RNA fragment in
length of 16 nucleotides. The results also imply that within this minimal active initiation
region only the translation initiation codon AUG and a 5’-region containing the so-called
SD-sequence are important for the efficiency of the initiation process. The results of
evolutionary studies on phage MS2 coat protein gene and replicase protein gene TIRs
show that apart SD-sequence and initiation codon there are no other sequence-specific
features of a general relevance for the efficiency of translation initiation. At the same
time an essential property of an initiation site was found to be the strength of secondary
structure that occludes TIR and may exert strong negative effect on the initiation rate. [t
was also shown, In agreement with earlier suggestions, that the global phage RNA
folding 1s important for the control of the replicase gene translation. We observed as well
that the extent of suppression is strongly dependent on sequence/structure of the region
mvolving the replicase gene start or its surroundings. Our data also show that although
SD-sequence 1s essential tor the translaton inttation it is not an absolute requirement for
ribosome hinding to take place.

The results of the this work are compiled in 5 articles, 3 of which have been
published but 2 are prepared for publication in ISI journals, and also presented in 6
international congresses and conferences.



Zusammenfassung

Evolution der Translations- Initiationsregion prokaryontischer
mRNA und ihre wesentlichen Symptone. Analyse der Phagen MS2
RNA.

Normunds Licis

Die Promotionsarbeit umfaft verdftentliche und fur die Veroffentlichung vorbereitete wissenschaftliche
Betrage. Die Arbeit wurde im Biomedizinischen Forschungs- und Studienzentrum der Universitit

Lettland und teilweise auch im Laboratortum von Gorlaeus der Universitiat Leiden von 1991 bis 1997
durchgefiihrt.

Die Genauigkeit und Effektivitat der Gentranslation in Prokaryoten hangt vom
Beginn der Translation ab.Wenn die Ribosomen sich mit der Messenger- RNA binden
und auf ihr die Translations- Initiationsregion ( TIR ) erkennen. Die Translations-
Initiations Effektivitat ihrerseits bestimmt die Eigenschaften der TIR, deren
Charakterisierung nicht nur von theoretischer sondern auch praktischer Wichtigkeit.
z.B., in der Biotechnologie ist. Gegenstand unserer Forschung sind die wessentlichen
Eigenschaften und Analyse der RNA TIR, wobei einstrdngige RNA der
Bakteriophagen MS2 und fr verwendet wurden. Das Genom dieser Viren besteht aus
dem Molekil der erwidhnten RNA, und die Expression der Gene wird hauptsédchlich
auf dem Translationsniveau kontrolliert. Wir verwendeten zwei verschiedene
experimentelle Methoden. Der erste Teil der Doktorarbeit ist der in vitro Analyse
gewidmet. Im zweiten Teil der beschriebenen Experimente benutzen wir die der
Mehrzalt von Viren charakteristischen Eigenschaft - das hohe Adaptionspotential um
unser Problem mit Hilfte des natiirlichen Evolutionsprozesses zu 16sen.

Die in vitro  Resultate fithren zur Schluffolgerung, daf} die fir die
Translation- Initiation der RNA der Bakteriophagen MS2 und fr wesentliche
Information sich in einem 16 Nucleotide nicht iiberschreitenden Fragment lokalisieren
1apt. Dieses Fragment enthilt das Translations- Initiationscodon AUG und die SD-
Sequenz.

Resultate der Evolutionsforschung, die durch die Analyse des Hiill- Protein
des Phages MS2 und mutagener TIR des Replikasen Genes erhalten wurden. zeigen.
da} mit Ausnahmen des SD- Bereiches und des Translations- Initiations Codones.
ander¢  Eigenschaften der Nucleotidsequenzen verhainismaf3ig unwichtig im
Translation- Initiation Prozess sind. Anderseits st die Stabilitat der RNA
Sekundarstruktur von Wichtigkeit. da sic grofen Einfluf} auf diec TIR Ettektivitit hat
Wir konnten beweisen. dapp die existierende RNA- RNA gegenseitige Einwirkung
iiber weite Entternungen fiir dic Kontrolle der Translation des Replikasengenes von
Bedeutung ist. Auserdem konnte gezeigt werden, dafd die SD- Scequenz. obwohl
wichtig bei der Initiation der Translation. nicht absolut nétig das fir Funtionieren der
Ribosomen- Bindung ist.

Die Forschungsresultate sind in 5 Publikationen zusammengefa[it, von
denen 3 schon verioffentlicht und 2 zur Publikation in international anerkannten
Zcitschriften  eingereicht sind. Es wurden 6 Vortrige auf internationalen
Kongressen und Konferenzen gehalten.
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The choice is easy for the phage
but difficult for us.

Jan van Duin,
personal communication.
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INTRODUCTION

The success in maintenance and propagation of life depends on appropriate gene
expression. Various proteins are required in entirely different quantities, often only at
distinct periods or under certain conditions. To attain this flow of the genetic information
from DNA to RNA (transcription) and from RNA to proteins (translation) must be
somehow regulated. At least in prokaryotes, which mRNA 1is usually polycistronic i.e.
caries reading frames for several proteins, translation, and especially its initial stage, is of
utmost importance for the control. Individual prokaryotic genes are translated with vastly
different rates even so they are present on mRNA in equamolar amounts. Thus, the
genome of the single stranded RNA bacteriophage MS2, an object of the present studies,
contains four cistrons but one of them is translated much more efficiently than the other
genes. Moreover, the AUG codon that is mainly used as the translational start, unlike
nonsense triplets, is nothing special itself and is present also within the genes as usual
translational triplet. Why one AUG is used as the translational start codon very
efficiently, another poorly and but many more are never used for that purpose?

In nearly every initiation event all components of translational machinery are
identical, except for mRNA and thus mRNA must possess some regulatory code that tells
the ribosomes where and with what efficiency to start making proteins. Countless studies
have been devoted to revealing this code and various data have shown the significance of
the so-called SD-sequence, ribosomal S1 protein binding sites and the strength of the
RNA secondary structure that may occlude a translation initiation region as well as other
specific TIR properties have been suggested. Still, uncertainty surrounds the features in
the mRNA that control the efficiency of translation initiation and as yet it is not possible
to predict with a reasonable certainty the quality of a translation initiation region (TIR).
More data on properties of various TIRs are required to improve our understanding of the
translational control. Also, most of the experimental approaches only distantly resemble
the natural conditions and cannot answer the question on the biological significance of
the proposed mRNA regulatory features.

Single stranded RNA bacteriophages like MS2 are convenient objects to study
translational control because (i) they lack process of transcription and thereby their gene
expression is controlled solely at the translational level. (ii) they easily adapt to
mutational perturbations if allowed to propagate in bacteria and thus the biological
significance of RNA properties of interest can be analyzed through natural evolution.

The specific aims of the performed experiments are stated in the each presented
manuscript and also given in the section ‘Results and Discussion’. In overall they were as
follows:

e To define specific phage RNA properties essential for the efficiency and control of
translation initiation of certain genes on RNA or to assess the biological significance
of known or suspected regulatory RNA features on live phage.

e To assess using natural evoiution, which mRNA properties within a ribosome binding
site are of general relevance for the prokaryotic translation initiation.

-



LITERATURE REVIEW

The mechanism of translation initiation

Translation is a complex process comprising three stages: initiation, in which
the translational machinery is assembled on mRNA; elongation, in which amino acids
are added to the growing peptide; and termination, in which the nascent peptide is
cleaved from the final tRNA and the translational machinery is disassembled. The
translational efficiencies in Escherichia coli are generally determined at the stage of
initiation that requires the 30S and 50S ribosomal subunits, mRNA, fMet-tRNA, three
initiation factors, and a GTP molecule. The kinetic model (Fig.1) for initial steps of
protein biosynthesis has been elaborated by Gualerzi & others (Gualerzi et al., 1977,
Gualerzi & Pon; 1981; Pon & Gualerzi, 1986; Gualerzi & Pon, 1990). During
initiation the 30S ribosomal subunit, mRNA, fMet-tRNA, three initiation factors, and
a GTP molecule combine to form 30S initiation complex (IC), in which mRNA
initiation codon is basepaired with initiator fMet-tRNA anticodon. The 30S IC is the
key component in the initiation pathway. The rate of its formation limits the rate of
the whole translation process and depends on properties of mRNA TIR.

i

+

. - 2/
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Figure 1. The proposed mechanism of translation initiation in prokaryotes (from Gualerzi & Pon, 1990).
According to the proposed mechanism the 30S ribosomal subunit charged with the three translation initiation
factors binds in a random order the mRNA and fMet-tRNA-fMet and form a pre-temary complex in which mRNA
and initiator I-Met-tRNA do not interact yet. The codon-anticodon basepairing leads to the formation of 308
initiation complex. The formation of the 30S initiation complex (step C in the figure) is the most important rate-
controlling step. The 308 initiation complex can either dissociate or become transformed into the 70S initiation
complex by binding of a 530S subunit. The 708 initiation complex is virtually irmeversible and enters clongation.



The two crucial steps leading to formation of 30S IC are selection of mRNA
by ribosomes and selection of initiator-tRNA and initiation codon (Hartz et al., 1989;
Hartz et al., 1991).Ribosomes themselves neither distinguish elongator tRNAs from
the initiator tRNA nor recognize the initiation codon (Hartz et al., 1989). The
selection of initiator fMet-tRNA over elongators and the verification of the fidelity of
the codon-anticodon basepairing are accomplished by initiation factors IF2 and [F3.
The codon-anticodon interaction is necessary and essential but not sufficient for the
selection of the ‘correct” mRINA region where translation should begin. There are a
lot more AUG, GUG, UUG codons within the genes (the three most frequent
translational starts in Escerichia coli) than the actual translational starts.

In contrast, 30S subunit does not need either initiation factors or fMet-tRNA
to bind mRNA (van Dieijen et al., 1978; van Duin et al., 1980; Hartz et al., 1991) and
find proper initiation regions on it (Hartz et al., 1991, Ringquist et al., 1993). The
ribosome, by itself, is able to distinct a good mRNA initiation region from a poor one
by the means of sequence specific interactions with mRNA. Presumably, a 30S
ribosomal subunit binds to an (unfolded) RNA region in a sequence independent
manner and this event trigger the binding of fMet-tRNA or it may be present on
ribosome prior the binding. The complex either dissociates from RNA or establishes
additional contacts through specific ribosome-RNA and/or codon-anticodon
interactions.

mRNA features that establish the efficiency of translation initiation

In Escherichia coli the intrinsic efficiencies among different initiation sites
can vary 1000-fold (Gold et al, 1981; Stormo, 1987). Because in nearly every
initiation event all components of translational machinery are identical, except for
mRNA, the efficiency with which 30S initiation complex forms depends solely on the
properties of the mRNA. These properties include sequence-related features for
specific interactions with ribosome and/or initiator tRNA and the secondary
structures.
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Figure 2. The prokaryotic translation initiation region.
(From McCarthy and Gualerzi, 1990) See text for details



Steitz (1969) was the first person who examined the features of mRNA
surrounding true initiation sites. In her experiment 70S ribosomes in the presence of
fMet-tRNA were bound to genomic RNA of the phage R17, the RNA was degraded
with RNase and the mRNA regions protected from degradation were isolated and
sequenced. These ribosome-protected regions are termed ribosome binding sites
(RBS) (Fig.2). The regions that lie outside the RBS also can affect translation
initiation. To describe the key elements that define efficiency of a translational start
the term translation initiation region (TIR) was introduced (McCarthy & Gualerzi,
1990). The TIR always includes the RBS but usually expands beyond it.

The three RBS isolated by Steitz (1969) were of about 30-35 five nucleotides
and contained the initiation AUG codon near the middle. No other similarity between
the isolated fragments was noticed at that time. Translation initiation codon in
majority of cases (90%) is AUG but GUG (8%) and UUG (1%) also function in a
number of messages (Gren, 1981; Gold, 1988, McCarthy & Gualerzi, 1990). mRNA
encoding IF3 contains AUU as translational start (Sacerdot et al, 1982). fMet-tRNA
is used with every initiation codon. AUA, AUC (Romero & Garcia, 1991) also allow
inefficient translation but to our knowledge are not used as translational starts in the
native prokaryotic messages. The translational efficiency of the common start codons
decreases in the order AUG>GUG>UUG (Looman & Knippenberg, 1986;
Khudyakov et al., 1988; Adhin & van Duin, 1989; Rinquist ef al., 1992) and thus
certain codons can be a simple mean to affect the initiation rate. The use of rare
codons as UUG and AUU in natural messengers seems to serve translational control
purposes rather than simple inhibition of translation initiation. For instance, in RNA
bacteriophage fr the lysis gene starts with UUG codon but the codon is not utilized by
ribosomes in de novo initiation. Instead, the translation of the L gene requires the
termination of the upstream coat cistron on a nearby located coat gene stop codon. It
is the reinitiation at the UUG rather than direct ribosome binding that triggers the
lysis translation. When UUG was substituted by GUG or AUG the control was lost
because the L gene became expressed independently (Atkins ef al., 1989).

Another sequence present in vast majority of prokaryotic TIRs is purine-rich
stretch at a variable distance (mostly 7-9 bases) upstream the initiation codon. This
so-called Shine-Dalgarno SD-sequence is complementary to 3’-end of the 16S
ribosomal RNA, with which it interacts by means of RNA-RNA basepairing during
initiation. The interaction proposed originally by Shine and Dalgarno (1974) on the
basis of sequence analysis has gained direct experimental support (Hu & deBoer,
1987; Jacob et al.. 1987; deBoer & Hui, 1990). The longer interaction seems to
permit better initiation efficiency (Ringquist et al., 1992). The presumed principial
functions of SD-sequence as compiled by de Smit and van Duin (1994) at least on
structured messengers, are as follows. (i) It anchors the 30S subunits in the
neighborhood of the translational start site. (ii) It provides the ribosome with
sufficient affinity for the available ribosome binding sites. (iii) It increases the ability
of ribosomes to compete against the secondary structures (see below) that may be
present in the messenger. The spacing between the SD-sequence and the translation
initiation codon influence the efficiency but within range 5-13 nucleotides the effects
are small (Gold, 1988; Ringquist et.al., 1992).



The secondary structure of mRNA TIR is important determinant of the
initiation rate because can hide the SD-sequence from inspection by ribosomes.
Stormo (1987) predicted that there must be quantitative relationship between the
strength of the secondary structure of the initiation region and the translational
efficiency. deSmit & van Duin (1990a,b) shown it to be true. They varied the strength
of a hairpin that contains the RBS of the phage MS2 coat protein gene. The results
revealed strict correlation between translational efficiency and stability of the hairpin.
Increase of the stability of the structure by -1.4 kcal/mol give rise the reduction of
translation initiation rate by a factor of 10. On the other hand the stability of wild type
hairpin appeared to allow unabated translation.

F
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0
AG slow

Figure 3. Schematic representation of the competition between hairpin formation U=unfolded,
F=folded) and binding to 30S ribosomal subunits. AGy is the free energy of helix formation, AGsog 1s

the free energy of binding of a 30Ssubunit to the unfolded RNA. slow indicates the rate-limiting step in
translation (from de Smit and van Duin, 1990a).

The mathematical analysis of the obtained data led the authors to conclude
that the efficiency of translation initiation depends on fraction of molecules in which
the ribosome binding site is unfolded and that ribosomes bind only unfolded initiation
sites. The weaker is the structure the more time the RBS is available for ribosome
binding. On the other hand the ribosome binding to the unfolded mRNA is dependent
on the affinity of the initiation region for ribosomes, for instance, the strength of SD-
interaction. The higher is the affinity of ribosomes for the initiation site the higher is
probability that the unfolded molecule will be bound by ribosomes. The translation
initiation on structured messengers can therefore be described as a result of continual
competition between formation of the helix and binding to a ribosome (Fig.3).

Interestingly, in in vitro studies it has been found that a SD-interaction is
mechanistically irrelevant for correct initiation (Calogero et al., 1988). The authors
proposed that under natural conditions the SD-sequence play a crucial role in the
competition between messengers for limited pool of free ribosomes. A support for
such view comes from the finding that the genes bearing mutations inside the SD-
sequence or initiation codon experience more significant decrease in their expression
as the genes mutated outside these regions under conditions of growth in minimal
medium (Jacques et al., 1992).

Another ribosome-mRNA interaction that plays role in the translation
initiation is interaction of ribosomal protein S1 with mRNA. It unfolds mRNA
secondary structures and is particularly required for translation of highly structured
mRNAs (van Dieijen et al, 1976, Subramanian, 1983). S1 protein has a preference for
pyrimidine-rich sequence. It has been shown to bind to U-rich sequences present



upstream from the start of the coat protein gene of the single stranded RNA
bacteriphages fr and Q. Such U-rich sequences are present in the vicinity of many
efficient E.coli translational starts (Boni et al., 1990). Runs of pyrimidines may act as
enhancers for translation initiation.

Within the prokaryotic genes there are many SD-like sequences followed at a
correct distance by AUG or GUG. This shows that some additional source of
information pinpoints the genuine starts. Statistical analysis (Sherer et al., 1987)
showed that distributions of nucleotides within the ribosome binding is non-random
at several positions other than initiation codon and SD-sequence and in overall the
ribosome binding sites are rich in A and also U. One possibility is that the
information pattern reflects an attempt to keep ribosome binding site free of
secondary structure. On the other hand ribosomes might have a preference for certain
nucleotides or sequences. Other sequences within RBS have been proposed to interact
with 16S rRNA but they either lack an evidence in recognition of a TIR through
rRNA-mRNA interactions or the experimentally data are contradictory (reviewed by
McCarthy and Gualerzi, 1990; Sprengart and Porter, 1997). At least some of these so-
called translational enhancers may serve as binding sites for S1 protein (Tzareva et
al., 1994; Ringquist ef al., 1995).

The single stranded RNA bacteriophages

The single stranded RNA bacteriophages (Zinder, 1975) such as MS2 contain
single-stranded RNA genome encapsidated in a shell, composed of 180 copies of coat
protein and a single molecule of the A protein. Basing on several criteria they are
classified in four groups. Groups I and II are similar and collectively referred as
group A and also groups III and IV are closely related (group B). Phage MS2 is
representative of the first group. Its single stranded RNA genome (see at Fig.5) is
3569 nucleotide long and contains four genes. The maturation (A) protein is present
as one copy per virion and is required infection. The coat (C) protein is the major
structural component of virion, the product of the lysis (L) gene is needed for cell
lysis and the replicase (R) protein serves RNA replication. Group B phages lack
separate lysis protein (lysis function these phages performs maturation protein) and
contain additional readthrough protein.

Infection cycle

The infection cycle of an RNA phage have been studied on group B phages
and is depicted in Figure 4 (Biebricher & Eigen, 1987; as adapted by Olsthoomn,
1996). Phages attach to the F pili of the E.coli cell via maturation protein and eject its
RNA into the bacteria through the central channel of the pilus. Once the (plus)-strand
RNA genome is inside the cell, the phage development starts. The level and timing of
phage gene expression is carefully controlled and tightly coordinated with replication.

After entry the cell RNA first serves as messenger for the coat gene
translation which RBS is the only one available to ribosomes on intact phage RNA.
Translation initiation regions of other three genes are hidden by phage RNA
secondary structure. Ribosomes translating the coat message disrupt a secondary
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structure that occludes the initiation site of the replicase cistron. The replicase protein
is produced and replication may start.

Phage RNA replication involves a protein complex, the replicase holoenzyme,
that consists of the phage-encoded replicase subunit and for proteins of the host cell,
elongation factors EF-Tu and EF-Ts, ribosomal protein S1 and a protein called host
factor (HF). It has been shown that replication cannot occur on an RNA molecule that
is being translated (Kolakofsky and Weismann, 1971). Before the replication begins
the phage RNA must be cleared from ribosomes. The replicase holoenzyme attaches
to the initiation region of the coat protein gene. The binding most probably mediated
by S1 protein (Boni et al., 1990) that is a component of both ribosome and replicase
holoenzyme. Since the coat RBS is the only one accessible for direct translation
initiation the replicase binding to the coat TIR prevents the ribosome binding to the
phage RNA and replication can proceed.

Replication proceeds via synthesis of a free plus and minus strands. Since no
double-stranded RNA replication intermediate occurs, proteins can be synthesized
from nascent RNA plus-strands. During synthesis of plus strands, the RBS of the
maturation protein is temporarily accessible and small amount of maturation protein
is produced. The lysis protein is synthesized at a low level throughout the infection
and its translation is coupled to that of the coat gene. As the coat protein
concentration rises it binds to the replicase start region and physically excludes
ribosomes from further initiation of the replicase synthesis. At about 20 min post
infection the replicase synthesis is fully shut off. As the concentration of phage
structural components builds up phage assembly begins. The phages are released
from bacteria after disruption of the cell wall by the phage lysis activity.

Control of the gene expression

The coat protein gene is abundantly expressed throughout the infection to
satisfy phage needs for huge amounts of the protein. The three other phage-encoded
proteins are required in small quantities and their synthesis is temporarily regulated.
A major role in control is played by phage RNA secondary structure which can deny
access of ribosomes to translational start regions (reviewed by van Duin, 1988; de
Smit & van Duin, 1991).

The maturation protein gene

The maturation (A) protein is needed only one copy per virion and its
synthesis accordingly is kept at a low level. The translation of the A protein gene 1s
restricted to nascent plus strands. In completed RNA chains its translational start 1s
hidden by secondary structure that arises from a basepairing between the RBS of the
A protein gene and an internal A protein gene coding sequence. When however the
phage RNA is being replicated, the inhibitory folding needs some time to be formed.
This delay in folding allows the ribosomes afford the binding to the TIR of the
maturation gene and thus to produce the required amounts before the start is shout
down by the secondary structure. Such a model has been in literature for a long time
(Fiers et al, 1975; Robertson & Lodish, 1970) and recently was shown to be correct
(Groeneveld et al., 1995; Poot et al., 1997).
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Figure 5. Genetic map of RNA phage MS2 and schematic drawing of the MS2 RNA secondary
structure of the central part of MS2 RNA (adapted from Groeneveld, 1997). The translational start and
stop codons are indicated. The dotted line marks RNA region which structure is uncertain.

The coat protein gene

Except for the competition between ribosome and replicase for the ribosome
binding site described above the synthesis of the coat protein is not negatively
regulated in any way. The coat gene RBS (de Smit & van Duin, 1991) that adopts a
simple hairpin structure (see p.17 in RESULTS) with the start codon in the loop and
the SD-region in the stem. This secondary structure in native sequence context does
not interfere with the efficiency of translation initiation. Destabilization of the stem
beyond wild type level did not lead to increased protein yields whereas stabilization
of hairpin, no matter how achieved, causes translation to fall.



It appears that the phage RNA is designed in such a way to maximally activate
the coat gene RBS. The phage genome region of some 1200nt that precedes the coat
gene RBS about 30 times stimulates the coat protein synthesis as compared to the
situation when it is absent or substituted by the phage-unrelated sequence. The
progressive shortening of this region leads to gradual decrease in coat protein
synthesis. Thus, in these truncated constructs the stability of the hairpin restricts the
ribosome access to the coat gene start. It can be said that translation initiation region
of MS2 coat gene expands over thousand or so nucleotides. How the upstream RNA
achieves this stimulation is not evident but de Smit & van Duin (1994) provided
several possible explanations.

