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Peptide display on live MS2 phage: restrictions at the RNA
genome level

Dico van Meerten, Rene C. L. Olsthoorn, Jan van Duin and Raymond M. D. Verhaert†

Leiden Institute of Chemistry, Department of Biochemistry, Gorlaeus Laboratories, Leiden University, PO Box 9502, 2300 RA Leiden,
The Netherlands

The potential of the RNA phage MS2 to accommodate extra amino acids in its major coat protein
has been examined. Accordingly, a pentapeptide was encoded in the genome as an N-terminal
extension. In the MS2 crystal structure, this part of the coat protein forms a loop that extends from
the outer surface of the icosahedral virion. At the RNA level, the insert forms a large loop at the top
of an existing hairpin. This study shows that it is possible to maintain inserts in the coat protein of
live phages. However, not all inserts were genetically stable. Some suffer deletions, while others
underwent adaptation by base substitutions. Whether or not an insert is stable appears to be
determined by the choice of the nucleic acid sequence used to encode the extra peptide. This effect
was not caused by differential translation, because coat-protein synthesis was equal in wild-type
and mutants. We conclude that the stability of the insert depends on the structure of the large RNA
hairpin loop, as demonstrated by the fact that a single substitution can convert an unstable loop
into a stable one.

Introduction
Several animal and plant viruses have been investigated for

their potential use as carriers and presenters of epitopes and
some recombinants have been effective in raising protective
immunity in animals (Koo et al., 1999 ; Burke et al., 1988 ;
Dedieu et al., 1992 ; Kratz et al., 1999 ; Lomonossoff & Johnson,
1996 ; Borisova et al., 1996 ; Smith et al., 1998).

Usually, epitopes are expressed as a fusion with a virus
capsid protein, whose structure is known at high resolution,
allowing rational design of foreign inserts on the surface of the
virus particle. In contrast, filamentous DNA bacteriophages
such as M13 are generally employed to construct large peptide
and synthetic antibody libraries that can be used to identify
known or unknown ligands (Zwick et al., 1998).

RNA phages are attractive candidates to display epitopes
because their capsid structures are known at atomic resolution
(Valega/ rd et al., 1990). MS2 is a single-stranded RNA
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bacteriophage of 3569 nucleotides that is able to infect male E.
coli bacteria via adsorption to F-pili. Upon infection, each cell
produces about 10$–10% virions. These have icosahedral
symmetry and contain 180 copies of the major coat protein
and one copy of the maturation protein, which is required for
infection (reviewed by van Duin, 1988).

Virions of the RNA phages are highly antigenic and some
groups have examined the possibility of displaying peptides
on the surface of empty capsids (Pushko et al., 1993 ; Mastico
et al., 1993 ; Peabody, 1997 ; Heal et al., 1999). For this purpose,
the sequences of choice were inserted after amino acid 2 or 11
of the major coat protein. Both of these positions lie in loops
exposed at the capsid surface and the insert would merely
enlarge the size of this loop (Valega/ rd et al., 1990). The
octapeptide inserted by Peabody (1997) at either position
inhibited capsid formation, but half of the pentapeptides
inserted by Pushko et al. (1993) at position 2 were compatible
with the formation of capsids.

No reports have appeared on inserting peptides in viable
RNA phage. Clearly, if one could display peptides on the
surface of live phages, this would potentially expand the
technique with selection from libraries or with natural in vivo
selection. To test the feasibility of this approach, we took a
mutant studied by Pushko et al. (1993) in which five amino
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acids (ASISI) were inserted at position 1 of the coat protein of
fr, a close relative of