The lysis protein gene

The translation of the coat gene is needed to produce the lysis protein
(Schmidt er al, 1987). This translational coupling is enforced by a strong hairpin
structure that involves the RBS of the lysis gene and prevents ribosome binding to the
translational start. The current model is that some ribosomes terminating the coat
translation reach the L start by random lateral movement along the mRNA and re-
initiate at the lysis start. Interestingly, the aminoacids encoded by coat-lysis overlap
and the coat-replicase intercistronic region are dispensable for the protein function
that hints on a merely regulatory role of the ‘unnecessary’ gene extension. The
biological significance of the coat/lysis coupling that probably lies within both
preventing the cell disruption unless the virion formation has reached a sufficient
height and the above described switching between phage RNA translation and
replication has been demonstrated by Klovins and others (1997).

The replicase protein gene

The control of the replicase gene expression is rather sophisticated. First,
translation of the upstream coat gene is needed to activate the ribosome binding site
of the replicase gene. As the concentration of coat protein rises it binds to the specific
hairpin structure that adopts the initiation site of the replicase gene and represses
translation again. Both the molecular mechanism of the coat-replicase translational
coupling and especially the interaction of the phage coat protein with the replicase.

The translational coupling between the coat protein and the replicase gene was
deduced from the observation that early amber mutation at codon 6 of the coat gene
prevents the replicase synthesis whereas late amber mutation at codon 50 does not
have such an detrimental effect on the replicase gene translation (Horiuchi, 1975).
Once MS2 RNA sequences became known the first structural model to rationalize
these observations was proposed (Min Jou et al., 1972). In this model the coat gene
1409-1423 coat gene sequence was postulated to basepair with the replicase ribosome
binding site. Berkhout & van Duin (1985) further analyzed the control mechanism
using MS2 c¢cDNA clones and confirmed the MJ-model. It was found that deletion of
the proposed coat gene regulatory segment uncouples replicase translation. This and
further analysis of the MS2 RNA secondary structure (Skripkin et al., 1990) led to
suggest the long-distance interaction of 6-7 basepairs as the molecular basis for the
control mechanism (see p.18 in RESULTS). This MIJ-interaction was later proved to
be correct exploiting basepair substitution analysis on partial MS2 cDNA clones (van



Himbergen et al., 1993). The MS2 RNA structure model presented in Results is an
improved version (Groeneveld, 1997) of the Skripkins’ model and in the region of the
replicase TIR differs by the presence of VD-interaction that in the oldest model was
absent.

The other control mechanism operates later in infection. The coat protein of the
bacteriophage interacts with the stem-loop structure, often designated as translational
operator, that adopts the replicase translation initiation region and represses the
translation of the replicase cistron (Bernardi & Spahr, 1972). This interaction has been
extensively studied and the structural requirements in RNA for efficient binding are
known in details (Uhlenbeck et al., 1983; Romaniuk et al., 1987) (see p.18, RESULTS).
The exact secondary structure is essential but the sequence is not. The hairpin must
contain the bulged purine at specific position and the ANYA tetraloop (N-any nucleotide,
Y-pyrimidine). The location of this translational operator is conserved and its affinity for
coat protein is conserved among RNA phages of various groups, although the structural
requirements are specific for representatives of different groups (Witherel et al, 1991).
This same interaction was thought to be necessary for phage RNA encapsidation (Beckett
& Peabody, 1988) but Peabody demonstrated recently (1997) that the coat protein
interaction is not required for encapsidation of the genome.



GENERAL METHODS

Assay of the formation of translation initiation complex in vitro

The filter-binding assay was used to measure the activity of template
oligoribonucleotides — analogs of the replicase gene TIR in 70S ribosome binding. RNA
was incubated with dissociated ribosomes in the presence of purified translation initiation
factors and **S-labeled fMet-tRNA. The mixture was then filtered through nitrocellulose
filter. The ribosomes and the initiation complexes are retarded on the filter. The amount
of ribosome-bound *S label is proportional to the amount of ribosome-bound template
RNA (Berzins et al., 1988).

Evolution experiments

The evolutionary approach (Olsthoorn, 1996, Olsthoorn et al., 1994) was used to
reveal both the mRNA features essential for translation initiation and the biological
significance of certain regulatory phage RNA structures. It rests on the lack of a
proofreading activity of the phage RNA polymerase (the replicase). As a consequence the
misincorporation frequencies in RNA phage genomes are very high (10°- 10™ per
nucleotide per replication (Batschelet et al., 1976)) and these result in an extremely
heterogeneous RNA phage population (Domingo et al., 1978). Natural selection excludes
the non-viable variants and leads to the survival of good ones. Because there is a constant
‘supply’ of deviant virus genotypes by the error-prone replication new variants are
continuously tested by natural selection and as a result RNA viruses may change very
rapidly and adapt to new conditions and mutational perturbations with amazing easy.

The experimental approach consists in modifying a known or suspected RNA
sequence/structure feature by mutational perturbations that reduce phage viability without
abolishing it completely (at least in a sense that the phage can yield viable progeny by the
error-prone replication). Progeny phages are then observed through number of growth
cycles to evolve back to high viability and analyzed with regard to the accumulated
spontaneous mutations compensating for the initial perturbation. Those containing such
compensatory are often called pseudo-revertants.

Directed mutations, either distinct or random, were introduced in phage MS2 RNA
genome via its full-length cDNA copy that is present on a plasmid behind the inducible
P. promoter of the phage. The advantage of ‘random’ approach is that it allows generate
many different cDNA variants of the RNA feature under scrutiny in a single step. The
plasmid yields viable phage and is maintained in E.coli F~ host cells. The phages are
released from bacteria but the host cells cannot be re-infected because they lack F pili.
The produced mutants are then used to infect E.coli F* bacteria and their evolutionary
adaptations by suppressor mutations are recorded. Typically, many mutants of an RNA
property are monitored that allows to reveal common rules and essential features in an
evolutionary analysis.



In vivo measurements of the replicase gene expression

To assess the effect of both initial and compensatory mutations on the replicase gene
translation cDNA fragments of the phage genome were cloned in an expression vector
(van Himbergen et al., 1993) where the lacZ gene is fused to the 3’-portion of the
replicase gene (RlacZ). The replicase expression was measured as the f-galatosidase
activity of RlacZ fusion protein by a conventional method (Miller, 1972). In that method
the f-galatosidase activity is revealed from the extent of breakdown of its colorless
substrate ONPG that is converted by the enzyme into a yellow-colored product. The
intensity of the color depends on the concentration of the enzyme in the sample.



RESULTS AND DISCUSSION

In vitro data

The ribosome binding site on bacteriophage MS2 RNA contains translational start
codon AUG near the middle and putative SD-sequence at a distance of 6-7 nucleotides.
There are two vanants for the SD-interaction between the replicase gene TIR and 16S
rRNA. One involves the mRNA template sequence 5’-UGAGGA-3’ that can basepair
with the very 3’-end of the 16S rRNA - 3’-AUUCCU-5’, the other is interaction of the
5’-GAGG-3’ sequence with the 3°-CUCC-5’ region of rRNA. It is not clear which one
takes place during translation initiation in the cell.

. AAACAUGAGGAUUACCCAUGUCGAAGACAACARAG
. AARACAUGAGGAUUACCCAUG
. CAACAUGAGGAAUACCCAUG
AACAUGAGGAAUACCCAUG
AUGAGGAAUACCCAUG
UGAGGAAUACCCAUG

AU W N

Figure 1. The RBS of the phage MS2 replicase gene (1), the RNA fragments of MS2 and fr that retain full
template activity (2-5) initiation site for phage MS2 and the minimal sequence exerting a reasonable
ribosome binding (6). The replicase gene start codon is in bold, a variant of SD-sequence is underlined.

Previous studies on MS2 and related phage fr (Berzin et al., 1978; Borisova et al.,
1979; Berzin et al., 1982; Renhof et al., 1985) had led to show that the fragments in
length of 20 nucleotides (Fig.1, sequences 2 and 3, respectively) exert the same
functional activity in ribosome binding as the whole RBS. Thus all of the information
essential for efficient initiation of replicase synthesis is contained within 17 nt region
preceding the translational start. MS2 and fr RNA differs at two positions in the shown
sequence but these deviations have no influence on affinity of mRNA for ribosome.

In order to determine more precisely the 5’-boundary of an active replicase gene TIR
progressively shortened templates (Fig.1, templates 4-6) were used in filter binding assay.
The results showed that 16 nt long fragment (template 5) retains full activity in driving
the formation of the 70S-initiation complex. The shortest of used variants exerted
lowered but still reasonable template activity (sequence 6).

The mutational analysis revealed the UGAGGA sequence as that responsible for
ribosome binding with high affinity. The substitutions in this region leaves the template
no or only a low activity. More precise mapping would be needed to dissect the effects of
particular nucleotides or short sequences contained within this fragment on the efficiency
of ribosome binding.

The essential conclusion from in vitro data applied later in evolutionary studies is that
mutations outside UGAGGA sequence and AUG codon should not directly in a sequence
specific manner affect the efficiency of the initiation of the replicase protein synthesis.
On the other hand the elimination of the UGAGGA sequence must prevent efficient
translation of the replicase gene.



Evolutionary studies

Translation initiation region of the phage coat protein gene

The start of the coat protein gene adopts a simple hairpin structure (Fig.2). The
data of expression studies on partial MS2 cDNA clones had indicated (de Smit & van
Duin, 1990) that the stability of this hairpin is important for the coat gene expression.
Any mutation that increased the strength of the coat initiator hairpin reduced the coat
protein yield. On the other hand the destabilization of the structure had no effect on coat
gene translation. Thus, the strength of the hairpin appeared just weak enough to unabated

translation and it suggested that the hairpin has evolved the highest stability compatible
with maximal ribosome loading.
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Figure 2. Structure and evolution of coat initiator hairpin.

To examine the presumed tuning of this helix stabilizing and destabilizing
mutations were introduced in live phage and the evolution of mutants to high viability
was monitored. It was observed that both types of mutations are strongly selected against
and the phage fast reverts to hairpin stability that is close or the same as that of wild type
without adopting the native sequence (Fig.2). These results provide evidence on the
biological significance of the presumed tuning of the stability of the coat initiation
hairpin. The return of the stabilized hairpins to the wild type stability arises from the need
to synthesize adequate amounts of coat protein. The reason why destabilized hairpins are
also selected against is not presently understood. The results also show that except for the
translational start codon and the SD-sequence the efficiency of the coat gene translation

initiation is not affected by primary sequence of the RBS but strongly depends on the
strength of its secondary structure.



Translation initiation region of the replicase protein gene

The replicase protein is limited to only a small burst early in infection. The
negative control is accomplished by repressor — phage coat protein binding to the
replicase initiator hairpin and long-distance MJ-interaction between a coat gene segment
and replicase translational start region (Fig.3).

(i) By site directed mutagenesis we randomized the 1746-1760 sequence of the
replicase TIR in phage RNA. With respect to the initiation and control of the replicase
gene translation such mutations have dual effect. First, because the mutated region
includes the SD-sequence, the base changes should turn the initiation region into very
inefficient one. Thus, to ensure an adequate supply of replicase for appropriate RNA
replication the phage RNA mutants must somehow activate the replicase TIR upon
evolution. It was expected to reveal the RNA features of general relevance for translation
initiation. Second, the introduced substitutions destroy the native secondary structure of
the initiation region and the binding of the coat protein to the replicase TIR with high
efficiency is impossible for such phage RNA variants. It was not known whether a
native-like initiator hairpin of the replicase gene is required for the encapsidation of the
phage RNA. And if the phage can survive without it how the pseudorevertants will adapt
the efficiency of the replicase gene translation to the absence of repression.

(i) Similar ‘random’ approach was applied to assess the biological significance
of the MJ-interaction for the control of the replicase gene translation. We reasoned if the
LDI is essential for live phage the mutants, in which RNA the MJ-interaction is broken
and consequently the replicase synthesis is activated, should evolve suppression of the
replicase translation again.
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Figure 3. The secondary structure of the replicase gene TIR. The translational start AUG codon, a variant
of SD-sequence as well as the coat gene stop codon are marked by box. The regions that were randomized
are indicated. R1, R2 and CT designates local stem-loop structures. MJ designates the MJ —interaction, VD
designates the 1419-1426/1810-1817 LDI.



Phage RNA mutants of SD-sequence and replicase gene initiator hairpin
The results on properties and evolution of mutants of SD-sequence and initiator

hairpin of the replicase gene are presented in Figure 4.

e The many obtained MS2 mutants did not share RNA sequence (SD-box) and structure
(an RNA operator hairpin) features characteristic for the native TIR of the replicase
gene. They also lacked some other SD-sequence in the randomized region and the
replicase synthesis dropped drastically.

The mutations decreased the phage titer by two and more orders of magnitude but

did not prevent the phage production obviating that the replicase synthesis is not

abolished in full. This is consistent with observations that SD-sequence is not an absolute

requirement for translation initiation (Calogero et al., 1988; Melacon et al., 1990; Boni et
al., 1991). Another indication given by properties of mutants is that an AUG codon
preceded by non-conventional for the initiation sequences may yield some leakage of
translation depending on the context of the surrounding sequence (presence or absence of
SD-like sequences AAG, GG etc) and, especially, structure.

RNA sequence RNA structure Translational
efficiency
A
Wild type =————{SD-box}ei AUG é 1
A
Mutant AUG <0.01
ﬁ A
NN l("\ PN
R A A A
v
Pseudo- fers ] - r 0.1
revertant "SD-box: AUG) % ~

Figure 4. Properties and evolution of mutants of the replicase geneTIR.



The evolution of phages followed a straightforward sequence pattern. Thus, out of 28
suppressor mutations (Firg.5) evolved by various pseudorevertants more than half
resulted in guanosine nucleotides. The sequence analysis revealed that this biased

content of the suppressor mutations originates in creation of various SD-regions in the
replicase initiation site.
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Figure S. The biased content of the suppressor mutations.

In the above evolutionary analysis the SD-region clearly emerged as the main

positive determinant of a prokaryotic TIR. This finding is in line with well-known role of
SD-sequence in translation initiation (Gold, 1988; Dreyfus, 1988; de Smit and van Duin,
1944). We found neither any other common sequence-specific pattern nor a pronounced
nucleotide bias, except for SD-related guanosine nucleotides. This shows that the
specificity of suppressor mutations per se has played no significant role in evolution of
replicase TIR from false to true.

Another distinct property of most of the adapted phage RNA variants was the lack of
a translational operator hairpin (secondary structure models a and b, Fig.5), whereas a
feasible structural feature in number of instances was evolution of partially
resembling structures (hairpins b, Fig.4). We suggest that such hairpins may serve as
a low affinity binding sites for phage coat protein.

In either of the examined cases the replicase gene translation in pseudorevertants was
relatively high as compared to their progenitors but relatively low as compared to
wild type. The yield of replicase did not correlate with the ‘strength’ of SD-sequence
and the access of the replicase gene start was strongly influenced by phage RNA
structure. It is conceivable that the limited activation of the replicase production
represent a phage adaptation to the absence of efficient repression of the replicase
gene translation by phage coat protein.
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Translational coupling

Manuscript 5 describes a study intended to reveal whether the MlJ-interaction
possesses the biological significance for the control of the replicase gene translation. The
answer turned out to be positive. We found that phage mutants, in which RNA the MJ-
interaction was destroyed, evolved the suppressor mutations placing the replicase gene
under translational control again. For some of the pseudorevertants lacking the MJ-
interaction the exact molecular basis for the renewed control is not evident. Yet, one
particular suppressor mutation U1817C that was acquired by the mutant phage RNA most
frequently indicated the regulatory implication of another RNA-RNA long-distance
interaction, the 1419-1426/1810-1817 (VD-interaction) LDI, in translational control of
the phage MS2 replicase gene.

A principal support for this possibility was obtained later and is summarized in-
Figure 5. The mutations that disrupt the feasible control LDI but preserve the encoded
aminoacids were introduced in the coat gene and cloned both in an expression vector and
infectious MS2 cDNA copy. In the expression vector the two mutations about twice
increase the replicase synthesis as compared to wild type. Another evidence in the role of
VD-interaction in the control of the replicase gene translation was provided by two types
of pseudorevertants, which arose during evolution of the mutant phage. Several of its
progeny phages contained the U1817C suppressor mutation that was dominant in the MJ-
analysis (Rev.2) but in one particular case we monitored the exchange of the replicase
gene initiation AUG codon to GUG codon (Rev.3) that provide another evidence in the
participation of the VD-interaction in the replicase gene control. In agreement with data
of others (Looman & Knippenberg, 1986; Khudyakov et al., 1988) we found that GUG
reduce the translation as compared to AUG some 2-3 times. Several descendants of the

mutant partially reverted to wild type RNA sequence (Rev.l) and they are therefore
uninformative.
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Figure 6. Properties of mutants and pseudorevetants of the VD-interaction. The initial mutations are in

gray while suppressor mutations in black boxes. Exp. - the efficiency of the replicase gene expression
relatively to the wild type.
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Conclusions

. The essential information for the efficient initiation of the replicase gene translation in
phage MS2 and fr RNA is located within a short 16 nucleotide RNA fragment that
contains the initiation AUG codon and the SD-sequence.

. The precise stability of the hairpin that contains the translation initiation codon and
the SD-sequence of the phage MS2 coat protein gene is essential for the phage
viability.

. Except for the SD-sequence and translation initiation codon the efficiency of the coat
protein gene translation is not affected by other primary sequences within its
ribosome binding site.

. The SD-sequence is the major positive determinant of the translation initiation
process in Escherichis coli as revealed by evolution of the mutants of the phage MS2
RNA replicase gene TIR. Other primary sequences within the ribosome binding site
are not of general relevance for the initiation process, except for the translational start
codon.

. SD-sequence is not an absolute requirement for translation initiation in vivo.

. The global secondary structure of the phage MS2 RNA exerts strong negative effect
on the efficiency of the replicase gene translation.

. The interaction of the phage MS2 coat protein with the ribosome binding site of the
replicase gene is not required for the encapsidation of the phage genome.

. The long-distance RNA-RNA MIJ-interaction between the internal segment of the
phage MS2 coat protein gene and the start region of the replicase gene is essential for
the control of the replicase gene translation. Another LDI between the coat protein
and the replicase protein genes participates in this regulation.
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TEMPLATE ACTIVITY OF OLIGORIBONUCLEOTIDES SYNTHESIZED BY THE
PHOSPHORAMIDITE METHOD USING 2'-O-TETRAHYDROFURANYL AND
2'-O-TETRAHYDROPYRANYL PROTECTING GROUPS

E.Stankevich, V.Kumpins, N.Licis, J.Klovins, V.Berzin
Biomedical Research and Study Centre, University of Latvia,
1 AKirhensteina Str., LV-1067, Riga, Latvia

Abstract. Solid-phase synthesis and functional activity of oligoribonucleotides containing
native and modified translation initiation region (TIR) of phage MS2 and fr RNA repllcase
gene have been investigated.

Solid-phase synthesis of 15-24 membered oligoribonucleotides was carried out with
a Pharmacia Gene Assembler. Tetrahydropyranyl (Thp) and tetrahydrofuranyl (Thi)
groups were employed for the 2'-hydroxyl protecting. We combined them with the use of
5'-dimethoxytrityl (DMTr) groups. Nucleoside phosphoramidite units were prepared from
2'-O-tetrahydropyranyl (or tetrahydrofuranyl) suitable base-protected nucleoside deriva-
lives using bis(diisopropylamino)methoxyphosphine. CPG-550 and Bio-Glas-500 served
as solid supports for the synthesis of oligoribonucleolides. Till now the combination of the
acid-labile 2'-OThp (or 2'-OThf) and 5'-ODMTr was recommended only for the synthesis
of short oligomers due to their unstability during chain elongation.

The longer oligoribonucieotides (21 mers) were obtained by means of phospho-
ramidrte app(oach using the levuliny! group for the protection of 5-OH group and Tht for
2-0H2
_ We performed the coupling in CH3CN during 3 min in the presence of 1-H-tetrazole.
Dichloroacetic acid (1%) in dichloromethane was used for the removal of the DMTr group.

Alter cleaving from the support and deprotection with conc. aqueous NH3 oligomers
were separated by FPLC (Cg column) and after treating with 80% CH3COOH on aCis
column. All synthetic templates were sequenced enzymatically.

The synthetic oligoribonucleotides were used to investigate the specific interaction
between ribosome and TIR of the prokariotic mRNA. Based on the previous studies of
template activity of short fragments of phage MS2 and fr RNA containing TIR of the
replicase gene, the approximate struclure of the initiation region has been determined.*
The latter contains the initiation codon and a 5'-sequence from it not exceeding 17
nucleotides and containing the Shine-Dalgarno sequence. We also studied oligoribonu-
cleotides containing native and modified TIR's of phage MS2 and Ir replicase gene.
Functionally active 20mer IrR(-17 — 3) have been selected for the template modificalions
with nucleolide subslitutions and deletion. This RNA fragment contains the initiator AUG,
the nalive SO region and 7 adjacent 5'-terminal nucleotides (Table).

Nucleotides within this region were changed by enzymatic or chemical synthetic
melhods. Oligomers 1 and 2 with the base changes in the spacer region of TIR and at the
S"terminus had high template activity. The shortening of a sequence at the 5-end of
“R(-17 = 3) up to 16 mer 1rR(-13 — 3) also has noinfluence on the effectivity of translation
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TABLE. Template activity of phage fr RNA fragments containing TIR of replicase gene

Presence of TIR elements structure Relagve
Ofigonibonuceotide Actual AUG | SD sequence Out-olframe | Terminator aciviy. %
AUG UGA
Sequence of TIRs in native:
fr R(-17-3) . . . Y 100
5'CAACAUGCAGGAAUACCCAUGY
MS2 R(-173) . . » S 100
5’AAACAUGAGCAUUACCCAUG'Y
Synthetic
1 AAACAUCAGGAAUACCCAUG . . . . 100
2 AAACAUGAGGAAAACCCAUG . . . . 95
3 AAACAUCAAGAAUACCCAUG . . . . 27
1 AAACAUGAACAAAACCCAUG . . . . 27
5 AAACACGAGGAAAACCCAUG . . . . "
6 AACAUGAGGAAUACCCAUG . . . . 100
7 AUGAGGAAUACCCAUG . . . . 100
8 UGAGGAAUACCCAUG . . . . 59
9 UCACCAAUACCCAUG . . . . 9

Ribosome binding aclivilies of oligoribonucleotides were compared at 40 pmo! of input template.
Actual initiation cadon of replicase gene is bold, the putative SD sequence is underined, sequence
AUGA of overlapping out-of-frame AUG and terminator codons is marked with upper line.

Oligoribonucleotides 1-5 were products of enzymatic synthesis, templates 6-9 were obtained from
solid-phase synthesis.

Nucleotide substitutions are in bold type.

initiation complex formation. Loosing of the-next 5°-terminal nucleotide (oligonucleotide 8)
causes a decrease in activity. Base changes (G — A) leading to the modification of SD
region {oligomers 3 and 4) sharply decrease the template activity. Single base changes
(U.12 to C.12) completely inactivate the template. In the latter case the out-of-frame
initiation codon AUG and terminator UGA in AUGA sequence close to the 5'-end of SD
sequence were eliminated.

These results suggest that the 70S ribosomal initiation complex formed by template
oligonucleotide with start codon and the native Shine-Dalgarno tetranucieotide AGGA can
be enhanced by presence of the AUGA sequence of overlapping iniliation and termination
codons.
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[Tposener asTOMaTHYECKAH TBEpAOGDA3HbIN CHHTE3 ONMropubOHyKneoTHROB AnHHOM 15 - 19 H. 0. ¢ He-
nonb3oBanueM 5'-O-guMETOKCHTpUTHN-2'-O-(2-TeTparmaponupanmn)- (win 2'-O-(2-reTparmppodypa-
Hun))-N-auunpubonykneosng-3'-O-(metun-N,N- munsonponun)dochaMugrTHBIX CHHTOHOB K 1-H-TeTpa-
3012 B Ka4eCTBE aKTHBHpYIOLIEro areHTa. CpaBHETENILHBIA aHANTA3 MATPHYHONA AKTHBHOCTH CHHTE3HPO-
BAHHLIX ONHMOPHGOHYKNEOTHAOB — MOAENEH HHHLUHATOPHOIO YYaCTKa TPAHCJAUHA NEeHa PEIUTHKA3bI
¢aros MS2 u fr nokasan, yTo MUHEMaNbHBIM aKTHBHBIM (parmenToM PHK sBnserca 16-uneHubIf Hyk-
neoTHN, copepxaluEi uHAIaTOpHbIA AUG-KOJOH resa, xopoTknil cneticep u gomen lllafina—[{ansrapHo,

a Takxe 5'-KoHueBylo nocnefosaTeNbHOCTh AUGA ¢ QYHKUMOHANBHO BAXKHBLIM TEPMHHATOPHBIM KOAO-
HoM AUG.

Kaoueesie cnoea: 5°-0-Oumemoxcumpumun-2°-0-(2-mempazudpogyparnun)- (uau 2°-0-(2-mempazudpo-
nupanun))-N-ayuapubonyrneoaud-3'-O-( memun-N,N-Quuzonponun)pocpamudumss; . onuzonykseomuont,

xumuveckut cunmes; mPHK-modeau; pazosvie PHK, mampuunas akmuenocmy ghpazmenmos.

Cneuadudeckoe B3aEMOfe#cTBHE PHOOCOMBI C
y4acTKOM HHHIAANME TPaHCJSANHHE Ha NPOKApHOTH-
yeckux MPHK siBnsercs kmioueBolt cragmei, onpe-
Aensiioled TOYHOCTh B 3((EKTHBHOCTH CYHTHIBA-
HEs MaTpHUbL. OCHOBHBIE CTPYKTYpHBIE 3/1€MEHTBI
caiiTa CBA3bIBaHHSA PEGOCOMBI — EHEOEATOPHLIN KO-
poH AUG (pepko GUG mnr UUG), nocnepoBaTens-
Hocth Mlafina-JlanerapHo, cneficep mMexny ynoms-
HYTHIMH IETEPMHHAHTAMH MATPHIB], a TaKXe ompe-
AeNeHHas BTOPHYHAs CTPYKTypa RHHLHAATOPHOrO
yyacrka [1, 2]. OnHako pe3ynbTaThl CTAaTECTHYECKO-
ro ananm3a (3] 4 faHHbIE 3KCNEPHEMEHTANLHBIX HC-
cnefoBaHui  (PYHKUHOHANBHOH aKTHBHOCTH psia
y4acTKOB HHHUHALIHM TpaHCHALWH [4 - 9] ybennréns-
HO JOKa3bIBalOT, YTO KPOME BBIILIEYIOMSAHYThIX He-
TEPMHHAHTOB B MPOLECCE HHULHALMA YYaCTBYIOT H
npyrue nocnegosarenbHocth MPHK, pacnonoxen-
Hbl€ PAJIOM CO CTApPTOBBIM KOAOHOM. B Hawux npe-
asinymux nybaukauusx (4, 10] 66110 nokasaxo, 4To
MHHHMaNbHbIH QYHKUHMOHANBLHO aKTHBHbIA YYaCTOK
MHUUHAUMK TPAHCASLMK reHa pennaukasbl ¢aros
MS?2 u fr anunoit B 20 HYKNEOTHIOB CONEPXKHUT HC-

THHHLIA KOIOH HHHUKMALUK U TeTpaHykneoTun LLai-
na—[lannrapuo.

Coxpanienus: Thi - 2-rerparunpodypanun. Thp - 2-Tetparun-
pounpanus, DMAP - ausmetunamunonupuaun. TEAA - Tpu-
JTH TaMMONHRAALIETAT

TARTOR B EPCTTHCKH

B Hacrosmueit paGote ¢ nensio 6onee nogpoGHO-
"'TO H3yYeHHS BCEX CTPYKTYPHBIX NETEepMHHAHTOB
HHEUMAUHA ObU1 pa3paGoTaH H MPOBENEH XHMHAYEC-
KHH CHHTE3 pPAjja OJIArOpAGOHYKICOTHIOB, COfiepXa-
IAX HAaTHBHbIE H lEeJICHANPaBJICHHO H3MEHEHHbIE
HOCJIEOBATENbHOCTH YYACTK2 HHANHALANA, H H3y9e-
Ha HX aKTHBHOCTH B CBS3bIBaHHH pHOOCOM (06pa3o-
BaHHH PEGOCOMHOIO KOMIUIEKCA HHAHANH).

ITony4yeHHble RaHHbIE CBAAECTENLCTBYIOT, YTO
70S-komnnekc mnanEanEa 3¢ ek TEBHO 06pasyercs
Ha 16-yneHHON HYKJIEOTHOHOH MHHHMAILHOM MaT-
pH1e, KoTopas kpome HCTHAHOro AUG-kop10Ha | o-
cnenopatensHocT® lllafma-[lanbraparo copepXeET
TAaKXX€ PacnoNOXEeHHBIH Ha 5'-KOHIE TETpPaHyKeo-
TER AUGA, cOOTBETCTBYIOINAH NepeKpPhIBaIOLAMCH
NOC/IEIOBATENBHOCTAM KDJJOHOB HHHELHALHA H TEp-
MHHALAH,

Teepdoghasnbiii cunmes
MaAmMpuyHbLx onuzopubonyknreomudos

CyuecTBeHHble pe3ynbTaThl B CHHTE3€ OJIMIOPH-
OGOHYKJIECOTHIOB B HACTOSILEE BPEMS NOCTHIHYTbI
NpH HapallMBaHKH LeNy Ha TBEPAOH pase docdamu-
AUTHBIM METONOM MpPH COYETAHKH mpem-OyTHNNH-
METUACHNWALHOM 3awmTHON rpynnel gna 2-OH wu
MOHOMETOKCHTPUTHILHOH HH THMETOKCHTPHTHIIL-
HOB rpynner gas S-ruppoxcuna [11, 12]. Onnako
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15 - 19-3BEHHBIE CHUHTETUYECKHE OJIMMTOPMBOHYKJIEOTHU/bI

Bbiie/IeHHE KOHEYHBIX IMPORYKTOB OCNOXHEHO (B OT-
NAvYHE OT METOAA C MPEMEHEHACM alle TanbHBIX 2'-0-
3AIATHBIX [PYNN) HEOGXOMHMOCTBIO OYRCTKH lielie-
BOTO  ONATOHYKJIEOTAfla OT TeTpaGyTRNaMMOHHARN-
¢rTopHaa, KOTOpbLI HCMONBL3YETCA ANA OTUIEIUICHAS
mpem-GyTHNIEMETHACHNANLHOM rpymmibl. EcTb Tak-
Xe NaHHble O MPHMEHEHHH 5'-O-NeByMHANLHOMA 32a-
WHETHON IPYINNbI BMECTO IPYINT TPHTHALHOIO THNA B
codetannu ¢ 2'-O-anetansHol rpymoi [13], uro, on-
HAKO, CHILHO OCJIOXKHSUJIO CaM ONHMTOPAGOHYKICOTHN-
Hbl# cAHTe3. [IpHMeHeHRE HYKEO3H/I0B, COAEPKANIAX
3aMellleHHble 4-METOKCAIHNEPANANbHBIE TPYMmnbl B
KavectBe 2'-O-3aumaTel [14 - 16], Taxke orpaHmdeHO
A3-32 MHOTOCTAARHONO CHHTE3a HCXOXHLIX COCHAHHE-
Hud. CneflyeT ynoMstHyTh O caHTe3e 6 - 19-3BeHHLIX
onaropu6onykneotTenos H-¢pocponaTHeIM MeTO-
ROM C HCNOJNb30BaHEEM 3'-O-JHMETOKCHTPHTAN-2'-
O-(2-reTparagpomapasun)-N-aumpuGOHyKIe03a)-
3'-H-¢pocdonaros [17]. Mui BuiGpana coveranse
KHCNOTONAGMIbHBIX 5'-O-HMETOKCHTPHTHIBHON H
2'-O-(2-reTparafipodypaHunbHOM) (HIH 2-TeTparny-
ponuEpaHIIbLHON) rpynm B hochaMagaTHOM CHETEIE.
Br160op cnenan BonpekH yreepxuenaio [18 - 21], uro
NpEMEHeHHe 3THX 3al0AT HE NMO3BOJSCT NOMYYaTh

921

ONHTOPHGOHYKIEOTHRbI INTHHOA Gonee 12 H. 0. [Ins
5'-O-peTpATANHPOBAHAS BO H36€XaHHe YaCTHYHOIO
otwiennedns Thf- m Thp-rpynn Mbl npamenann 1%
CHCL,CO,H B CH,Cl, (1.5 mun) [17].

B KkadecTBe HMCTHHHOH MaTpHLBI C NOMOIBIO
tepMeHTaTHBHBIX MeTOROB OBbUI CHHTE3HPOBaH
dyHxiEoHanbHO axTEBHLIE 20-WieHHbIR OJ1HTOpAEGO-
Hykneordq frR(-17-3) [10], copepxanait crapToBbIX
kopoH AUG reHa penyBka3bl, NOCIENOBATENBHOCTD
HaTHBHOIO cneficepa B TerpaHykieorsn Ilakna-
Mansrapuo, a Taxke ROMONHHTENBHO CeMb S'-KOH-
LeBbIX HYKJeOTHROB (TabnAua).

Janee npu oMo METOIOB XAMHYECKOIO CHHTe-
3a[22 - 27], a B HEeKOTOPBIX CIyH4asiX IHIHMATHYECKOTO
canTteaa [10] 6bin cERTE3HPOBAH TAKKE PAN OJIHTOPH-
GOHYKJIEOTHJIOB ¢ Pa3NHYHBIMHA H3MCHCHHSIMH B HYK-
JICOTHRHOM NMOCIEN0BATENLHOCTE MATPHAIBL. YHCTOTY
H NEPBHYHYIO CTPYKTYPY CHHTE€3HPOBAaHHBLIX OJIAIO-
Hyxneotapos nposepmd I1TAAT-anexrpodopesom
NpenapaToB B [eHATYPAPYIOIAX YCNOBAAX H 3H3AMA-
THIECKAM CEKBEHRPOBAHHEM Ma . BpuE canTe-
3HpOBaHBLI Ba aHanora HateBHOIO fIR(-17-3), rpe y
OfHOrO OHTOPHGORYKICOTHA], (I), 5'-KOHIEeBOX HYK-
neornay C_,, 6611 3aMeHeH Ha A, (Y10 EaGmogaeTcs

MaTpaunas axTasHOCTs ¢parmenTos PHK dara fr, copepxainpx EHHIGIATOPHBIH Y4aCTOK TPAHC/IALEH FEHa PEIUMKasbl®

IIprcyTcTBHE 31EMEHTA CTPYKTYPHI YYacTKa
Onuropu6onyxneorug** HHHTRa v 'rpancnmum. mm“:
HHHILATOP- | mocnegoBa- | NOXHBIH | TEpMUHHHA- :
uetli AUG | remsnocts SD | AUG Top UGA
HatusHas maTpuua: fik (-17 -3)
5 CAACAUGAGGAAUACCCAUG + + + + 100
CHHTETRYECKHE MAaTPHI(bL:

(I AAACAUGAGGAAUACCCAUG + + + + 100
() AAACAUGAGGAAAACCCAUG + + + + 95
() AAACAUGAAGAAUACCCAUG + - + + 27
(V) AAACAUGAAG AAAACCCQQQ + - + + 27
(V) AAACACGAGGAAAACCCAUG + -+ - - 11
(V) AACAUGAGGAAUACCCAUG + + + + 100
(Vi) AUGAGGAAUACCCAUG + + + + 100

(VIIN UGAGGAAUACCCAUG + + - + 59
ax) UCACCAAUACCCAUG + - - - 9

* CocTaB peakUHOHHOM CMECK CM. “IKCnep. HacTh”, KOSKYCCTBO MaTPHLb] 40 NMOnN.

** UuuuMaTOPHBIA KOIOH PENTHKA3bl MOAYEPKHYT ABYMS YePTaMy, fociiefoBaTensHocTs lakna—[lansrapHo — ogHo#t 4epTof, noc-
neposatensnocth AUGA, o6palylomascs oT nepexphIBatoUinxcs NOXHOro kofgoHa unsunauud AUG H KOJloHA TepMHHAUHKH
UGA., o6o3naucHa nyHKTUPOM. Onuropubonykneoruisl ([) - (V) RBARKIOTCA NPOAYKTaMK IHIUMATHUCCKOTO CHHTE3A, MATPHILL!
(V1) - (1X) cHTEIHPOBAHBI MPH MOMOLUY XUMHYCCKHX METONOB. HykTeoTHIHbIC 3aMeHLI NOKa3aHbl ARPHBIM tIpHGTOM.

HUOOPTAHWYECKAS XUMKY  Tom 21 N 12

1995



922

24 fr R(—17-3)

— [
=) [=)

Ceasannas [3S]fMet-TPHK}® nmons
~

F-

W)
AUG

20 40 60 80 100
Marpnua, nMons

MaTtpuynas aKTHBHOCTh CHHTCTHYCCKHX MopcJiedt

HHHIMATOPHOIO Y9acTKa TPAaHCAAUMH I'CHa PeIUIHKA3B

¢ara fr, TOMYYEHHLIX ¢ HCMIONLIOBAHHEM OTHMOPHOOHYK-

neotapos (I), (M), (V).

B HHALAaTOPHOM y4acTKe ¢ara MS2 [4, 10]), a y npy-
roro, (I), 6bl1a BHECEHA ROMONHHETENbHAS 3aMEHa
U_sna A_;. [lanee c nensio Gonee TOYHOrO YCTAHOB-
JICHAS PONHA 5'-KOHIIEBOH CTPYKTYpbl Yy9acTKa HHH-
ImauEn ObUT IONyYEH Pl YKOPOYEHHbIX BADHAHTOB
MaTpunp! (onaroHyxiaeoTagbl (VI) - (IX)).

Kpome TOro, Gbind BHECEHBI 3aMEHEI, IPHBONAS-
mEe K paspymenmio paftona [a#ina—[{ansrapao
(omaronyxneormps (III), (IV)) w/mmm K ynanenmio
NEPEKPHIBAIOUIAXCH KOJOROB MHAIAAMHE W TEPMHA-
HamaH B 61oke AUGA, pacnonoxesHoM Ha 5'-koHIe
MaTpENbl. Baxno OTMETHTB, YTO BCe 3aMeHI H Jie-
NeLEH, BBEACHHLIE B NIOCIEAOBATENbHOCTH HCXORHO-
ro frR(-17-3), coxpausann ana cHEXand CTaGHIb-
HOCTL BTOPHYHOH CTPYKTYpPbl MaTpHL.

PyHKL{UOHANLHAA AKMUGHOCMb
oauzopubonykneomudosa

Ins onpenenenus HyHKUMOHANBHOM aKTHBHOCTH
Mb! HCTIONIb30BaJIH METOl PHKCALMY KOMILIEKCA HHY-
LHaUKMH Ha MEMOpaHHbIX DUNBTPaX, H3MEPAS KOTHYE-

crBo HHHUMaTopHOM [*3S]fMet-TPH K?’m Ha 70S-pu-

6ocoMax E. coli B npuCyTCTBHH ONMrOpHOOHYKIIEOTH-
NI0B B BO3pacTaolle KOHUEHTPALUHH (PHCYHOK).

Kax BHIHO #3 TabNHibl, CHHTETHYECKHE ONUrO-
HykaeoTuast (1) u (1), conepxatiue 3aMeHb! Hyke-
OTHJI0B B CIEACEPHOM pPafioHe M Ha 5 -KOHLIE MHHULHK-
;1'r<)pm)r() yUacTKa, ,’ICM()HCTpH[)YI()T BLICOKYK) MaT-

LUOOPTATTUYECKAS XUMUA

KYMITHHbBI & np.

PAYHYIO aKTHBHOCTb, CPABHHMYIO C aKTHBHOCTBIO
ucxonHoro onuronykieorana frR(-17-3). Ynanenne
5'-KOHUEBBIX 3BEHLEB, BILUIOTH 1O 16-wieHHOro onm-
ronykneotraa (VII) (frR(-13-3), conepxkamero aug-
ugaTopHblt konoH AUG reHa penndka3ssl, cneéicep B
6nok AUGA Ha 5'-KOHLE), TaKXe HE OKa3bIBacT
CKONBLKO-HAGYAb 3aMETHOIO BJIHAHHA HA 3¢ PEeKTHB-
HOCTb 00pa30BaHAs HHHIAATOPHOIO KOMILIEKCA.

IMoTeps cnepyromero 5'-KOHLEBOro HyKJEOTHAA
BbI3BIBAET HEKOTOPOE CHHXKEHHE CIOCOGHOCTH MO-
ny4eHHOro onHropuGoHyxieoTraa frR(-12-3) (mar-
paua (VII)) craMyjIApOBaTH CBS3bIBAHHE HHALMH-
atopro#t [»S]fMet-TPHKY™ ¢ pm6ocomon. Ecnm
YYECTh, YTO MPH YKOPA4HBAHHH OJIATOPBAGOHYKICO-
THAA JIAKBARHAPYETCH PACTIONIOXEHHBIH BHE 30HbI CYH-
THIBAaHAA JIOXHLIA HHHIMATOpHBbIA KomoH AUG, To
AaHHbI® MO HAJNAYAIO MATPHYHOH aKTHBHOCTH y HYK-
neotrpa (VIII) yka3pIBalOT Ha OTCYTCTBHE CKOJILKO-
HHEGY/[b 3HAYATEILHOHA POJIH 3TOTO TPHILIETA B CBA3LI-
BaHHH pEGOCOM. Takoe NpeaAnonoXeHdae NOATBEPXK-
AAIOT HAIIHA MpERbIRYIAE faHHble [4] 0 “MonyarmA”
noxnoro AUG B cocraBe 6oJiee ATAHABIX GhparMeH-
ToB PHK HHEIEaTOpPHOIrO y4acTKa €Ha PEILTHKA3bI.

Omnaronykneoregs! (IIT) 1 (IV) conepxat cnenm-
drunyo RyxineoTapayio 3aMeny Gy Ha A, ycrpa-
HSIOIIY10 NPAEPOAHYIO NocaenosarenkHocTs Mlafina—
Nansrapso B cocraBe Bcxogsoro fiR(-17-3). Takme
MAaTpHLbI NPOABIAIOT 3aMETHO CHHXCHHYIO, HO YC-
TOHYHBYIO aKTHBHOCTBH (PHCYHOK H TabiEma), 4TO B
KaKOH-TO Mepe NORTBEPXNACT BLICKA3aHHOE paHee
npepnoJioxkeHde [28] 0 TOM, YTO KOMIUIEMEHTapHbIE
B3auMopeitcrers gomena llaina—[{ansrapso ¢ 3'-xon-
IEeBOH MOCNEAoBaTeNbHOCTEIO 16S prGOCOManbHOMK
PHK ne HrpaloT HCKJIIOYHTEJIbHOH POJIH B peryin-
poBaHEH 3¢ (PeKTHBHOCTH HHAHAAA TPAHCIISAIHA.
Bonee cepre3nble 3aMeHBbI B 3TOM palioHe (Mar-
prna (IX)) moJHOCTBIO YCTPaHAIOT HHEIHATOPHYIO
aKTHBHOCTL OTHrOpHGOHYKJIEOTHAA.

MarprRyHas aKTHBHOCTH NOYTH IOJIHOCTHIO TEps-
eTcs IpH ToyeyHoi 3amene U_j, Ha C_,, (MaTprama (V)).
B naHHOM cilyyae ofgMHO4YHAs 3aMEHa HYKJICOTHAA
ONHOBPEMEHHO NPHBONHET K YAAJIEHHIO KaK JIOXHOIO
puanEatopHoro (AUG), Tak B TEpMHHATOPHOIO
(UGA) xonona 8 6noke AUGA, pacnonoXeHHoM Ha
5'-KOHIIe MaTpHLbI PSAAOM C NOCIAENOBATENLHOCTHIO
lllaina—[lansrapuo. IlpuseneHHble Bbille faHHbIE
YKa3bIBalOT Ha TO, YTO KOAOH TEPMUHAUHE TPAHCIIA-
uun UGA, no-BAIMMOMY, SIBISETCS CYLUECTBEHHBIM
3N1eMEeHTOM (PparMeHTa BHAAATOPHOT'O yYacTKa re-
Ha PEIUIAKa3bl ¥ YYaCTBYET B [POLIECCE CBA3LIBAHAS
pubocoM. PaHee 6b114 BLICKA3aHbl MPEANONOXEHHS,
4YTO TakHe TEpMHHATOpPHbIE KONOHbLI, Kak UAA H
UGA, cocTaBASIOT 4acTh HHHLHMATOPHbIX yYaCTKOB
TpaHcnsiuuu MPHK n Heob6xoguMe! npu noaroroBke
pubocom nepen uuuumuaumred [29, 30].

B wuTore Hawu paHHble MO3BOJRIOT 3AKIIIOYHTD,
YTO MHUHHUMA/IbHLIA AaKTHBHBIA B CBSI3LIBAHMH DH-
OOCOM  16-ufeHHbI MHUUMATOPHBIR y4aCTOK reHa
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15 - 19-3BEHHBIE CUHTETHYECKHWE OJIMTOPUBOHYKJIEOTHUbL

penukasnl ¢aroB fr 1 MS2 nonxeH copepxkarn
UCTHHHBLIA MEHIMATOpHLIA kKonon AUG, xoportkyio
MOCIEROBATENBHOCTD cieficepa, foMen HHakma—lans-
rapHO, a TakKe Ha 5'-KOHIIE OT HEro NOCJIEOBATE h-
HOcTb AUGA ¢ (pyHKIHORANBLHO BaXHBIM TEPMHHa-
TopHbIM KOogoHoM UAG.

MNocnenoBarensnocts AUGA oka3biBaeT cymie-
CTBEHHOE BJIHAHHAC Ha MPOLECC HHAHALAE TPAHCIA-
HMH in Vitro, YTO B KaKO#-TO Mepe NOATBEPXKRAETCs
KONHYECTBEHHBIMH [aHHLIMA TOYNIPHHTA PEGOCOM-
HbIX KOMIUIEKCOB HHHIMAIlHA HA BapHaHTax MPHK
reHa rlIB ¢ara T4 [9], cBERETENBCTBYIOLIEME O TOM,
YTO KOPOTKHE NOCJIEAOBATENbHOCTH HAa S'-KOHLE OT
nomena Illafina-{anbrapuo cymecrsenusl g 3g-
¢beKTHBHOM HHELHALRA TPAHCIISLHEH.

OKCIIEPUMEHTAJIBHAS YACTb

B pa6ore Bcnons3osand nnacransl ¢ PEI-nennio-
nozolt (Merck, I'epmanmsa), PHKazel T1 m U2
(Sankeo, SInonms), PHKa3sy Bacillus cereus, nykie-
a3y P1, T4-PHK-nrra3y B T4-nonuHyKkneoTHAKHHA-

3y (Pharmacia, llsewas), ATP, GTP s TPHK}* (Boe-
hringer-Mannheim, I'epMarns), BATPOLELTIONO3HbIE
¢rnLTpel BA8S (Schieicher und Schuell, T'epmarms),
[*?P]ATP n [”S]Met (“HMsoron”, Poccas).

XumMugecxui cnnqa OTHTOPEGOHYKIICOTHOB
MpOBOAHJIE HA aBTOMAaTHYECKOM CHHTe3aTope Gene
Assembler (Pharmacia, Illsenms). Mcnonp3oBanacs
5'-O-maMeTokcaTpETEN-2-O-(2-TeTparmpocdypanmt)-
ana 2'-O-(2-rerparappomapanun)-N-ammapaGonyK-
neosupsl (Biolar, Jlateas), aneTorrrpan (“Peaxnm”,
YkpanHa), fHXNOpYKCycHaa Kacinora, 1H-reTpason,
xosumaned, DMAP (Fluka, liselimapns), Mmonexynsip-
Hble cATa 3A (Ferak, 'epmanns). MeTrneHxnopan
neperonsymm Hag P,Os # CaH,, anetonmrpan — nag
P,05, a 3aTem pBaxmet map CaH, @ BhigepxEBaNE
15 4 HaR MONEKYNSIPHLIME cATaMB. TeTpa3osn FBaKALI
cy6namapoBann B Bakyyme. B kagectse TBeppodas-
HOro HOCHTEJIl HCIOJIb30OBANH CTEKJIO aMHHONPO-
man-CPG-550 (Fluka, Ilisemns) g Bio-Glas-500 (Bio-
Rad, CHIA). Bio-Glas-500 amanonponwiapoBsana no
meTony [22]. Mogadmxkammio TBeprolt ¢a3nl A npA-
COeNMHEHHRE NEPBOr0 HYKJICO3HIHOTO 3BEHA MPOBO-
nunu cornacHo paboram [23, 24]. dochammanaTb
CHHTE3HPOBAaHBI 110 ONAECAHHLIM B IATEPATYPE METO-
nam [18, 25, 26]. B oCHOBHOM HCNONIL30BaNAach cxeMma
onepaudH s cepuiaHoro cuHTedatopa Gene Assem-
bler. KonpeHcaunio NpoBOAHAH B MNPUCYTCTBUH
IH-TeTpa3ona B Teuerue 5 MaH. KonoHky dupmsi
Pharmacia, #3 KOTOpO#i HaMu 6biN ynasieH TBEPAbINA
CTAHJAPTHbIA HOCHTENDb, Hanonusanu 20 Mr aMHHo-
nponun-CPG-550 ¢ npucoennHEHHbIM MEPBLIM HYK-
TECO3IHAOM. Konuuecrso BBEACHHOI'O HYKNneo3uaa co-
crapnsino B cpegHeM 40 - 60 MkMonw/r.

Ynanenune 3auiMTHLIX TPYRN H BbiiE/ICHHE OJIMTO-
pubonykneorupoB. [locne 3asepwienunsa nocnepued
CTaAuM KOHAEHCAUUHU K HOocUTe M0 Nobasasau 600 Mk
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xonu. NH,OH (d 0.89) n Buinepxusana 16 4 mpm
55°C. PacTBOp neKaHTHpOBAaNH, a HOCHTEJb 2 pa3a
NMPOMBIBaNA BOFHO-3TaHONBHLIM (1 : 1) pacTsopom.
INocne ynapuBanns cyxo# ocTaTok pacrsopsana (0.1 M
TEAA (pH 7.1) u uentpucdyraposansa. CynepHaTaHT
HaHocHNu Ha KonoHKy C,,-PepRPC HR 5/5 (Pharma-
cia, lIsenns) u nposogana xpomarorpacuio B o6pa-
weHHolt dpaze (OPX) B cacreme 6bicTpOll XpOoMaTO-
rpacdun 6enkos FPLC (Pharmacia, lliBenas) B rpans-
€HTeE KOHUEeHTpalHH aleToHuTpana (0 -40%) 8 0.1 M
TEAA. Beigensanr ¢pakunio, cOiepXxamyro lene-
Bble 5'-O-nEMeTOKCATPATREI-2'-O-(2-TeTparagpody-
panmn)- une 5'-O-gAMeTOKCETPHETEN-2'-O-(2-TeTpa-
THEPONHEPAHRA )-3alMHINEHHbIE  OJTHMOHYKJICOTHBI.

‘Manee a3ty ¢pakmmo o6pabarniBand 80% ykcycHO#H

Kmrcnoro#l B teyenne 3 4 npr 37°C. O6pa3sen ynapn-
BaJIH focyxa, pacreopsnd B 0.1 M TEAA n sbigensnn
npr nomoma OPX (cM. Beime). CKOPOCTh 3MIOIEA
1 mn/muH.

HupeBayanbHOCTh CHHTE3RPOBAHHBIX OJIHTOpH-
GOHYXJIEOTHIOB NPOBEPSIIA 3JIEKTPOPOPETHIECKH B
18% ITAAT B npacyrcrBud 7 M MOYEBHHSBI; HX HyK-
NIeOTHJ(HASA NOCIEA0BAaTENLHOCTD ObL1a OATBEPXKC-
Ha resp-351eKTpodope3oM MPOAYKTOB IH3AMATHIEC-
Koro ragponnsa [31].

PepMEHTRTHBHLIX CHRTE3 OJHIOpuGOHyKIeoTH-
ROB OCYIIICCTBIISUTE Kak omacano panee [10]. Hyxreo-
THIHYIO TOCNIEAOBATENLHOCTD MPOXYKTOB MPOBEPSUTH
AByMepHBbIM  (ppaxEORApOBanEeM ' Pl-Hyknea3npix
THJPOJIA3aTOB: NEepBOE€ HANpPaBICHAEC — BBICOKO-
BOJNILTHLIA 3sekTpod)Oope3 Ha ameraTe IeJUIIONO3bl
(pH 3.5), BTOpOE - xpoua'rorpaqu Ha PEI-memmo-
no3se npu 65°C.

CramynnpyemMoe 0MMropHGORYKICOTHRAMH CBA-
snpanme [$S]Met-TPHK}'® ¢ puGocomammu. Peak-
mEOHHasA cMech (50 Mxu) copepxana 0.05 M Tpac-HCl
(pH 7.8), 0.1 M NH,Cl, 5 MM MgCl,, 0.001 M garno-
Tpert, 0.002 M GTP, 60 nMons 70S pabocoM, oyn-
mieHHbIe pakrops! ApEmManEy: [F1 -04,[F2-3.77 =
IF3 - 0.63 Mxr, 60 mMons [S}HMet-TPHKY™ camre-
TAYECKAe omaropaGorykneoraps! (20 - 100 mvons).
INocne unkyGanmn nmpr 37°C B Tevende 10 Man cMech
¢anpTpoBanm 4epez memGpanHble (DHIALTPLI, MpO-
MbIBAJIH H KOJIAYECTBO cBsizaHHoi [*S]fMet-TPH K:’w
onpefensind B XKHAKOCTHOM CHEHTAUISLIHOHHOM
cnektpoMeTtpe (Intertechnique SL4000, dpanums).
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Synthetic 15 - 19-meric Oligoribonucleotides
as Models for Translation Initiation
of the Phage fr Replicase Gene
V. Kh. Kumpin’sh, N. G. Litsis, R. F. Renhof, E. I. Stankevich, and V. M. Berzin’!

Research and Education Center of Biomedicine, Latvian University,
ul. A. Kirchensteina 1, Riga, LV 1067 Latvia

Abstract — Automatic solid-phase synthesis of 15 - 19-meric oligoribonucleotides was carried out using
5'-O-dimethoxytrityl-2'-O-(2-tetrahydropyranyl)- [or 2'-O-(2-tetrahydrofuranyl)-] N-acylribonucleoside-3'-O-
{methyl-N ,N-diisopropyl)phosphoramidite synthons and 1-H-tetrazole as an activator. Comparative analysis of
the template activity of the oligoribonucleotides synthesized, which are models of the translation initiation re-
gion of the replicase gene of MS2 and fr phages, showed that the minimal active fragment of RNA is a 16-mer
containing the initiation AUG codon of the gene, a short spacer, a Shine-Dalgamo domain, and the 5'-terminal
AUGA sequence with a functionally important termination AUG codon.

Key words: oligoribonucleotide phosphoramidites; oligonucleotides, chemical synthesis; mRNA models,

phage RNA, template activity of enzymes.
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The start of the coat protein gene of RNA phage MS2
adopts a well-defined hairpin structure of 12 bp
(including one mismatch) in which the start codon
occupies the loop position. An earlier expression study
using partial MS2 cDNA clones had indicated that the
stability of this hairpin is important for gene expression.
For every —1.4 kcal/mol increase in stability a 10-fold
reduction in coat protein was obtained. Destabilizations
beyond the wild-type value did not affect expression.
These results suggested that the hairpin was tuned in the
sense that it has the highest stability still compatible with
maximal ribosome loading. Employing an infectious MS2
cDNA clone, we have now tested the prediction that the
AG® of the coat protein initiator helix is set at a precise
value. We have introduced stabilizing and destabilizing
mutations into this hairpin in the intact phage and
monitored their evolution to viable species. By
compensatory mutations, both types of mutants quickly
revert along various pathways to wild-type stability, but
not to wild-type sequence. As a rule the second-site
mutations do not change the encoded amino acids or the
Shine—Dalgarno sequence. The return of too strong
hairpins to wild-type stability can be understood from
the need to produce adequate supplies of coat protein.
The return of unstable hairpins to wild-type stability is
not self-evident and is presently not understood. The
revertants provide an evolutionary landscape of slightly
suboptimal phages, that were stable at least for the
duration of the experiment ( ~ 20 infection cycles). The
results also show that translation-initiation frequency does
not appear to depend on the primary sequence (except
for the start codon and the Shine— Dalgarno region) but
solely on the AG® of the structure that encompasses the
ribosomal binding site.

Key words: molecular evolution/RNA phage/RNA
structure/translation initiation

Introduction

The RNA of the single-stranded RNA phage MS2 is ~ 3500
nt long and contains four genes. Their products contribute
to phage maturation, encapsidation, lysis of the host and
RNA replication, respectively (Figure 1a). The coat protein,
which is made in large amounts, has a dual role.
cncapsidates the RNA, but it also acts as a translational

2660

repressor by binding to a hairpin that contains the beginning
of the replicase gene (Witherell er al., 1991). This last
property limits replicase synthesis to a small burst early in
the infection cycle.

MS2 RNA, like the other phage RNAs, adopts a unique
secondary structure that is assumed to be important in many
aspects of the life cycle (Skripkin et al., 1990; Skripkin and
Jacobson, 1993). It condenses the RNA, allowing it to be
packaged in the virion. At the same time the formation of
stem —loop structures is thought to be necessary to separate
mother and daughter strands during replication (Mills er al.,
1978; Priano et al., 1987) and to protect against cellular
RNases. In addition, the presence of base-paired structures
in coding regions may mediate ribosome pausing, which
could help in the correct folding of the nascent protein
(Varenne et al., 1984; Guisez etal., 1993). Such
assumptions are quite reasonable, but not easy to test. In
fact, only for a very small number of structures has a function
been identified by measuring gene expression in response
to changes in RNA structure. Using this approach stem
structures at the beginning of the maturation, lysis and
replicase genes were shown to exert negative control over
ribosome access to these start sites (van Duin, 1988;
H.Groeneveld and J.van Duin, in preparation). In addition,
a long range RNA—RNA interaction was shown to be
responsible for translational coupling between the coat and

a
MS2 _[maturanion] [ coat ] [ rerucase |
) LYSIS
1 ]
! L
|C—GI
G-C CA
A-u —»|l| A A
AG A-U G-U
u A G-C C-G
c v u —eVi Uu-G
U u-A G-C
c —A uC-G
U-A G}-c c-G
C-G Alu U-A
G- G|-u u-Aa
G—% Gl u, G-C
c CUCAACC ACUCAGUUC u

Fig. 1. (a) Map of the MS2 RNA genome. (b) Secondary structure at
the stant of the coat protein gene. Its initiation codon, the

Shine - Dalgamo sequence and the UAG stop codon of the poorly
translated maturation protein gene are boxed. Roman numcrals are
used 10 number the hase-pairs 1n the stem. Brackets indicate the RNA
region protected against pancreatic RNase 10 a translational imtiauon
complex (Steitz, 1969)
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replicase genes (van Himbergen er al., 1993). In Qg RNA
the binding sites for Q; replicase in plus and minus strands
have been identified, but no experiments have been done
to relate this binding to the secondary structure of the RNA
region involved (Meyer er al., 1981; Barrera er al., 1993).

In this paper we analyze the function of the structure
present at the start of the coat gene. This region is shown
in Figure Ib. It adopts a simple hairpin structure with the
start codon in the loop and the Shine —Dalgarno (SD) region
at the base of the stem, Its calculated stability at 37°C is
—7.0 kcal/mol. In a previous study using partial MS2 cDNA
clones, we constructed some 20 different helix mutants in
which the stability was varied from —3.0 to — 11.0 kcal/mol,
without changing the SD complementarity or the encoded
amino acids. Measuring coat protein production by these
mutants revealed that base changes that strengthen this
hairpin have a drastic negative effect on translation. Each
increase in stability of — 1.4 kcal/mol causes translation to
fall by a factor of 10. For instance, turning the U-U
mismatch in the middle of the stem into either a U-A or an
A-U match increases the stability by 3.5 kcal/mol and
consequently the yield of coat protein drops to 0.2% of the
wild-type value in either mutant (de Smit and van Duin,
1990).

Surprisingly, further destabilization of the stem beyond
the ®ild-type value did not lead to increased coat protein
yields. Instead, the amounts stayed at the wild-type level.
Mathematical analysis of the data revealed that ribosomes
only bind the unfolded state of the helix. Furthermore, the
wild-type stem appeared just weak enocugh to allow unabated
translation and the data therefore suggested that the hairpin
has evolved to have the highest stability still compatible with
maximal ribosome loading.

To examine the presumed tuning of this helix in real life,
we introduced versions of this hairpin with differing stability
into an infectious clone of full-length MS2 c¢cDNA. The
resulting mutant phage lysates were then used to infect fresh
F* host cells. The evolving sequences of the descendants
were monitored after various (up to 25) rounds of infection.
Stabilized as well as destabilized hairpin variants reverted
to a pseudo wild-type after a few cycles, i.e. the hairpin
stability in all revertants returned stepwise to that of the wild-
type, without adopting the wild-type sequence. This is
achieved by second-site mutations that compensate for the
inflicted loss or gain in helix stability. Once wild-type
stability is reached the sequence becomes stable, at least for
the duration of the experiment. The results show that this
MS2 helix is strongly conserved and it must therefore have
an important function. In addition, for a virus to be viable,
the stability needs to be maintained within narrow limits.

Table [. Titers of various MS2 cDNA constructs (p.f.u./mip

Evolution of a mutated RNA hairpin

Selection against high stabilities is obviously related to
translational efficiency, but the disadvantage of low stability
remains unknown.

Results

The system

The complete MS2 cDNA was cloned in a plasmid under
control of the p promoter of phage X\ in strain M5219 as
described in Materials and methods. Such plasmids are
potentially lethal to the cell since they produce phage
spontaneously, even when the p, promoter is repressed.
Furthermore, mutants that produce very little coat protein
have two additional problems in producing viable phage.
First, they cannot encapsidate their RNA, a condition that
endangered our planned experiments to produce mutant
phage. Secondly, they cannot adequately repress replicase
synthesis. We and others have found previously that the
replicase protein is lethal to the cell (Remaut er al., 1982;
our unpublished observation). To stabilize the infectious
clone and the derived mutants, a second plasmid was
introduced carrying the coat protein sequence inserted in the
tet gene of pACYC184 and which we call pPCOAT184. This
plasmid constitutively synthesizes coat protein at a level
sufficient to repress replicase translation by ~90%
(Berkhout, 1986). Indeed, in the absence of pCOAT184,
many plasmids, in particular those predicted to produce low
amounts of coat protein, frequently suffer deletions that
inactivate the potential to produce phage (our unpublished
observation).

Table I gives some of the titers produced by wild-type
(pMS2000) and mutant MS2 clones under various conditions.
pMS2014 and pMS2043 contain a destabilized initiator
hairpin. In pMS$2023 and pMS2045 this hairpin is stabilized.
Although we cannot account for all the observations, it is
clear that pCOAT 184 attenuates infection by our wild-type
construct at 28°C by a factor of 10. Furthermore, we note
that mutants pMS2045 and pMS2023, which make very litte
coat protein, have considerably reduced titers.

The general procedure for creating mutant phages and
monitoring their evolution is described in Materials and
methods. The generation of phages in F~ strain M5219 is
defined as cycle 1. These phages are then plated on F*
strain KA797 (which does not contain pCOAT184) to
separate the viable genotypes that emerged (cycle 2). A
correlation between plaque size and genotype was not
apparent. Usually ~10—20 plaques were selected for
sequence analysis and for further growth in liquid medium.
Occasionally, a plaque was dissolved in water and propagated
by renewed plating. In mutants designed to have a stabilized

pM 520000

pMS2000° pMS2014 pMS2023 pMS2043 pMS2045
+pCOATI184 +pCOATI184 +pCOATI184 + pCOATI84 +pCOAT 84

28°C 5 x 10 7 = 1000 Ix 108 2 = 107 4 x 1010 7 x 108

42°C 2 10M 2 x 101 I ox 1% o= 108 1 x 101 9 x 108

«Appropriate dilutions of supernatants from cultures grown either overmight at 28°C or for 2 h at 42°C were 1ested on lawns of KA797 cells.

Maximum values are shown here

“Wild-type  Tuers obhtained for wild type are similar to those descnibed previously for CDNA Clones of (), ( Taniguchy er al . 1978, Shaklee er al..

1988 and of MS2 (Shaklee |94
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helix, roughly half of the plaques obtained in cycle 2 were
wild-type, presumably due to recombination with
pCOATI184 at either the RNA (Palasingam and Shaklee,
1992) or the DNA level. These were discarded. In mutants
carrying a destabilized initiator hairpin such wild-type
plaques were seldom found. The evolution of the plaques
containing mutant sequences is described below.

Evolution of stabilized mutants
In the center of Figure 2 we present the structure of mutant
45.0. It contains five mutations relative to the wild-type

(black boxes). Base-pair Il is stabilized from A-U to G-C
and pair XII from G-U to G-C, while the U-U mismatch
at pair VI is replaced by C- A, a change which is presumably
energetically neutral. The calculated AG® of this mutant
hairpin is —10.6 kcal/mol, causing a drop in coat protein
synthesis to 0.1% with respect to wild-type as measured
previously in a partial MS2 cDNA clone (de Smit and van
Duin, 1990). Figure 2 shows that there are at least six escape
routes from this unfavorable sequence. In one evolutionary
path (45.1) base-pair III is disrupted to A C causing a AG®
of —5.2 kcal/mol. Although this stability is predicted to
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Fig. 2. Evolutionary pathways leading from non-viable mutant 45.0 to various viable species. Numbers at arrows pointing to revertants show how
many plaques were found with this sequence. The wild-type structure is presented for convenience. Black boxes in the mutant sequence mark the
differences from the wild-type. Black boxes in the revertant sequences mark the differences from the starting mutant. The indicated expression levels
were measured in partial MS2 cDNA clones as described (de Smit and van Duin, 1990). Helix stabilities were calculaied according to Freier er al.
(1986) except when base-pair 11l was a mismatch. Instead of opening the loop 1o contain nine bases, we prefer to assume the structure is as drawn
because AG® contributions for most loop sizes and loop sequences have not been determined experimentally. The calculation according to Freier

et al. (1986) yields a AG® which is 0.6 kcal/mol lower than our alternatve for these revertants. A value for the contribution of the G- U pair
stacked upon the C-A terminal mismatch has not been published. Based on expression studies, de Smit (1994) has deduced that this valuc is -1 2
keal/mol. [For a G-C pair stacked upon a C- A terminal mismatch a value of 2.0 kcal/mol was reported by Freier et al. (1986).] The difference
between the helix stability used in this paper (7.0 kcal‘/mol) and the value of =58 keal/mol used in our previous work (de Smit and van Duin.
1990) 15 due to the fact that the present study was carried out at 37°C. whereas the previous one 100k place at 42°C. This temperature difference
affects the AG™ values When more than one plaque with an wentical sequence was found, the evolution of only onc or two plaques was momitored
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produce wild-type quantities of coat protein, evolution does
not yet stop. In the next four cycles two additional
substitutions appear; the A-C at position HI is changed
further to A-U, while at the same time the bottom pair reverts
to G- U. Both pairs are also present in the wild-type and as
a consequence the stability is back to the wild-type value.
The C- A mismatch in the middle remains untouched. This
revertant, 45.2, was stable up to the end of the experiment,
i.e. its sequence did not measurably evolve any further up
to cycle 17. The yield of coat protein of revertant 45.2, as
measured in partial MS2 cDNA constructs, was found to
be the same as wild-type.

Revertant 45.7 shows that there is an alternative
evolutionary path to regain the desired stability. First, pair
VII mumns into a C-A mismatch creating a symmetrical
internal loop of four bases which reduces stability from
—10.6 to —8.8 kcal/mol. This composition is not yet stable,
presumably because it still produces too little coat protein.
Indeed, two cycles later we find the bottorn base-pair
changed from G-C to G- U resulting in a stability of —7.2
kcal/mol. This revertant, 45.8, was stable for 19 cycles at
which point the experiment was stopped.

In revertant 45.6 the stability strain on the initiator hairpin
is eased by changing the wobble position in pair IX from
G-C to G-U. This results in a AG® increase from —10.6
to —8.0 kcal/mol. This sequence appears stable for four
cycles, but eventually evolves to that of 45.8 when
propagated further. One plaque was found in which evolution
to the stable revertant 45.8 had apparently been reached
without resort to visible intermediates. This short cut requires
two base changes in cycle 1, a not uncommon event (see
43.2).

A fifth pathway to viability is presented by revertant 45.3.
Four plaques followed this route in which the fifth base-pair
mutates from G-C to A-C. This relieves the stability strain
in a way similar to that found above for revertants 45.7 and
45.8, which opened the seventh pair. A symmetrical internal
loop containing four bases is created resulting in a calculated
stability of —7.4 kcal/mol. This sequence appears stable as
we could not detect any changes when this phage was
propagated for 17 additional cycles.

Finally, a peculiar pathway is exhibited by revertants 45.4
and 45.5. Here, escape from the too stable helix is found
by creating a mismatch at base-pair II leading to a stability
of —7.6 kcal/mol. After having made this ‘choice’, there
seems no easy way to get closer to wild-type stability, except
by a new change in the second base-pair, i.e. from A-C to
A-U (revertant 45.5, AG® = —6.9 kcal/mol). This
revertant, in which the bottom pair has also changed to G- U,
appeared to be stable up to cycle 25 when the experiment
was stopped. This is the only time that we have found a
revertant with a substitution that changes the coding
properties (Ala2 —Val).

It may be noted that none of the plaques (cycle 2) have
retained the original mutant sequence. It would therefore
appear that mutant 45.0 is not viable at all and that the
existence of any progeny depends on base changes that have
occurred in the first cycle in host M5219.

The second created mutant, 23.0, has a calculated stability
of —8.7 kcal/mol (Figure 3) and it produces 3% of the wild-
type amount of coat protein as measured using partial MS2
¢DNA in an expression vector. The differences from wild-
type are that pair 1l is broken and pair XII is further
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Fig. 3. Revertants of mutant 23.0. Revertant 23.4 is identical to 45.1.
See legend to Figure 2 for further details.

stabilized while the middle U-U mismatch is changed into
U-A, giving us the opportunity to assess the necessity of
the internal loop per se at this specific position. Five plaques
showed that there is an easy way in which this mutant can
become a viable sequence: the bottom pair reverts to G-U
which returns the stability to almost wild-type (—7.1
kcal/mol). The new revertant, 23.1, is stable up till 17 cycles,
after which we stopped monitoring the sequence. The new
sequence shows that there is no particular need for the
mismatch to be at position VI. The phage is viable also with
the mismatch at position III as long as the overall strength
of the helix matches that of the wild-type.

An alternative pathway is shown in Figure 3 as revertant
23.2. Here, changing pair IX from G-C to G-U causes a
reduction in stability to —6.1 kcal/mol. Although the
sequence holds for several cycles, it still does not seem the
best fitness that can be reached under the circumstances. Four
cycles later two substitutions have occurred. Pair [Tl becomes
A-U and pair XTI changes to the wild-type combination G-U.
The end result is a new stability of —7.9 kcal/mol. Like
its predecessor, revertant 23.2, this is still 0.9 kcal/mol off
the wild-type value. Presumably, the latter species has an
advantage over the former that is not related to the stability.
Mutant 23.3 did not evolve any further for the next eight
cycles (cycle 18). Note that in this sequence there is no
mismatch in the hairpin. It is remarkable that changing base-
pair VI from U- A to U-G would yield an apparently ‘better’
AG*® of —7.2 kcal/mol. We do not know why this solution
15 not chosen.
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Fig. 4. Revenants of mutant 43.0. See legend to Figure 2 for further
details.

One plaque was found containing the original mutant DNA
sequence, showing that mutant 23 is not far off from a stable
species. Eventually, the sequence gives way to the successful
competitor 23.4. Here, base-pair VI is opened, changing the
AG?® in the favorable direction from —8.7 to —5.2 kcal/mol
which should allow sufficient synthesis of the coat protein.
This revertant (23.4) was lost, but it is identical to mutant
45.1 (Figure 2) and is thus predicted to change to the stable
species 45.2.

Evolution of destabilized mutants

As outlined in the Introduction, the simple rationale for the
stabilized mutants to raise the AG® of the initiator hairpin
to less negative values could be the need to produce sufficient
coat protein. For the destabilized mutants there is « priori
not an easily identifiable evolutionary pressure to change the
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AG®, but the fact that 45.1 evolved further to 45.2 (Figure 2)
already indicated that a stability weaker than wild-type is
unfavorable also. Below we show that this is a general
pattern.

Mutant 43.0 (Figure 4) has base-pair Il changed into the
mismatch A - C, the U-U at position VI altered to A+ A and
the bottom pair stabilized to G-C, resulting in a AG® of —5.2
kcal/mol. For reasons not understood the expression study
showed that this mutant had a coat protein yield of 40%
rather than a value close to 100%. Plating the initial lysate
of mutant 43.0 (cycle 1) revealed the presence of three new
genotypes in seven plaques analyzed. Four plaques showed
repair of the mismatch at position Il to A-U (revertant 43.1).
Thermodynamically speaking this is an overshoot to —8.6
kcal/mol. Two cycles of infection further, the wild-type
stability was indeed realized by a G-C— G- U change at the
bottom pair (revertant 43.5). The A-A pair in the middle
position is left unaltered, in agreement with the general
assumption that all mismatches destabilize a helix to the same
degree (de Smit, 1994).

One plaque (revertant 43.2) revealed an alternative route
to wild-type stability. It had sustained two changes, one at
pair III, the other at pair IV which, in combination, raise
helix strength to —7.2 kcal/mol. Within the next three rounds
two more base substitutions occurred, converting revertant
43.2 into 43.5, an end situation also reached via the other
pathway (Figure 4).

A rather peculiar development is represented by revertant
43.3. Here, the weak mutant helix is apparently compensated
for by a change in the initiation codon to AUA.
Subsequently, the hairpin is further destabilized at base-pair
XII. Thereafter, base-pair Il is closed and the AUG start
codon restored (revertant 43.5). It is difficult to understand
how such a pathway can exist, particularly in view of our
finding that a partial MS2 cDNA clone that has the sequence
of 43.4 produces only 6% coat protein relative to the wild-
type analog. This pathway reveals another level of
complexity that will be addressed in the future.

Finally, we have pursued the fate of mutant 14.0
(Figure 5) in which the third base-pair was changed from
A-U to U-C. Return to the complete wild-type sequence
would require two substitutions, whereas the wild-type
stability can be reached simply if the U- C pair changes into
U-A. This is what in fact happens in 15 out of the 18 plaques
analyzed (Figure 5, revertant 14.1). This end situation can
also be attained via the U-G intermediate at pair III, which
already stabilizes the helix from —3.6 to —6.6 kcal/mol
(revertant 14.2). As described above for the other mutants,
here too more solutions exist to escape from the apparently
unfavorable AG®; one other alternative is shown by revertant
14.4. Basically, the solution is that pair VI rather than pair
III mutates to U-A. This yields a wild-type AG® and this
mutant resembles 23.1, except that it has U-C instead of
A - C at base-pair III. It is interesting that we have been able
to isolate a metastable intermediate (revertant 14.3) where
base-pair XI is changed from G-U to A-U. This change
raises stability slightly in the desired direction but it decreases
the SD complementarity from GGAG to GAAG, a change
that turns a G-C match with the anti-SD sequence in 16S
rRNA into an A -C mismatch. We have shown recently that
a weaker SD interaction suffices when the helix containing
the ribosome binding site is destabilized accordingly (de Smit
and van Duin. 1994): this 1s possibly why revertant 14.3
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Fig. 5. Revertants of mutant 14.0. See legend to Figure 2 for further
details.

is viable enough to exist transiently. On the other hand, we
cannot exclude the possibility that revertant 14.3 is analogous
to 43.3 and 43.4, where too weak a hairpin is initially
compensated for by reducing translation. As shown in
Figure 5, revertant 14.3 quickly evolved to the more stable
sequence of 14.4.

Evolution of non-initiator hairpins

To understand the nature of the selection pressure that causes
the energetically compromised hairpin mutants to revert to
wild-type AG®, we also introduced stabilizing and
destabilizing substitutions in the wobble positions of the
second coat-gene hairpin (Figures 1 and 6). This hairpin is
phylogenetically conserved in group A phages and was
confirmed by chemical and enzymatic probing (Skripkin
et al., 1990). Earlier, we did not find any measurable effect
of these mutations on coat protein synthesis in partial MS2
¢DNA clones (M.H.de Smit and J.van Duin, unpublished
results). Pursuing the evolution of these mutants may indicate
whether or not a fixed hairpin stability is in itself a target
for strong selection. Our results show that the destabilized
mutant 30 returns to a mixed mutant/ wild-type sequence after
two cycles and is fully wild-type after five cycles (Figure 6).
For the stabilized mutants 31 and 29 no changes were
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Fig. 6. Revertants of mutants in the second coat gene helix. Mutants
31 and 29 were unchanged after 13 cycles.

observed for 13 cycles. A similar experiment was performed
for a phylogenetically proven hairpin in the replicase gene.
Also here, (partial) compensation for destabilization was
already noticed after a few cycles, whereas strengthened
stem —loop structures took much longer to revert (data not
shown). It seems that the pressure on low stability is a general
and strong one, but selection against high stabilities is not
very strong in non-initiator helices.

Competition between revertants and wild-type

To get an impression of the fitness of our revertants we
mixed wild-type MS2 with revertants 23.1, 14.1, 43.5 or
45.2 in a ratio of 1:200 based on plaque-forming units.
Subsequently, each mixture was allowed to complete five
cycles. As before, phage were isolated and the RNA
sequenced with reverse transcriptase. In none of the
preparations could we detect the presence of the wild-type
sequence, although the degree of dilution and the number
of cycles would have allowed the wild-type to take over
visibly if it had had a sufficient advantage over the revertant
(see below). The next experiment was more demanding on
the mutants: they were mixed with wild-type in a 1:1 ratio.
Now, revertants 23.1, 45.2 and 43.5 became extinct after
three cycles, while 14.1 competed well. Its sequence was
still clearly present in the final RNA preparation.

Related and unrelated base substitutions at distant
sites in revertants

In view of the low accuracy of RNA replication there are
two questions that need some attention. One is whether any
of the revertants had acquired additional phenotypical
compensation as a result of substitutions outside the region
under scrutiny here. Although it is not feasible to analyze
the complete genome of all revertants, we have determined
partial sequences of several revertants. The analysis involved
a part of the M site in the replicase gene around nucleotide
2050 where protein S1 was cross-linked and where the
replicase protein is supposed to bind, and also concerned
sequences at the 5’ and 3’ ends (Boni and Isaeva, 1988;
Skripkin er al., 1990). No deviations from the wild-type
sequence were found.

The other question concerns whether random base changes
occur. Here, the answer is positive. One of the fifteen
plaques representing revertant 14.1 contained an additional
U —C base change at codon wobble position 1394. This
revertant was stable for as long as we monitored the sequence
(14 rounds). However, when placed in competition with the
wild-type in a ratio of 200:1, five cycles sufficed to trn
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Fig. 7. Compilation of coat initiator helices in stable revertants.

it into a minority species in the mixture. This behavior
contrasts with that of the regular 14.1 revertants which
persisted in this competition experiment (see above). This
result shows that the substitution is the result of a random
error; it does not ‘improve’ the phenotype.

Discussion

A previous expression study suggested that the stability of
the initiator hairpin of the coat protein gene of phage MS2
is carefully tuned. Any mutation that increased its stability
led to a dramatic loss in protein yield whereas substitutions
that weakened the structure had no effect. The hairpin thus
seemed endowed with the maximal stability that still permits
maximal ribosome loading. That analysis, carried out on a
partial MS2 cDNA clone, revealed that translation did not
respond to the identity of the bases that we substituted but
to the AG® that was the result of these substitutions (de Smit
and van Duin, 1990). The present analysis complements and
extends that study. Using an infectious MS2 cDNA clone
we have now introduced stabilizing and destabilizing
mutations into the initiator hairpin in the live virus and
followed the Darwinian evolution of the new mutants to a
viable species. Because some of the starting mutants would
only synthesize minimal amounts of coat protein (45.0 and
23.0), a helper plasmid supplying coat protein in trans was
employed to provide the phage with some starting capital.
After this first cycle, which was carried out in a non-
permissive F~ host, the phages formed were tested by
plating them on an F* host that did not provide extra coat
protein. Since RNA-dependent RNA polymerases have a low
copying fidelity (~10~* per nucleotide) new sequences
arose even in the first cycle and, if viable, manifested
themselves as plaques after plating. Survivors were then
grown further in liquid culture to monitor their evolution
to a stable species, i.¢. a species whose sequence did not
change any further, at least not for the duration of the
experiment, which was ~ 19 infection cycles.

We observed that both stabilized and destabilized initiator
hairpins were strongly selected against. All reverted to a
stability close to or the same as that of the wild-type (see
Figure 7 for a compilation of revertant structures). The end
situation was achieved in a single step or through a number
of intermediates, characterized by a helix AG® closer to wild-
type than the initia] mutant sequence. Recovery of wild-type
stability was achieved by sccondary mutations that
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compensated for the sustained loss or gain in helix stability.
In parallel with these changes the vitality of the revertants
increased, as witnessed by a rise in phage titer. By the time
the sequence had reached its new equilibrium, the titer
equalled that of the wild-type (data not shown).

With three exceptions (revertants 45.5, 43.3 and 14.3),
substitutions occured in the stem at codon wobble positions
and outside the SD sequence. Assuming that the final
revertants produced the same amount of coat protein as wild-
type (for some this was measured and found to be true), one
conclusion of the present study is that, except for the start
codon and the SD sequence, the ribosome appears blind to
the sequence, but very sensitive to helix stability. A second
conclusion derives from the finding that substitutions in
wobble positions are encountered. The wild-type early coat
protein codons GCU, UCU and AAC are preferentially used
in highly expressed genes in Escherichia coli, whereas their
synonyms GCC, UCA and AAU are avoided and occur with
up to 20 times reduced frequency in such genes (Andersson
and Kurland, 1990). The fact that we found these less
preferred codons in many revertants indicates that the
influence of codon usage on ribosomal clearance of the
initiation region is, at least for the codons changed here,
marginal relative to the structure effects.

The prevalence of secondary over primary structure is also
consistent with our finding that all of the viable revertants
arose by compensatory substitutions in the stem region. A
ribosome initiating at the coat gene start protects 12 nt
downstream and 20 nt upstream of the AUG codon against
RNase attack (Figure 1). This includes the presumably
single-stranded region of 7 nt upstream of the initiator
hairpin. If base-specific contacts were to exist one would
expect to find compensatory mutations in this single-stranded
region 100, as these could further tune initiation rates. This
RNA region is non-coding and thus free to evolve. We have
not found any mutations here, suggesting that base-specific
interactions do not exist outside the SD region and the AUG
codon.

As well as indicating which regions are free to evolve,
the obtained revertants also show us what constraints exist.
For instance, one can envisage many helices with wild-type
stability 1f different amino acids are allowed at the N-
terminus of the coat protein. Only one of these possibilities
was found among our revertants (45.5), indicating that the
nucleic acid sequence is severely constrained in this part of
the RNA by the protein although the N-terminus of the coat



protein is not implicated in dimer or capsid formation or
in replicase repression (Valegrd er al., 1990; Peabody,
1993).

Our finding that the revertants were biologically stable
would suggest that such helix variants could be found in
nature among MS2 relatives. Surprisingly, this is not true.
The group I phages MS2, f2, R17, M12 and JP50! have
been isolated independently in different parts of the world
and at different times. Yet MS2, M12 and JP501 have an
identical sequence in the region under consideration here,
whereas the remaining two have only one substitution each;
2 has U-C at base-pair VI and in phage R17 base-pair X
is G- U instead of A-U. Presumably, the selective advantage
of the wild-type MS2 over the revertants is so small that
our evolutionary experiment did not last long enough to
reveal the difference. Such a view is supported by the
competition experiments. When mixed in equal ratios, the
wild-type quickly displaced all of the revertants (except one)
showing its selective advantage. However, when MS2 and
revertant are mixed in a 1:200 ratio, the wild-type does not
outgrow the revertant within five cycles, showing that the
advantage is small. In this respect it should be realized that
there is an additional reason why the revertants are stable
on their own. Not only do they differ from the wild-type
in at least two positions, but, except for 45.2, every single
substitution towards the wild-type sequence results in a large
change in AG® away from the desired optimum. Thus,
revertants are trapped in an evolutionary environment that
prevents their escape 1o a ‘better’ sequence.

The present analysis also provides independent support
for the existence of the initiator hairpin since our revertants
show base changes that maintain the existence of the
stem —loop structure. Thus, the procedure described here,
in which the distortion in an RNA genome is repaired, can
also be used to demonstrate the presence of base-paired
regions whose existence cannot be proven otherwise. It
would suffice to introduce mutations in the region of interest
and analyze if the disturbance is compensated for in the
presumed complementary region. This ‘instant phylogeny’
can be particularly useful for sequences that show little or
no variation in nature and has been used as such in a few
instances (Macadam et al., 1992; Tsai and Dreher, 1992).

The present study also clearly illustrates one of the
problems in applying the phylogenetic approach to deduce
secondary structure features in phage RNA. As selection is
targeted at stability rather than at the precise shape of the
helical segment, the exact position of mismatches in a helix
is flexible as long as the optimal AG® is attained (for
example, compare revertant 14.1 with 14.4, or 45.3 with
45.8). As a consequence it may not be possible to prove the
existence of the initiator helix by the conventional criterion
of two covariations per helix (James et al., 1990). We have
noted previously that stability appears preserved also for
other helices in phage RNA, albeit less strict. This suggests
that the criteria for proof by comparative analysis need to
be extended to include thermodynamic parameters.

One important question is that of the selection pressure
operating on the AG® of the initiator hairpin. Above we have
discussed that hairpins that are too stable do not synthesize
maximal amounts of coat protein and this seems a plausible
enough reason for counter-selection. Nevertheless, we have
carried out a control experiment in which the evolution of
a mutationally stabilized non-initiator hairpin was recorded.

Evolution of a mutated RNA hairpin

Reversion to wild-type AG® was not reached within 13
cycles, even though this would require only one or two
transitions (mutants 29 and 31, respectively). Although we
have littie doubt that the wild-type helix confers a ‘better’
phenotype, the advantage may be so small that many more
cycles would be required to reveal the difference.

The pressure that forces weakened initiator helices to raise
their stability is presently not understood, but a few
comments can be made. The rapid evolution of mutant 30
containing a non-initiator hairpin suggests, at least when
compared with the stabilized analogs (mutants 29 and 31),
that there is a general strong pressure against weak helices.
This may derive from the need to separate mother and
daughter strands during replication (Axelrod ez al., 1991)
or to provide protection against RNases.

Another realistic possibility is that helices that are too weak
distort the structure of the viral RNA by provoking
alternative base-pairings with an unfavorable replication
phenotype (Biebricher and Luce, 1992). Here, we would
like to mention that the pattern of aspecific stops visible in
primer extension experiments in some of the mutants
containing destabilized initiator helices differs from those
found in the majority of revertants and in the wild-type. This
is a hint that the structure has changed.

A more speculative explanation for the reversion of the
destabilized initiator hairpin may be found in the complex
system that the RNA phages have developed to save their
genome from the hazard of being translated and replicated
at the same time. This problem is solved by comipetition
between replicase and ribosome for a common internal site
on the viral RNA, allowing only one of the two components
to bind. In Q4 RNA this question has been studied in vitro
and the common site, the S site, overlaps the start region
of the Qg coat protein gene (Meyer et al., 1981). For the
group I phages such studies have not been carried out, but
by analogy one could suppose that the MS2 replicase would
bind the coat initiator region to provide the necessary
competition. One could imagine that MS2 replicase binds
to the coat start better when the stem is weaker. This would
upset the delicate binding balance between replicase and
ribosome, possibly leading to decreased virus production.
A slightly different version of this model has been given
elsewhere (de Smit and van Duin, 1993).

Materials and methods

Bacterial strains

Mutant and wild-type infectious MS2 cDNA clones were grown in M5219
(MT2 orpA,,,, lacZ,,,, Sm'Mdbio,sy, clysAH)), encoding the thermosensi-
tive repressor (clgs;) and the transcriptional antitermimation factor N
(Remaut er al., 1981). E.coli F* KAT97 (Flacl, pro/ara, Alac-pro, thi)
was used as host for wild-type and mutant MS2 phages. All struins were
grown on LC broth containing per liter 1Q g bactotryptone, 5 g yeast extract,
8 g NaCl, 2 g MgSO,, 140 mg thymine and | m! | M Tris—HC}, pH 7.6.

Plasmids

pCOATI184 is derived from pACYC184 by cloning the MS2 coat protein
gene (1221 - 1736) into the BamHI site of the tetracycline resistance gene
as described by Berkhout (1986). In this construct the coat protein is under
control of the constitutive rer promoter which ensures a low level of coat
protein sufficient 1o repress replicase gene translation by ~90%.

The construction of the fuil-length infectious MS2 cDNA clone, called
pMS2000. will be described elsewhere (R.C.L. Olsthoorn). The 5° end of
MS2 ¢DNA in these clones is preceded by a G-tail and the 3” end continues
inan A-tail As a negative control we prepared a clone, pMS2001, in which
the internal Sucl fragment (1491 -3387) was present in the reverse
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orientation. Both constructs are under control of the py promoter of phage
A. pMS200! did not produce any phage.

Mutants of the infectious clone were constructed by replacing the
Xbal(1303) - BstXI(1551) fragment of pMS2000 with the corresponding
fragment from a scries of mutant sequences used for coat protein expression
studies (de Smit and van Duin, 1990). The presence of the mutations in
the final constructs was verified by sequencing both DNA strands using
the T7 sequencing kit of Pharmacia and a primer compiementary to
nucleotides 1409-1422 of the coat gene. Four mutant plasmids were
constructed: pMS2014, 2023, 2043 and 204S. The last two digits are used
to identify the corresponding phage mutants in the Results section as 14.0,
23.0, etc. and their evolutionary offspring are called revertants and are
indicated as 14.1, 14.2, etc.

Sequence analysis of wild-type and mutant MS2 phages
The phages present in the supernatant of a | mi culture were precipitated
with 330 ul of 40% polyethylenc glycol in 2 M NaCl. The pellet was
dissolved in 200 gl of TE (10 mM Tris—HC], pH 7.6 and 0.1 mM EDTA)
and extracted with 300 ul of phenol/chloroform (2:1). The RNA was
precipitated with 2.5 vols of ethanol and dissolved in 20 ul of distilled water.
1-2 ul of this solution was used for each sequence reaction, which was
carried out by primer extension with reverse transcripase (Promega)
essentially as described by Skripkin er al. (1990). An oligonucleotide
complementary to nucleotides 1409 —1422 in the coat gene was used as
primer and enabled screening of ~ 300 nt on the MS2 genome for differences

Measuring phage evolution
Routinely, the procedure to produce mutant phages involves growing E. coli
strain M5219 containing a plasmid with mutant MS2 cDNA and pCOAT 184
st 28°C untl the ODgyy is 0.2. (In this host reinfection cannot take place
because of the absence of F pili.) Then the culture is shifted to 42°C, Afier
2 h it is centrifuged to remove intact cells and debris; the supernatant
cootaining the phages is used for two purposes. Onc part is precipitated
and the pellet used to determine the RNA sequence. Another fraction of
the supernatant is plated on KA797 (F+) to separate the genotypes that may
have developed during growth in M5219. Individual plaques are dissolved
in H;0 and grown further on plates or in culture for the indicated number
of cycles. We define growth in M5219 as cycle 1, and the first growth
as plaques in KA797 as cycle 2. (The amount of phages present in a plaque
is too small 1o be sequenced. Accordingly, they had to be amplified by growth
in liquid culture. It is not known whether additional substitutions arise during
this extra cycle.) Each subsequent cycle started with the inoculation of 3
ml KA797 (ODgsq = 0.07; 107 cells) with 103 —103 p.f.u. and was ended
by ovemnigit growth at 37°C in a test tube or oa a plate. Alternatively,
nﬂaqucwspmpngnedﬁmhﬂonabuamdhwnmsohdmdmm
, the amount of phage used to sced the next cycle was increased
tolO’p.f.u.whenweexpeewddlistoincmsewdmmofpiddngup
double or tripic mutants. As a consequence, the term ‘cycle’ is loosely defined
in this study and cannot be related to the number of phage gencrations in
a simple way. Since the reversion mutations arise by chance we have not
attemnpted to standardize our procedures rigorously. Sometitnes an overnight
culture of M5219 at 28°C was used as cycle 1. No differences in titer from
phage creation at 42°C were observed.
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SUMMARY

The translation initiation region (TIR) of
the replicase gene of RNA bacteriophage
MS2 contains a conventional ribosome-
binding site (RBS) defined by an AUG
codon and a SD-sequence. In addition to
initiation of replicase translation this
region also takes part in negative control
over ribosome binding to the replicase gene
start. The RBS adopts a specific stem-loop
structure, the so-called translational
operator, and serves as a high affinity
binding site for the phage coat protein that
acts as a translational repressor. By site-
directed mutagenesis we randomized an
essential sequence of the replicase
initiation site in an infectious MS2 ¢cDNA
clone. The obtained phage-producing
clones lacked a native-like RBS and
produced replicase more than 100-times
less efficiently than wild type. The
introduced mutations lowered the phage
titer by two and more orders of magnitude.
Nine of the selected mutants were allowed
to replicate in E.coli F* bacteria to monitor
evolutionary improvement of the replicase
gene TIR. In course of adaptation the
mutants acquired 1-5 suppressor base
changes upstream the translation initiation
AUG codon and restored a high phage
viability. The general evolutionary pattern
was creation of various SD-sequences in
the replicase initiation site and we
observed no other common sequence-
specific features. In addition, one phage
had rebuilt an RNA operator hairpin but

number of others evolved partially

resembling structures. We suggest that
these resembling helixes can serve as low
affinity phage RNA coat protein binding
sites in course of infection. We also found
that the level of the replicase gene
translation in phage RNA
pseudorevertants is high as compared to
parental clones but low as compared to
wild type and in some instances are
exceedingly dependent on the wupstream
coat gene sequences. These findings are
discussed with respect to the control of the
replicase gene trauslation in phage MS2.

INTRODUCTION

The process of translation initiation in
prokaryotes determines the fidelity and
efficiency of gene expression (Gold, 1988;
McCarthy and Gualerzi, 1990; de Smit and
van Duin, 1990 a, b). Three kinds of
interactions are known to take place during
selection of translation initiation region (TIR)
on prokaryotic mRNAs. First, ribosomal
protein S1 is involved in mRNA binding (van
Dieijen et al., 1978; Hartz et al., 1990). It
seems to have a preference for U-rich regions
(Zhang and Deutsher, 1992; Boni et al., 1992)
but may also recognize sequence or structure
specific motifs (Tzareva " et al., 1994;
Ringquist et al., 1995). Second, interaction
between 3’-end of 16S rRNA and poly-purine
stretch, the so-called Shine-Dalgarmo (SD)
sequence preceding the translational start
codons in bacterial messages, provide the
ribosomes with affinity for TIR (Shine and
Dalgarno, 1974; de Smit and van Duin, 1994).



This SD-interaction is conceivable for the
initiation on most of bacterial messengers and
is the only one rRNA-mRNA interaction that
has gained direct experimental support (Hui
and de Boer, 1987). Other sequences within
RBS have been proposed to interact with 16S
rRNA but they either lack an evidence in
recognition of a TIR through rRNA-mRNA
interactions or the experimentally data are
contradictory (reviewed by McCarthy and
Gualerzi, 1990; Sprengart and Porter, 1997).
At least some of these so-called translational
enhancers may serve as binding sites for S1
protein (Tzareva et al., 1994; Ringquist et al.,
1995). Finally, the interaction between
mRNA initiation codon and fMet-tRNA
anticodon turns the ribosome-mRNA
complex into virtually irreversible state
(McCarthy and Gualerzi, 1990). Initiation
may use all, two or only the codon-anticodon
interaction. Apart from the positive
determinants of the initiation process the
accessibility of a ribosome-binding site
(RBS) on mRNA can be controlled in a
negative way by secondary structure of the
TIR. Strong intramolecular interactions may
turn a good translational start into virtually
inaccessible for ribosomes (de Smit and van
Duin, 1990 a, b) and probably is a mean to
hide false initiation sites within coding
regions (Ganoza et al., 1987).

Despite extensive studies uncertainty still
surrounds the essential determinants of a
prokaryotic TIR. Thus, some of the in vitro
data (Ravetch and Jakes, 1976; Calogero et
al., 1988; Melancon et al., 1990) seem to
stand under question the relevance of SD-
interaction for the translation initiation. Also,
many analyses (Gold, 1988; Dreyfus, 1988
and references cited therein) imply that within
the RBS there are other sequence specific
properties, e.g. nucleotide content, for their
distinction from non-initiator regions. We
reasoned that the question on significance of
certain mRNA TIR properties for translation
initiation can be assessed exploiting natural
evolution system available for the single
stranded RNA bacteriophage MS2. The
mutations in phage RNA can be introduced

through its full-length cDNA copy present on
a plasmid and evolution of the phage mutants
to high viability by means of compensatory
mutations can be monitored (Olsthoorn et al.,
1994). Thus if a RBS of a phage gene is
substituted with unrelated sequences such
mutant RNA regions are likely to become
adapted for an appropriate efficiency of
translation initiation again.

Phage MS2 RNA genome (Fig.1) codes
for four proteins. One of them, the replicase
protein, associates with several host proteins
and serves for phage RNA replication. Since
the phage development is dependent on
supply of replicase we expect no or low
phage titer if the RBS of the replicase gene is
unsatisfactory for an adequate replicase
translation and an increase in phage titer upon
improvement of the initiation site.

The replicase gene TIR is defined by a
SD-box present upstream of the initiator
AUG codon (Berkhout, 1986; Stankevich et
al., 1995). A sequence that involves the SD-
region was randomized in infectious MS2

¢cDNA clone and the evolutionary
improvement of the TIR was monitored upon
phage passaging.

Additional reason to choose this

particular TIR as the target for analysis lied in
a rather sophisticated control of the replicase
translation in wild type phage. Although the
replicase gene RBS is efficient itself, dual
negative control limits replicase synthesis to
only a small burst early in the infection
(reviewed by van Duin, 1988). One control is
provided by long-distance interaction (LDI)
of an internal coat gene segment to the
nucleotides surrounding the replicase gene
start. LDI restricts the initiation of the
replicase gene translation unless it is broken
up by ribosomes reading the coat message.
The major molecular basis for this control is
the MJ-interaction (van Himbergen et al.,
1993) but a nearby 1419-1426/1810-1817
LDI possibly contribute to the replicase
suppression (Licis et al, 1998). Another
regulatory mechanism operates later during
infection. When the phage coat protein
accumulates in the cell it binds to the
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Figure 1. Genetic map of RNA coliphage MS2 and a model for the RNA secondary structure of the replicase gene
TIR. Local stem-loop structures are indicated as CT, R1, R2. The start codon of the replicase and the stop codon of the
coat gene are marked by box. SD — Shine Dalgarno sequence, MJ designates the MJ-interaction. The mutations were
introduced in the indicated sequence of the replicase gene TIR.

replicase initiator hairpin, the so-called
translational operator, and thereby blocks
ribosome access to the replicase gene start.
The features necessary for this protein-RNA
interaction to take place are well known
(Uhlenbeck et al., 1983; Witherell er al.,
1991; Schneider et al., 1992; Peabody, 1997,
see at Fig.1). The RNA secondary structure is
important for coat protein binding but the
sequence generally is not. The exceptions are
requirements for nucleotide specificity at the
bulge that must be purine and three out of
four hairpin loop positions. The RNA
operator-coat protein interaction was thought
to mediate the phage RNA encapsidation
(Beckett and Uhlenbeck, 1988) but was
shown recently to be unessential for that

purpose (Peabody, 1997). Because the

mutations in the replicase gene start region
must destroy the native hairpin it was of
interest how the phage will adapt to the lack
of translational repression.

In addition, the replicase gene TIR is a
part of the phage lysis (L) cistron that is
translated in +1 frame with respect to
replicase. The lysis aminoacids encoded in
the replicase initiation site are non-essential
for the function of L protein (Berkhout et al.,
1985) and the region either plays no role in
the control of the lysis gene expression
(Scmidt et al.,, 1987). Since that the RNA
sequence constraints implied by the L gene on
the evolution of the replicase gene TIR are
absent or at a low level, except for the cases
when mutations prevent the translation of the
entire L gene (non-sense codons efc).



Table 1. Oligonucleotides used in this study

primer sequence position; strand application
RP572 GAACTTCTTTGTTGTCTTCGACATNNNTRNTNNYNNNN

NTTGAATGGCCGGCGTCTA 1728-1784; - mutagenesis
pll4 CATCCGGATCCCATGACAAGG 2047-2067; - RT, PCR
pl62 TTGAATGGCCGGCGTCTA 1728-1745; - PCR
p9 CGAAGACAACAAAGAAGTTC 1765-1784; + PCR
pi80 TCGAGGGGTACAATCCGT 1200-1217; + RT, PCR
pl08 GAATTCCGACTGCGAGCTTAT 1628-1648; + sequencing
p106D GGTAAATTTCAAGAGAAAGATCG 1811-1833; - RT, sequencing
pl27 GCCCCATAGTGGCACCG 2153-2169; - RT, PCR

RT-reverse transcription
2 N-any nucleotide, R-purine, Y-pyrimidine
b underlined residue mark mismatch

MATERIALS AND METHODS

Bacterial strains and plasmids
Plasmids were grown in E.coli K12 strain M5219,
encoding the thermosensitive A repressor (cI857)
and the transcriptional antitermination factor N
(Remaut et al., 1981). Evolution experiments were
performed in the E.coli F* strain AB259 (Hfr3000,
Thi, Su). All strains were grown on LB broth.
pMS2000 harbors a full-length DNA copy of
phage MS2 RNA under transcriptional control of
the thermoinducible promoter P from phage A
(Olsthoorn et al., 1994). This plasmid produces
phage spontaneously even without induction of the
promoter and after overnight growth at 28°C the
supernatant of bacterial cultures contains about
10" pfu/ml. Plasmid pD (Licis et al., 1998) differs
from pMS2000 by that it contains a short linker
substituting the 1303-1901 MS2 ¢DNA Xbal-Bfri
restriction fragment and thereby does not yield the
phage. Plasmid pD was used to reconstruct full-
length MS2 cDNA by ligation of the PCR-
generated MS2 ¢cDNA mutant fragments into the
Xbal and Bftl restriction sites of the vector.
Plasmids used for the measurements of the
replicase gene expression contained either 1365-
2057 or 1628-2057 MS2 cDNA fragment behind
the promoter P, and lac Z gene fused at the
BamHI site to the replicase gene (nt 2057). The
wild type construct is MJLO and contains the
1365- 2057 MS2 cDNA fragment (van Himbergen
et al., 1993). Other clones were constructed by
substituting it with a mutant 1365-2057 fragment.
pCOATI184 contains the phage coat protein gene
under control of constitutive ter promoter

(Berkhout, 1986). In this construct ter promoter
ensures a low level of coat protein sufficient to
repress replicase gene translation by about 90%.
The plasmid confers to cells chloramphenicol
resistance.

Mutagenesis and cloning

Oligonucleotide RP57 was used to introduce
mutations in 1746-1760 region of MS2 genome. It
contains randomized target TIR sequence flanked
by native phage MS2 genome sequences. At first,
the flanking MS2 cDNA fragments were amplified
in PCR 1 and PCR 2 reactions using praimer pairs
pl14-p9 and pl162-pl80, respectively (Fig.2).
These fragments were gel-purified, precipitated
and dissolved in 50 pl of water. In the mutagenesis
step (PCR3) the reaction mixture (40 pl) was
combined from 5 pi of 10x PCR buffer (100 mM
TRIS (pH 8.8), 500 mM KCl, 0.8% NonidetP40),
4 pul 25 mM MgCl,, 1 ul BSA (Img/ml), 8 ul of 1
mM dNTPs, 5 pl of 5 uM pl180, 5 ul of PCR2
product, 2 pl of 0.5 pM oligonucleotide RP57 and
2 units of Tag DNA polymerase. After 5 cycles
(denaturation at 95°C for 30 sec, annealing at 45°C
for 40 sec and elongation at 72°C for 40 sec) 5 ul
of PCR1 product and S pl of primer pl14 were
added and the reaction was continued for 25 more
cycles. The PCR product was precipitated, cDNA
dissolved in water and after treatment with Xbal
and Bfrl restriction endonucleases ligated to the
corresponding restriction sites of pD plasmid.

Recording phage evolution
To produce mutant phage M5219 F cells
containing the mutant plasmids were grown
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Figure 2. Outline of experimental approach. See Methods for the details.

overnight (cycle 1). 10°-107 pfu of the produced
phage were used to infect E.coli AB259 F'
bacteria (at OD;, of about 0.2) in 2.5 ml of liquid
LB broth and cultures were shaken overnight at
37°C (cycle 2). 10° pfu from the previous culture
were taken for subsequent cycle and so on. The
infections were continued up to cycle 20. The
phage RNA was isolated from 1 ml of supenatant
of the cultures (Olsthoorn et al., 1994) and reverse
transcribed with either primer pl14 or p127. The
RT-product was PCR-amplified with p180 and one
of the above primers and the amplified cDNA was
sequenced with T7 DNA polymerase, routinely
using oligo p108 as described previously (Licis et
al., 1998). The phages for sequence analysis were
taken after cycles 3, 10 and 20. If the examination
of the RNA sequence suggested genetic
heterogeneity in the phage population, plating was

v

sometimes used to separate individual genomes for
subsequent sequence analysis.

Probing RNA structure with S, nuclease

2 pg of phage RNA was preincubated in the
reaction buffer (40 mM sodium acetate (pH 4.6),
340 mM NacCl, 1.4 mM ZnCl, and 7% glycerol)
for 10 min at 37°C to equilibrate the secondary
structure of the template. Subsequently, the sample
was treated with 1 unit of S, nuclease for 10 min at
37°C. After phenol extraction and precipitation of
the RNA, primer pl06 was extended in 6 pl of 50
mM TRIS-HCI, pH 8.3, 4 mM KCI, 8 mM MgCl,
and 10 mM DTT containing lunit of AMV reverse
transcriptase.

Assay of B-galactosidase
0.05 ml of fresh overnight cultures of bacteria
harboring plasmids that contain lacZ. gene fused to



Table 2. Properties of MS2 cDNA clones

Clone Nucleotide sequence* Titer, pfu/m] **

pMS2000 (Wt) acaugaggauuacccaug 10"
Random pool NNNNNRNNANYANNNAUG -

A2 CcUCAaBAgaCCaUcGaug 10°
A8 GAauCGCAaCCaGAGaug 10®
Al4 aGUuUGgCaACaGccaug 10°
Al6 aGauCagCauuacccaug 108
A21 UcUGUaUCaCCaAcAaug 10°
A23 GAUACaCCaCuaUAGaug 10°
A28 UcUACagCauuacccaug 10°
A36 CAACUGCgaRAuaUGcaug 10’
A37 CcUuAGUUaCCaAccaug 108
Clones containing termination codon(s) in frame of L gene
Al CACugaAgauCacUGaug 10°
A5 aACAUaUUaGCaccGaug 10°
A7 GACAAaUAaGuaUUGaug 10°
A35 UUGAAGUAaACaUGcaug 10°
A4l CAGCUagCaACaUGcaug 10°
Al3 aAUuCGUCauuaGUAaug 10°
Al9 CAUuCGCUaARuaGAcaug 10°
A20 UAaCUaCCaGuaGUAaug 10*

*The 1746-1763 RNA sequence of the mutants is aligned with that of the wild type. Capital letters indicate the
mutations. The replicase start codon and SD-sequence are in bold. The stop codons of the lysis gene sequence are

underlined.

** Appropriate dilutions of supernatant from cDNA cultures grown overnight at 280C WE€r€ tested on lawns of E.coli

AB259 F* cells.

the phage replicase gene or the above clones
provided in addition with pCOAT plasmid were
added to 5 ml fresh LB broth plus ampicillin or
ampicillin and chloramphenicol, respectively. The
cells were grown at 28°C until OD;, of about 0.25
was reached and then shifted to 42°C for induction
of the P, promoter, grown for additional 30 min
with vigorous shaking, after which the cultures
were placed on ice for at least 10 min. 0.4 ml of
each culture was added to 0.6 ml of Z buffer
(Miller, 1972), 40 pl of CHCI; and 20 pl of 0.1%
SDS in an eppendorf tube. The rest of bacterial
cultures were left on ice until the cell densities at
ODy,, were determined. The blank tube was made
in the same manner but contained broth and
ampicillin instead of bacterial culture. The tubes
were vortexed for 10 sec and put at 28°C for
10min. Afterwards 0.2 ml of ONPG (4mg/ml in Z
buffer) was added to each tube and they were
incubated at 28°C for 10 — 100 min. The reactions
were terminated by the addition of 0.5 ml of IM

Na,C0, and the tubes were centrifuged briefly. The
breakdown of ONPG was measured at OD,,,. All
measurements were done on microtiter plates.
Because the wavelengths used to calculate the -
galactosidase activity (As;, for the cell densities
and A,, for the breakdown of ONPG) do not
correspond to the wavelengths used in routine
calculation (Miller, 1972), the values are only
approximately similar to Miller units of B-
galactosidase activity.

RESULTS

The experimental strategy

The undertaken approach is depicted in
Figure 2. The 1746-1760 sequence of the
replicase gene TIR was randomized by PCR-
directed mutagenesis on a cDNA fragment.
The mutated fragment then was cloned into
the pD plasmid to give rise the full-length



MS2 cDNA and the ligated DNA was
transformed into the E.coli F- host bacteria.
The transformed cells were seeded onto
nitrocellulose filters and grown to colonies.
The filters were then replica plated onto the
lawn of E.coli F* bacteria to identify those
clones that produced the viable phage. A
number of the phage-producing colonies were
taken from the fiiters and grown in liquid
broth for the MS2 cDNA sequence analysis.
Subsequently, the phages were subjected to
consecutive infections of F* bacteria to allow
evolutionary improvement of the replicase
gene TIR. The target sequence was monitored
after various number of passages. Finally,
some of the evolved pseudorevertants were
analyzed with respect to efficiency and
control of the replicase gene translation after
cloning in an expression vector.

Because it was uncertain initially whether
the phages lacking a high affinity coat protein
binding site in the replicase TIR may be able
to encapsidate their RNA the nucleotide
specificity at certain positions was preserved
to increase the chance for the infective virion
formation.

Properties of mutants

About 20% of transformants produced the
phage and the sequence of the replicase
initiation site was determined for some 20
clones (Tab.2). They contained 3-11 base
changes as compared to the wild type
replicase gene TIR and lacked a conventional
RBS (SD-sequence) and an RNA operator
hairpin. Apart from these common properties,
the constructs fail in two distinct categories
with respect to the phage lysis gene (Tab.2).
About half of the mutants possessed an
unperturbed L gene frame and their titers
were by 2-3 orders of magnitude lower than
the titer of the wild type clone. Many others
contained one or even two nonsense codons
in frame of the L gene. These prevent the
synthesis of the functionally essential C-
terminal peptide of the lysis protein and
present an additional, the coding defect. In
those clones the phage titer had dropped more
drastically. To avoid the influence of the

coding demands on the evolution of the
sequence and structure of replicase initiation
site the lysis-deficient mutants were omitted
from the present analysis. Note, however, that
as revealed by later experiments their viable
progeny phages possess an intact frame of the
lysis gene restored in various ways.

Evolution

The evolution of phage RNA
pseudorevertants was allowed to proceed for
20 cycles during which the phage titers
increased to nearly wild type level showing
that the improvement of the replicase gene
TIR had occurred. In this course of adaptation
the mutants acquired 1-5 nucleotide
substitutions in the replicase initiation site
(Fig.3) and those containing many
compensatory base changes generally reached
the highest viability. Typically, we did not
encounter an  original mutant  after
amplification in E.coli F* host, except for
mutant A28. This phage preserved the
unchanged sequence and a low titer up to
cycle 3.

In some instances we monitored only one
evolutionary pathway whereas in other cases
various pseudorevertants were encountered
(Fig.3). Illustrative example is a complex
evolution of mutant A16 during that three
different progeny phages - A16.1, A16.2 and
A16.3 were found. The pseudorevertant
A16.1 was the dominant specimen at the third
cycle when the two other descendants A16.2
and A16.3 were not detectable yet, probably
because they constituted only a very minor
fraction of the phage population. Later after
cycle 10, however, better revertants Al16.2
and A16.3 outgrew descendant Al16.1.
Subsequently, at cycle 20 progeny phage
A16.2 had disappeared but A16.3 evolved to
Al6.4. '

The replicase translation initiation region
of phage RNA pseudorevertants
(i) TIR sequence

The sequence data
revealed a common
improvement of the

unambiguously
source of the
replicase  start. It



1746 1760

Wt CCAUUCAAACAUGAGGAUUACCCAUG

A2.1  CCAUUCAANCHEENCARIARCEAUG
- )
A2  CCAUUCAABCEEEABGAEMANCEAUG
AS.2 CCABUCAARNAUSEENABE)ENEAUG
c. 20 T
A8.1 CCAGUCAANNAUSHEE,TRNEEAUG
c. 10 T

A8 CCAUUCAANEA U NN~ BNAUG

Al4.1 CCAUUCAAANNUEEBGEAEMAECCAUG
¢. 3-20 T

Al4 CCAUUCAAANNUEEIGEABNNANCCAUG

Al6.4 CCAUUCAAABAUBAGEAUUACCEAUG
c. 20

Al 160. 3 CCAUUCAAARAUBAGEAUUACCEAUG
C.

'
1

Al6  CCAUUCAAABAURAGEAUUACCCAUG-
A163 .1 CCAUUCAAAREUMAGNAUUACCCAUG
c.

Al?(}. 2 CCAUUCAREEAUNAGEAUEACCEAUG
Cc.

A21.2 CCAUUCAAGCHESANS ENAEBCEAUG
c. 20 )

|
A21.1 CCAUUCAANCENE2NE-ENAECHAUG
c. 3-10
+

A21  CCAUUCAABCEENAREAENABCHAUG

A23.2 CCAUUCAANEEES,NE,EUABEEAUG
: A

|
A23 CCAUUCAA NN 00~ RUANNAUG

A23.1 CCAUUCAANEENN"EN"NUANENAUG

A28.1 CCAUUCAANCEEEEGEAUUACCCAUG

A28 CCAUUCAANRCEENAGEAUUACCCAUG

A36262 CCAUUCAAENAESGCERUASRICAUG
C. T

A361 61 CCAUUCAAER»NGANUAGECAUG
. T

A36  CCAUUCAAREANEENGANUANECAUG

A37.1 CCAUUCAMECHUEEENEH BCCAUG
¢. 3-20 x

A37 CCAUUCAABCHUNERS ESNBCCAUG

Figure 3. Sequence alignment showing the phage RNA evolution. lnitial mutations are in gray while suppressor
mutations in black boxes. The designation of pseudorevertants depicts their origin. For example, the progeny phages
Al6.1, A16.2, A16.3 derived from the mutant A16. ‘c’ stands for cycle. The putative SD-sequences in revertant RNA
are underlined. The RNA sequences of the replicase TIR of revertants from A8 and A36 were poorly defined after the
third cycle and therefor are not shown, while mutant A28 retained the original sequence after the third cycle.

appeared that various phages had evolved
various SD-sequences (Fig.3 and Fig.4). This
common event was mostly accomplished by
base changes creating guanines and there
seems to be only one exception from the SD-
evolution. Revertant A8.2 does not posses a
sequence to basepair with the 3’-end of 16S
rRNA unless the mismatches in the SD-

interaction are allowed (the region of a
potential SD-box is indicated by broken line
in Fig.3).

The restore of the SD-sequence was the
only evolutionary event in the initiation site
of several pseudorevertants (A2.1, Al4.1,
Al6.1, A23.1 and A23.2) while other phage
RNA acquired also one or more additional



1746 1760

Wt  AAACAUGAGGAUUACCCAUG
AACCUCABAGACCAUCGAUG
AAAGUUBIGGCAACAGCCAUG
AAAGUCAGCAUUACCCAUG
ARBGAUCAGCAUGACCUAUG
AAAAAUCAGEAUUACCGAUG
AACCUGEAUCACCAGCAAUG
AAGEBUACACCACUAUAGAUG
AAGABACACCACUAUAGAUG
AAUCCACGGEAUUACCCAUG
AACAACUGHGAAUACACAUG
AACAACAGUGBAUACACAUG
AACCUUBGUUACAAACCAUG

w
HNHRENENABN R B

Figure 4. Sequence alignment showing the
evolved SD-regions. The  SD-related
suppressor mutations are black boxed.

nucleotide substitutions. These base changes
neither result in a common sequence specific
pattern nor also resemble each other. Thus,
descendant A8.2 selected the GI1758A
substitution located three  nucleotides
upstream the start AUG codon. In this
instance the compensatory mutation might be
interpreted as a phage attempt to increase the
efficiency of the replicase translation. The
data on randomized ribosome binding sites
(Barrick et al., 1994) revealed high activity of
adenine at position —3 from the initiation
codon that is consistent with the statistics for
that position (Gold ef al., 1981). However,
revertant A21.2 acquired just opposite
A1758G base change showing that SD-
unrelated compensatory mutations are
specific for any given phage.

In wild type phage the RNA secondary
structure of the replicase gene TIR s
important for translational control by
repression and coupling and thereby apart
from the sequence specificity the secondary
structure it is another conceivable target of
the suppressor mutations. An illustrative

example is the particular revertant A8.2 in
which one of the suppressor mutations was
located upstream the target sequence and in
structure context (Fig.1) it brakes a basepair
in the middle of the MIJ-interaction. As
pointed out before, the MJ-interaction
suppresses the replicase translation and its
disruption in wild type phage RNA activates
the replicase synthesis (van Himbergen et al.,
1993; Licis et al., 1998).

(ii) Structure of the replicase gene TIR

Computer program MFold (Zuker, 1989)
that predicts both optimal and suboptimal
RNA foldings indicated two alternative
conformations for RNA of each revertant.
One conformation is a wild type-like
structures characterized by the presence of a
replicase initiator hairpin (Fig.5) whereas the
other does not contain a replicase initiator
hairpin because a sequence of or around the
translational start AUG codon is basepaired to
the coat protein gene (not shown).

In those phage RNA that had evolved
many base changes the compensatory
substitutions seem to be targeted on creation
of certain hairpins (Fig.5). Thus, two out of
three base changes revertant A16.4 RNA
appear to recreate a wild type-like
translational operator. The two substitutions
restoring the hairpin probably took place
simultaneously (see evolution of this
pseudorevertant at Fig.2). Two, also
simultaneous, base changes stabilize an
initiator hairpin in phage A21.2 RNA. In this
case the resulting helix is not a high activity
coat protein binding site. It, however,
possesses the AUCA tetraloop that fulfils a
requirement for coat protein-RNA interaction.
Note, that the helix is displaced upstream the
location of the replicase translational operator
in wild type RNA and also does not contain
the AUG start codon within the stem. Other
examples of restoration of a replicase initiator
hairpin are descendants A28.1 and A16.2. In
revertant A28.1 the three compensatory base
changes close a helix that contains the native
loop but hasa mismatch in the middle. In
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Figure 5. Possible secondary structure models for the replicase gene TIR in pseudorevertants A8.2, A16.2, A16.4,
A212, A28.1, A37.1 and A36.2. Suppressor mutations are shown in black boxes. Wild type hairpin and the RNA
structural requirements for binding binding by MS2 coat protein are shown for comparision. N represents any
nucleotide, R and Y are purine and pyrimidine, respectivelly.

descendant A16.2 the three compensatory
mutations appear to stabilize a hairpin with a
loop of three nucleotides and a bulged A in
the stem. Similar hairpin can be drawn for the
phage A8.2 RNA as well. Also, a hairpin with
loop of three nucleotides is predicted for the
revertant A37.1 RNA. This phage, however,
i1s uninformative from structural viewpoint
because the only suppressor mutation
stabilizing the stem of the hairpin is the SD-

10

related and therefore its significance may lie
solely in SD-sequence. For the same reason
the secondary structure models for other
revertant RNA are not presented.

Two possible stem-loop structures are shown
for the progeny phage A36.2 RNA. In one
model a replicase initiator hairpin is present
in the original location (model A). The other
folding may contain a high affinity coat
protein binding site (found by eye, model



Figure 6. Nuclease S| structure probing of phage RNA
from wild type and revertants Al6.4, A36.2. Al6.2,
A37.1 and A28.]. The positions of the native replicase
initiator hairpin R1 loop as well as of R2 and CT hairpin
lovps are indicated in the margin. Sites of cleavage were
determined by primer extension. "+ designates
Sidigestion hine, “-* control line. Revertant A16.2 was
used tor the sequencing lines.

B) but as suggested by the computer program
the top of the hairpin is probably unfolded
and forms a loop of nine rather than four
nucleotides (not shown). An indication that
the stem-loop might exist in the drawn form
is provided by the suppressor mutation that
turns AACU sequence present in progenitor
RNA into AACA. Such a loop satisfies a
requirement for coat protein binding site.

The structure models presented for A36.2
also illustrate the two alternative RNA
conformations that as pointed out above
might exist in revertant RNA. In the model B
for the phage A36.2 RNA, the replicase
initiation AUG codon and the surrounding
nucleotides are displaced out of hairpin and
they are accessible to basepair somewhere
else, for instance with coat protein gene.

To get insight in the reliability of the

structure models, we probed various
pseudorevertant RNA with S; nuclease
(exemplified at Fig.6), an enzyme that

preferentially cuts at RNA hairpin loops. In
overall, the structure probing data are in
agreement with the presented helixes. In case
of revertant A36.2 the results are consistent
with both A and B models, indicating that the
shown structures can exist at equilibrium. The
data also suggest that the structure of the
replicase gene TIR is poorly defined for all of
the tested descendants that would be
consistent with the existence of alternate
structures.

(iii) Translational efficiency and control of
the replicase gene

An important question is what is the
efficiency of the replicase gene translation in
pseudorevertants? Most of them lack a high
affinity binding site for the coat protein and it
means that efficient repression the
replicase gene in pseudorevertant RNA
cannot take place. To assess the point cDNA
of several pseudorevertant RNA. mostly those
containing many suppressor mutations which
are likely best adapted synthesis, as well as
some of the parental mutants were cloned in
an expression vector. In the used clones the
replicase production can be measured as the

of



Table 3. Efficiency of replicase gene translation, translational repression and translational

mutants and revertants.

coupling in wild type,

RlacZ Activity, B-galactosidase units]  Relative activity (%)2 Repression Coupling4
wild type 442 100 8.9 9
A8 2 <l n.d. 20
A8.2 75 17 1.0 (1.0) 17
Al6 1 <} n.d. 57
Al6.1 12 3 n.d. n.d.
Al16.2 13 3 1.0 (1.1) 95
Al6.4 36 8 2.1 8
A2l 2 <l n.d. 3
A21.2 9 2 1.2 (1.5) 121
A36.2 38 9 1.1 (1.0) 35

RlacZ — MS2 cDNA clone in which the MS2 replicase gene is fused to the lacZ gene.
1 The B-galactosidase activity for the clones containing the 1365-2057 cDNA sequence of MS2 genome.

2The wild type RlacZ activity is set at 100%.

3The repression is defined as the fold-decrease of the B-galactosidase activity of an RlacZ clone when the wild type
coat protein is provided in trans from another plasmid. The values given in brackets correspond to the repression
measured for the clones containing the 1628-2057 MS2 cDNA.

4The coupling correspond to the fold-increase of the B-galactosidase activity in RlacZ clones containing the 1628-
2057 sequence of MS2 genome as compared to the corresponding clones that contain the1365-2057 sequence of MS2

genome.

activity of replicase-f3-galactosidase (RlacZ)
fusion protein. The phage cDNA in these
constructs begin downstream the start of the
phage coat protein gene (at position 1365 of
MS2 genome) and thus coat gene translation
is absent. However, since the clones contain
most of the coat gene sequences, the replicase
suppression by long-distance interaction(s), if
such are present, may take place. Thereby the
constructs mimic the native situation where
the replicase initiation site is under the
control of the coat protein gene. In addition,
whether or not the replicase repression by
wild type MS2 coat protein operates was
measured by providing the coat protein in
trans from pCOAT plasmid. This approach
was intended to verify the reliability of the
secondary structure models with respect to
presence or absence of a translational
operator hairpin.
The data

(Tab.3) showed that the

efficiency of the replicase gene translation in
pseudorevertants is high as compared to the
parental clones but low as compared to the
wild type. The repression of the replicase
synthesis by coat protein was detected only in
descendant A16.4 which possesses a native-
like hairpin, though less efficient than in wild
type clone. Probably, the operator hairpin in
phage A16.4 RNA is mostly unfolded.

These results suggest that the phage does
not tend to maximize the replicase gene
translation and, with respect to coat protein
binding, are in agreement with the proposed
structures. Also, it is clear that revertant
A36.2 RNA does not possess a well distinct
RNA operator hairpin.

The structural data indicated alternative
revertant RNA conformation in which the
replicase gene start is basepaired to the coat
protein gene and the MJ-interaction (Fig.1)
does not exist (see the models A and B for the



phage A36.2 RNA, Fig.5). If that has some
true the dependence of the replicase
production on the presence or absence of the
coat gene sequences in pseudorevertants may
differ from that in wild type clone. This can
be deduced by removal of the coat gene
sequences from the experimental constructs
and re-determining the efficiency of the
replicase synthesis. For this reason we deleted
the MS2 c¢cDNA from our constructs up to
nucleotide 1628. Such a deletion removes
most of the coat gene and in wild type clone
activates the replicase translation about 9
times (Berkhout and van Duin, 1985). The
increase is defined here as the coupling value.
We found that only revertant A16.4 exerts a
native-like coupling value. The efficiency of
the replicase gene translation in other
assessed descendants are characterized by an
exceeding dependence on the presence of the
1365-1628 coat gene sequence and in two
instances (A16.2 and A21.2) appeared to be
even 10 times increased. In overall, these
results are consistent with our recent data on
the phage MS2 RNA mutants deficient in
translational coupling. In that study we
introduced the mutations in the MJ-
interaction and some of the pseudorevertants
acquired compensatory base changes either in
replicase initiator hairpin or in the R2 helix.

Remarkably, here the suppression of the
replicase by coat sequences is high even in
revertant A8.2 in which RNA the MJ-
interaction is at least weakened by a
compensatory mutation. Thus, some RNA
features other than MJ-interaction account for
the suppression of the replicase translation in
the revertants. Such RNA properties are most
probably different LDIs between the coat and
the replicase genes.

The increased coupling values rose the
question whether the exceeding suppression
of the replicase synthesis is established by
evolution, for instance, to compensate for the
lack of an efficient repression by coat protein
binding. To assess the point the coupling
value was estimated also for three mutants
A8, Al6 and A2l. We detected increased
coupling for the first two clones. Although

this result did not exclude that the exceeding
replicase gene suppression had been a target
for the compensatory substitutions, it shows
that the coupling value strongly depends on
the sequence or structure of the replicase gene
TIR and here may have arisen by chance.

The increased coupling values and the
structure modeling of pseudorevertant RNA
imply the (co)existence of alternate revertant
RNA conformations. Since that the folding of
the RlacZ transcript may differ significantly
between clones starting at nt 1365 and 1628
of the MS2 genome and the replicase gene
repression for some revertant RNA was
reassessed also in the last constructs. In the
‘shortened’ clone the translation of A21.2
RNA seems to be somewhat repressed by
wild type coat protein. This phage RNA
contains the AUCA hairpin loop known to be
of tighter binding phenotype (Lowary and
Uhlenbeck, 1987). Likely, it may ensure some
level of coat protein binding even in the
absence of a bulged adenine.

DISCUSSION

In this study we have substituted an
essential part of the naturally occurring phage
MS2 replicase gene TIR with random
sequences in an infectious MS2 cDNA clone.
After identification by a selection procedure
about 20 of the phage-producing clones were
randomly picked up for further sequence
analysis. Neither of the selected mutants
contained a native-like replicase RBS - a SD-
box and a translational operator hairpin. The
mutants exerted a phage titer by two and
more orders of magnitude lower than the titer
of wild type. The clones yielding the least
phage were found to contain nonsense codons
in frame of the overlapping lysis gene and
were omitted from the present analysis. Other
phages were subjected to further studies and
some of them were examined for the
efficiency of the replicase gene translation.
As expected, the mutations drastically
decreased the replicase production and turned
the replicase gene into translationally almost



silent. The mutants were further allowed to
improve the replicase RBS by accumulation
of the compensatory mutations upon
passaging in E.coli FT bacteria. The essential
features of evolution and its outcome were as
follows. (i) Evolution of the RBS from false
to true was accomplished almost invariably
by creation of various SD-sequences. (ii)
There seems to be a preference for specific
RNA hairpins in the replicase gene TIR, even
so they are not high affinity binding sites for
the coat protein. (iii) The efficiency of the
replicase gene translation in pseudorevertants
is relatively low as compared to wild type.

Evolution of the SD-sequence

The SD-sequence appeared to be the
general target of evolution and emerged in
our study as the main positive determinant of
a TIR. This becomes clear from several lines.
First, various SD-sequences were evolved
almost invariably in the progeny phage
genomes (Fig.3 and Fig.4). Second, the SD-
related mutations were the only ones selected
in several pseudorevertant RNA.

The reconstruction of SD-sequence
appeared to be very easy for the phage
because it required only one appropriate base
change nearby guanines present in parental
RNA. This situation is best illustrated by the
progeny of mutant A16 (Fig.3 and 4). Two of
the descendants exploited the G present in
AAAGAU region and turned the sequence in
either AAGGAU (Al6.1) or AAAGGU
(A16.2). Still another progeny phage A16.3
used the AGCA region and exchanged it for
AGGA SD-box. These unambiguous patterns
are in line with well-known role of SD-
sequence in translation initiation (Gold, 1988;
Dreyfus, 1988; de Smit and van Duin, 1994).
In fact, if the significance of a polypurine
stretch were not known it could be deduced
from our data.

Once created the SD-sequences were not
subjected to further evolution despite that
they mostly consisted of only three
nucleotides (GAG, AGG, GGA and GGU)
and could be extended by appropriate
adjacent substitutions on both sides. Although

there is no simple quantitative relationship
between the strength of SD-sequence and the
efficiency of translation initiation (de Smit
and van Duin, 1994) this general pattern of
non-evolution gives some indication that the
phage does not tend to maximize the replicase
synthesis. In one case, however, there seems
to be selection for a different, probably more
appropriate, SD-box. Phage A36.1 possessed
a potential GUGA SD-sequence whereas its
later development - phage A36.2 evolved
GGA SD-box nearby.

Besides the SD-evolution no more
common sequence-specific features were
found to be characteristic for the various
descendant RNA. This imply that other
sequence specific RNA features within a
prokaryotic RBS are not of a general
relevance for translation initiation. On the
other hand the initial mutant MS2 c¢cDNA
clones did not contain a SD-sequence but still
yielded the phage. It shows that the
translation initiation may take place with
some low efficiency in the absence of a
conventional SD-interaction as observed also
by others (reviewed by Sprengart and Porter,
1997).

Is there a selection for low affinity coat
protein binding sites?

In wild type RNA the secondary structure
of replicase TIR participates in the control of
the replicase gene translation by serving as
repressor - phage coat protein binding site.
This same interaction was also thought to
nucleate the phage encapsidation. Peabody
(1997) demonstrated recently, however, that
the coat protein - RNA operator interaction is
not required for that purpose. Our data are in
full agreement with this finding. Neither
phage RNA mutants nor most of the adapted
pseudorevertants (Fig.5) contain a replicase
TIR structure needed for high affinity binding
of coat protein.

Nevertheless, there is no reason to believe
that the selection pressure in favor of an
operator structure would be absent. The phage
obviously gains some advantage from having
a high affinity coat protein binding site in



replicase start region because genomic
location and the strength of its interaction
with coat protein are conserved among
diverse RNA phages (Witherell er al, 1991)
and our data support this view. During
evolution of mutant Al6 at least three
different descendants derived and the winner,
the revertant A16.4, possesses a replicase
operator hairpin (Fig.5).

Though, unlike simplicity of the
evolution of the SD-sequence the construction
of a specific structure by chance mutations is
much less likely because it requires several,
possibly simultaneous, base changes. In
addition the first rate requirement for
ribosome binding with appropriate efficiency
(SD-sequence) may  provide  another
constraint on the evolution of a structure.
Even so, wild type like hairpin reappeared in
one instance (A16.4). What, however, turned
out to be rather general pattern was creation
of stem-loop structures that meet a
requirement for the MS2 coat protein binding
site. Such hairpins possess the loop of three
nucleotides and the bulged adenosine in the
stem or a tetraloop with the consensus
sequence but lack the bulged adenosine at the
required position. It is conceivable that coat
protein when reach high concentration in the
cell bind such hairpins in preference to many
others RNA helixes.

What is the role of the coat protein-RNA
operator interaction in light of its
dispensability  for the phage RNA
encapsidation? Most probably the interaction
provides a way to adapt the timing and level
of the replicase synthesis to the phage needs.
When the phage RNA replication has yielded
amount of RNA sufficient for the protein
synthesis and virion formation, the coat
protein produced from these strands binds to
the replicase gene start region. Thus the
interaction may tell the phage that no more
replicase is needed. Although the own phage
RNA teatures may ensure an appropriate
translational yield of the replicase protein
they cannot ensure the coordination of its
production to the expression of other phage

genes  as it is achieved by making the

replicase synthesis dependent on the amount
of the coat protein.

Is there selection against high level of the
repliczise synthesis?

Evolutionary studies carried out on the
TIR of the MS2 coat protein gene showed
that the phage RNAs which contained the
mutations inhibiting the translational start
upon evolution always reestablished its
original efficiency. In the present study on the
replicase gene TIR we did not found such
phenomenon. The efficiency of the replicase
gene translation in pseudorevertants varies
around some 10% of the wild type phage. The
question arises why this is so? There are at
least three feasible explanations. One relates
the low replicase initiation rate to some
unknown evolutionary constraints implied by
phage RNA features. For instance, we found
that changes in sequence or structure of the
replicase gene TIR may result in an exceeding
suppression of the replicase translation by
coat gene sequences. For this reason any
phage attempt to increase the efficiency of the
RBS itself may be contradicted by randomly
arising decrease in the efficiency of the whole
TIR due to appearance of some inhibitory
RNA-RNA LDIs with the coat gene. More
likely, however, are two other possibilities.
First, a low replicase yield satisfies the phage
RNA replication and there is no need to
increase it further. Thus, also MS2 phage
produces not much of replicase but in wild
type situation this is achieved by coordinated
replicase gene translation. Second, an
efficient replicase gene translation is selected
against by natural evolution. We envisage at
least two reasons why it may be so. (i)
Replicase is highly poisonous protein for the
bacteria and its overproduction leads to cell
death (Remaut er al., 1982; Berkhout and van
Duin, 1985). (i1)) Ribosomes and replicase
compete for the common binding site on the
phage RNA at the beginning of the coat
cistron that is the only efficient ribosome
entry site on intact phage RNA (Kolakofsky
and Weissmann, 1971). A high continuos
supply of replicase subunit would interfere



with the phage RNA translation.

If there is selection pressure against high
replicase  yield phage RNA mutants
containing the replicase gene TIR that is
transitionally as active as the wild type TIR
but is not repressed by coat protein must
evolve inhibition of replicase translation.
Peabody (1997) had obtained such phages.
They arisen to escape the super-repression
with coat protein. To our knowledge their
evolutionary adaptations upon prolonged
growth in F* host have not been followed.

Tuning of the replicase gene TIR by long-
term evolution

The coat protein-replicase gene TIR
interaction has apparently been tuned by
long-term natural evolution to achieve a
sufficient strength but avoid super-repression
(Peabody, 1997). Our data suggest that the
replicase initiation site has been tuned also in
another way, to avoid undesirably strong
coupling to the coat gene translation. We
have observed in this study and previously
(Licis et al., 1998) that changes in the RNA
sequence and/or secondary structure of the
replicase TIR somehow result in an increased
suppression of replicase translation by the
coat gene sequences. An essential aspect
seems whether or not the replicase start AUG
codon is located within a replicase initiator
hairpin. We determined very strong replicase
gene suppression for two revertants in which
RNA the AUG codon was displaced outside
initiator  hairpin. In  addition, spatial
organization of the RNA might influence the
level of suppression.
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ABSTRACT

In the coliphage MS2 RNA a long-distance
interaction (LDI) between the internal segment
of the upstream coat gene and the start region of
the replicase gene prevents the initiation of
replicase synthesis in the absence of coat
translation. Elongating ribosomes break up the
repressor LDI and thus activate the hidden
initiation site. Expression studies on partial MS2
¢DNA clones led to identify the 1427-1433/1738-
1744 LD, the so-called Min Jou (MJ)
interaction, as the molecular basis for the long-
range coupling mechanism. Here, we verify the
biological significance of this interaction for the
control of the replicase gene tramslation in live
phage. The LDI was disrupted by directed
mutations in the 3’-side of the basepairing and
the evolutionary adaptations of mutants were
monitored upon phage passaging. Two categories
of pseudorevertants derived. Those of the first
type had restored the MJ-interaction but not
necessarily the native sequence. The
pseudorevertants of the second type evolved the
compensatory substitutions downstream the MJ-
interaction region and mostly contained a base
change stabilising another 1419-1426/1810-1817
LDI located nearby the replicase initiation site.
In one examined case we confirmed that the
second-site mutations had restored the initially
impaired coat-replicase coupling and repressed
the replicase translation again.

INTRODUCTION
Translation initiation is usually the rate-limiting

step in setting the level of gene expression in
prokaryotes (1) and, as such, it represents the focal

point of many regulatory mechanisms (2).
Secondary structures in the messenger RNA can
effectively restrict the accessibility of the initiation
site (3). In the single stranded RNA bacteriophage
MS?2 the genomic RNA folding sequesters the start
of the replicase cistron and the transit of ribosomes
through the proximal part of the upstream coat
gene is needed for its activation (4). It was
proposed that in the unperturbed state of the viral
RNA the replicase initiation site is hidden by a
long range basepairing to the internal 1409-1433
coat gene segment (5). Ribosomes translating the
coat message temporarily unfold the LDI that
allows other ribosomes to bind at the replicase start.
Firm support for the long-range model came from
the finding that deletion of the 1419-1432 sequence
abolished the coat-replicase coupling (6).

Recently, expression studies on partial MS2
cDNA clones (7) provided more distinct evidence
in the role of the LDI in replicase repression.
Disruption of the 1427-1433/1738-1744 MIJ-
interaction by substitutions on either side leads to
increased replicase synthesis in the absence of coat
translation whereas repair of the mismatches by
compensatory base substitutions has the opposite
effect. Here, taking an advantage of the ease with
which RNA phage adapts to mutational
perturbations, we analyse the MJ-interaction in live
phage. Given its role in the translational control is
important, phage mutants in which the basepairing
is destroyed are expected to evolve suppressor
mutations repressing the replicase translation.

MATERIALS AND METHODS

Bacterial strains and plasmids
Plasmid pMS2000 contains full-length MS2 cDNA
under control of the thermoinducible P_ promoter of



phage A (9), and bacteria transformed with pMS2000
produce viable phage. Vector pD plasmid carries linker
TCTAGAgttaacggtaccCTTAAG (lower case letters refer
to non-phage sequence) in place of the phage cDNA
Xbal-Bfrl (1303-1901) fragment. Cells transformed with
this vector do not produce phage. Random PCR-directed
mutagenesis was carried out on the phage Xbal-BamHI
(1303-2057) cDNA fragment subcloned into the vector
pTZ19 and the resulting plasmid was designated as
pTNI1. In plasmids used for the measurements of the
replicase gene expression the MS2 cDNA fragments are
located behind the P promoter, and lacZ gene is fused
at the BamHI site to the replicase gene (7).

Clones containing phage A P, promoter were grown
in E.coli K12 strain M5219 (M72 trpd,,, lacZ,,
Sm?/Adbio,s, clys,AHI) that encodes the thermosensitive
A repressor (cl;s;) and the transcriptional antitermination
factor N (10). E.coli AB259 F cells (Hfr3000, Thi, Su)
were used for amplification of phages. E.coli IM109
(F’'traD36 proAB lacP'A(lacZ) M15/endA1) was the host
strain for plasmid pTN1. Bacteria were grown on LB
broth containing 10 g bactotryptone, 5 g yeast extract
and 10 g NaCl per litre, and included an antibiotic if
required.

Construction of vector plasmid pD

To construct pD plasmid 3 pmol of phosphorylated
oligonucleotides CTAGAgttaacggtaccC and
TTAAGggtaccgttaacT were combined, incubated at
70°C for S min and kept at room temperature for
additional 15 min to produce a dsSDNA linker with sticky
Xbal and Bfrl ends. The linker was then ligated to Xbal
and Bfrl digested plasmid pMS2000 DNA.

Mutagenesis and cloning

The oligonucleotides used in this study, donated by Dr.
E. Stankevich, were synthesized on Gene Assembler and
purified on C18 - Pep RPC HR 5/5 columns
(Pharmacia). Complementary primers p52 and p53 were
used to randomize the region of interest on MS2 cDNA
by two-step PCR. Oligo p52 was synthesized as
CGCCGGnnnnninnAACATGAGGATTACCCATGT
(parallel to the 1732-1764 sequence of MS2 genome)
and oligo p53 as
CGACATGGGTAATCCTCATGTTonnnnnnCCGG
(anti-parallel to the 1734-1766 sequence of MS2
genome), where ‘n’ stands for any nucleotide. In the first
step two overlapping mutant MS2 cDNA fragments
were created using primer pairs p52 - p109 (anti-parallel
to the 2042-2062 sequence of MS2 genome) and p53 -
reverse primer (standard primer for pTZ19). Reaction
mixtures (100 pl) contained 5 pg/ml of pTN1 plasmid
DNA, 0.5 uM of each primer pair, 200 pM dNTPs, 0.1
mg/ml BSA, 2.5 mM MgCl,, 10 pl of 10x PCR buffer
(100 mM TRIS-HCI, pH 8.8, 500 mM KCI, 0.8%
NonidetP40) and 2 units of Taqg DNA polymerase

(Fermentas). The reaction was carried through 25 cycles:
denaturation at 95°C for 45 sec, annealing at 40°C for 45
sec, and elongation at 72°C for 90 sec. The desired DNA
fragments were then purified electrophoretically in a 6%
polyacrylamide gel. In the second step, the two
overlapping MS2 cDNA fragments from the first PCR
were combined, and PCR with flanking p109 and
reverse primer was carried out as above, except that the
p52 and p53 primers as well as the pTN1 plasmid were
omitted from the reaction mixture.

Mutants of the infectious clone were constructed by
digesting the final PCR-product with Xbal and Bfrl
restriction endonucleases and then ligating them to the
corresponding restriction sites in the vector plasmid pD.
The ligated DNA was used to transform E.coli M5219
cells. Transformed bacteria were seeded onto
nitrocellulose filters (HATF, pore size 45 pm
(Millipore)} on top of LB agar plates containing
kanamycin (50 pg/ml) and grown for 16-20 hours at
28°C. Plaque forming colonies were identified by replica
plating the nitrocellulose filters on a lawn of E.coli
AB259 F* cells on 0.8% agar and their cells were then
inoculated into 3 ml of LB broth containing kanamycin
(50 pg/ml), and grown overnight at 28°C.
Dideoxynucleotide chain termination sequencing (11) of
the target region on ds DNA was carried out with T7
DNA polymerase (Pharmacia) using primer pl08
(parallel to the 1628-1648 sequence of MS2 genome).

Monitoring phage evolution and competition

Phages for the first infection were obtained after growth
of the infectious phage cDNA clones overnight at 28°C.
Diluted samples of the lysate containing about 10°
plaque-forming units (pfu) of the phage were then
inoculated in 3 ml of E.coli AB259 suspension (at ODg;,
of about 0.2), and the cultures were shaken overnight at
37°C. Diluted samples of the obtained lysate (about 10°
pfu of the phage) were used for the next infection and so
on. The infections were continued for 20-40 growth

. cycles. If the examination of the RNA sequence after

various passages suggested genetic heterogeneity in the
phage population, plating was used to separate
individual genomes for subsequent sequence analysis.

To test the fitness of a mutant phage it was mixed
with wild type phage in a pfu ratio of 1:1 and
subsequently each mixture was allowed to complete two
passages on F* bacteria. The phage RNA from the initial
and the evolved samples were sequenced. The
disappearance of the mutant RNA from the evolved
sequence as compared to the initial one is defined as a
failure of the mutant to compete with the wild type
whereas the preservation of mutant RNA in the evolved
sample is defined as good competition.

Sequence analysis of phage RNA
Phage RNA was prepared from 1 ml of lysate as



described by Olsthoorn et al. (9) and dissolved in 20 pl
of water. 1-3 ul samples were taken for reverse
transcription using primer p109 at 42°C for 30 min in 10
ul of S0 mM TRIS-HCI, pH 8.3, 4 mM KCIl, 8§ mM
MgCl, and 10 mM DTT containing 1 unit of AMV
reverse transcriptase (Pharmacia). The ¢cDNA product
from reverse transcription reaction was PCR-amplified
with primers p109 and p180 (parallel to the 1200-1217
region of MS2 genome), and then selectively
precipitated with one volume of ethanol in the presence
of 2.5 M ammonium acetate (12). The amplified phage
ds cDNA (bases 1200-2062 of MS2 ¢cDNA) was directly
sequenced with T7 DNA polymerase. Routinely, two
oligonucleotides pl08 and pl05 (anti-parallel to the
1572-1585 region of MS2 genome) were used as primers
for sequencing segments on either side of the MI-
interaction region which included bases 1700-1900 and
1300-1500 on MS2 cDNA, respectively. Other primers
were also sometimes used to check the sequence of
bases 1500-1700 in the phage genome.

Detection of replicase and lysis gene expression

E.coli M5219 cells that harbours the specified plasmids
with MS2 cDNA sequences behind the P, promoter were
grown until A, of about 0.25 was reached. The P_
promoter was then induced by shifting the cultures to
42°C. To measure the replicase expression cultures were
put on ice after 30 minutes and the B-galactosidase
activity was determined in 0.1 ml samples according to
standard procedure (13). To monitor the lysis gene
expression the cell density at A, was recorded (14).

RESULTS

The experimental system

A complete cDNA copy of MS2 genome is present
on a plasmid under transcriptional control of the
thermoinducible promoter P, of phage A (9). The
plasmid is maintained in E.coli M5219 F- host
cells, which produce phage spontaneously.
Adverse mutations lower the titer of the phage.
However, upon passaging mutants can restore high
viability by base changes that arise due to a low
copying fidelity of phage RNA replicases (15).
These (pseudo)revertants may  predominate
through natural selection if compensation for the
inflicted defect occurs.

The mutants

To disrupt the MI-interaction in the phage RNA
random or distinct nucleotide substitutions
(mutants MJ1, MJ3-MJ22 and MJ2. respectively)
mtroduced In infectious MS2 c¢cDNA

were the

-

clone into the 3’-side of the LDI (1738-1744
sequence; Fig.la and Tab.l). The 1738-1744
sequence codes for non-essential aminoacids of
the lysis protein (16) and was therefore preferred
over the coat segment of the long-distance
basepairing as the target for base changes. The
mutations lowered phage fitness as revealed by the
decreased titers of the infectious MS2 c¢DNA
clones (Tab.1) and confirmed by the failure of
mutant MJ6 to survive in face of the wild type
during co-infections.

Table 1. Properties of MJ-mutants.

Clone* 1738-1744 Titer, ***
RNA sequence** pfu/ml
Wild type ccauuca 1x10"
M6 ccUAGAC (5) 4x10"
MJ18 ccUAuGC (4) 4x10"
MJl4 ccaGCcC (3) 4x10"
M8 AUUCucC (5) 3x10"°
MIJ10 cUUCuGC (5) 3x10"
MJ3 GcCCAcG (5) 3x10"
MJ20 ccGACGG (5) 3x10'"
MIJ16 ccUGuGC (4) 3x10"
MIJ9 cUCGCUG (6) 3x10"
M2 ccUuuGa (2) 2x10'°
MI1s GUUUAcC (5) 2x10'
MJ21 cACuuGC (4) 2x10"
MJ4 UcCuucC (3) 2x10%
M1 cAUGuUa (4) 2x10"
MJ7 UOCGAcC (6) 1x10%°
MIJ17 AcCGACUG (6) 1x10'°
MJ12 cUGCAUa (5) 7x10°
MJ22 cGGCCcC (5) 7x10°
MIJ19 UUUGGRa (6) 4x10°
MIJT1 cUGuCcC (4) 2x10°
MIJs UcGuCca (3) 2x10°

*Wild type construct is pMS2000 (9). The mutants were
created by PCR directed mutagencsis using a primer with a
randomized sequence corresponding to the 1738-1744 phage
segment, except for MJ2 which was derived trom the
corresponding partial MS2 ¢cDNA clone (7).

**The 1738-1744 RNA sequence of the mutants 1s aligned
with that of the wild tvpe. Capital letters indicate the
mutations. Numbers in parenthesces show the number of base
changes as compared to native RNA.

*** Appropriate dilutions of supernatant from ¢DNA cultures
grown overnight at 280C were tested on lawns of Ecol
AB259 F* cells.
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Figure 1. (a) Genetic map of RNA coliphage MS2 and RNA secondary structure model for the replicase initiation site (8). The
start codon of the replicase and the stop codon of the coat gene is marked by a box. Local stem-loop structures are indicated as
CT, R1 and R2. (b) Comparison of wild type, mutant and pseudorevertant phage RNA sequences and structures of MJ-interaction
region. The designation of various phages depicts their origin. For instance, MJ2.2, MJ2.5 and MJ2.7 derived from mutant MJ2.
The initial mutations are in grey while suppressor mutations in black boxes. Left column shows the reconstruction of MIJ-
interaction. The right column compiles the descendants, which did not evolve the original LDI. Here, the MJ-interaction region is
shown for illustrative purposes only. The base changes outside the MJ-interaction region are indicated. They are also shown on
secondary structure model of MS2 RNA in FFig. la. The Ml-interaction region in phages MI3.1 and M119.2 is the same as in their

parental mutants which are therefore

omitted.



From about twenty mutants collected five
(MJ2, MI5, MI3, MJ19, MJ22) were taken for
evolutionary  analysis. One criterion that
underlined the choice of the above mutants was the
number of the nucleotide substitutions. MJ2 was
the single mutant containing only two base
changes and MJ5 also possessed only a few (three)
substitutions. We considered that they provide the
phage with a reasonable chance to re-establish the
original regulatory LDI. Conversely, the many
substitutions in MJ3, MJ22 and MJ19 RNA (five
and six changes, respectively) may render
restoration of the wild type pairing highly unlikely
(14) thereby forcing the phage to find an
alternative to keep the replicase expression under
control. On the other hand, mutants MJ5, MJ19
and MJ22 were preferred over others because they
showed a low initial titer that usually speeds up
evolution whereas MJ3 was a random choice. The
course of the evolutionary adaptation was followed
for many growth cycles as described in Materials
and Methods.

Reconstruction of MJ-interaction

Several descendants of mutants MJ2 and MIJS
evolved back the MlJ-interaction (Fig.lb, left
column) and one outcome of such adaptation was
wild type phage (revertant MJ2.5) derived from
MJ2 in a stepwise manner. This pathway obviates
the advantage of wild type but is inconclusive
otherwise. An informative revertant of the MJ-
interaction is MJ2.7, which shows that the
secondary structure of the phage RNA but not the
sequence is important. Here, three base changes re-
established the LDI while only one of them is a
true reversion and the GI1737U substitution
resulted in the extra U-A basepair of the
interaction. The significance of the LDI is also
implied by the fact that all of the suppressor
mutations in MJ2.7 as well as MIJ2.5 are
transversions although the replication errors are
predominantly transitions (14).

Two revertants (MJ5.4 and MJ5.6) arose from
mutant MJ5. MJ5.6 evolved a nearly native LDI
but still preserved the U.G pair where in wild type
is C-G. On the other hand, the C1732U second-site
substitution in the phage turned the mismatch of
the coat terminator (CT) hairpin into an A-U
basepair. The CT hairpin possibly stabilises the
MIJ-interaction by coaxial stacking (7) and thus
strengthening of the helix may help to suppress the

A

replicase translation. Perhaps, closing the
mismatch is sufficient to compensate for a small
defect in the interaction. Less straightforward is
revertant MJ5.4. This phage besides two reversions
to the LDI also acquired an unclear A1746C
substitution in the replicase initiator R hairpin.

Progeny phages without a MJ-interaction

The progeny of MJ3, MJI19 and MJ22 as well as
one descendant of MJ2 did not restore the MJ-
interaction (right column at Fig.lb) and their
evolutionary adaptations strikingly resembled by
the U1817C base change some 50 nucleotides
downstream the replicase start (MJ3.1, MJ2.2,
MJ19.2 and MJ22.3). Pseudorevertants MJ2.2 and
MIJ19.2 contained also in common the A1746C
substitution. Probably, these second site mutations
ensure a good compensation for the absence of the
MJ-interaction but alternatives may also exist as
illustrated by MJ22.2.

To assess whether the MJ-unrelated
substitutions interfered with the replicase
translation the 1365-2057 cDNA fragment of
MJ19.2 and also the corresponding region of MJ19
were fused to the lacZ gene in an expression
vector (7). Data on these clones (Tab.2) showed
that the mutations evolved in MJ19.2 decreased
about six times the replicase synthesis and thus
fully compensated for the inflicted activation of
the replicase initiation site in mutant MJ19. In fact,
MIJ19.2 produce even less replicase than does wild

Table 2. Relative expression of the replicase gene.

RlacZ MS2 cDNA fragment Coupling*
1365-2057 1628-2057
Wild type 1.0 9.0%* 9
MI19 31 9.2 3
MJ19.2 0.5 4.0 8

The efficiency of replicase gene translation is measured as the
activity of replicase-B-galactosidase fusion protein (RlacZ)
using clones that contain cither 1365-2057 or 1628-2057 MS2
cDNA fragment fused to the lacZ genc at BamHI site. The
constructs lack the start of phage coat cistron. In plasmids.
which begin at position 1365 of MS2 ¢cDNA. the coat gene
segment that couples the translation of replicase in wild type
phage is present (6). The RlacZ activity ot wild tvpe clone (7)
is set at 1.0 (note that coupling is not absolute (4)) In
constructs starting at position 1628 most of the coat genc 15
absent and replicase synthesis s uncoupled. Values are
averaged from 5 experiments,

*Coupling is calculated as the rato between the Rlac/
activities of the corresponding clones starting at 1628 and
1365

**Data of Berkhout and van Duin (6)



type. These results demonstrate that evolution of
pseudorevertants was directed towards suppression
of the replicase translation. The data, however,
leave out the question if the evolved mutations
affected the coat-replicase coupling. To resolve the
point the 1365-1628 sequence was deleted from
the experimental constructs and the replicase
synthesis in the resulting clones was measured
(Tab.2; clones starting at 1628). Because the
removed region involves the essential part of the
coat gene the replicase expression in the shortened
variants is no longer under the coat control and
thereby goes up as compared to the corresponding
parental clones. This increase gives a quantitative
measure for the coupling (coupling value, Tab.2).
In wild type the deletion of the coat cistron rise
replicase synthesis about nine times (6). In MJ19
we expect an impaired long-range control due to
the disruption of the MIJ-interaction and this
expectation is burn out by a low coupling value.
The most important finding is that in MJ19.2 the
suppressor mutations had restored the dependence
of the replicase gene translation on that of the coat.
Thus, although the phage did not revert to the MJ-
interaction it did revert to the coupling phenotype.

The question arises how the replicase
translation is regulated in MJ19.2? Most probably
some LDI(s) involving a coat gene segment
mediate the control. The U1817C exchange
strengthens the 1419-1426/1810-1817 LDI
(Fig.1a). The interaction is located nearby the
replicase initiation site and may interfere with the
ribosome binding. As discussed further this is also
suggested by the data on the replicase expression
in partial cDNA clones.

The A1746C substitution and also the evolved
mutations in MJ22.2 might set off different
basepairing(s) between the replicase initiation site
and the coat gene as revealed by computer analysis
(17) of the phage RNA structures (data not
presented). Yet, we cannot reliably account for
such models. Also, the presence of the A1746C
substitution in revertant MJ5.4 seems to contradict
a ‘LDI explanation’. At present, this and some
other mutations are poorly understood.

Other points

To verify that MJ19.2 did not contain second site
substitutions outside the monitored sequences the
1303-1901 fragment was cloned back in the full-
length MS2 ¢cDNA copy. The titer of the infectious

clone has increased about 25 times as compared to
the parental MJ19 clone. Also, the phage produced
from the plasmid competed well with the wild type
during co-infections. These results show that the
two  suppressor mutations renewing the
translational control are also entirely responsible
for a high viability of MJ19.2. To exclude the
effects of the mutations on the lysis function the L
gene expression was monitored both in the full-
length and the partial MJ19 and MJ19.2 ¢DNA
clones and no differences from the wild type were
found.

DISCUSSION

The synthesis of replicase in the RNA coliphage
MS?2 is kept under dual control. One is repression
by phage coat protein binding to the replicase
initiator hairpin (18). The other is translational
coupling to the upstream coat cistron that was
proposed (7) to be effectuated by the long distance
Ml-interaction (Fig.1a). Here, we provide
evolutionary evidence in the biological
significance of this LDI for the regulation of the
replicase gene expression. Phage mutants in which
the MJ-interaction was disrupted by mutations and
thereby the replicase initiation site was activated
evolved the suppressor mutations inactivating the
transiational start again. In four of the derived
progeny phages it was accomplished by
(pseudo)reversions to the original regulatory MJ-
interaction. Five other obtained descendants did
not evolve the native structure but acquired mostly
the second site substitutions downstream the 3’-
side of the MJ-interaction region. We assessed the
replicase synthesis in one typical phage of the last
type and found that the control of the replicase
translation gene had been restored by the second
site mutations. This result both supports the role of
the MJ-interaction in the replicase gene regulation
and shows the importance of the coupling
mechanism. The coupling most probably serve to
prevent uncontrolled access of ribosomes to the
phage RNA that is needed to ensure the switch
between phage RNA translation and replication

(19).

Molecular basis for the coupling mechanism
The disruptions of the MlJ-interaction by mutations
to a large extent impair the dependence of replicase



translation on that of the coat gene (7). Still, they do
not lead to fully uncoupled replicase synthesis as
compared to the removal of the internal 1419-1432
coat cistron region or larger deletions (6,20; see also
Tab.2). These observations imply the participation
of the other phage RNA structure(s) in the control
mechanism.

In an improved model of MS2 RNA secondary
structure (8) the replicase initiation site is enclosed
by two long distance basepairings to the 1419-1432
coat segment: the 1427-1433/1738-1744 MJ-
interaction from one side and the 1419-1426/1810-
1817 LDI from the other. It is reasonable that the
last interaction also hinder the replicase initiation.
Two kinds of our data substantiate this view. First,
in the present study for out of nine
(pseudo)revertants evolved the U1817C substitution
(Fig.la) that stabilises the 1419-1426/1810-1817
LDI. Second, two mutations (G1421A and C1424A)
in the coat gene that disrupt the LDI activate about
twofold the replicase expression in a partial MS2
cDNA clone in the absence of coat translation. Also,
some pseudorevertants derived from the phage
containing the two mutations evolved the U1817C
base change in the replicase gene (our unpublished
data).

The adjacent RNA structures might affect the
stability of the LDIs. In particular, it was proposed
that the coat terminator helix stacks upon MIJ-
interaction and increases its stability and thereby
may influence the coupled replicase expression (7).
In agreement with the above a partial revertant of
the MJ-interaction acquired a second site mutation
that strengthen the CT hairpin.
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Figure 2. Sccondary structure model for the translation

initiation site of the rephicase gene of RNA coliphage OQf}

Phylogenetic comparison

A comparable translational regulation of the
replicase gene operates in distantly related phage QB
(21). The RNA secondary structure proposed for the
replicase initiation site (22,23; Fig.2) closely
resembles the MS2 model. The structure adopts the
same four-way junction framework containing two
local hairpins and suggestive features of the model
are the two L.DIs to the upstream coat cistron. In Qf3
these LDIs involve a segment near the end of the
coat gene and may explain coat-replicase
translational coupling (22).
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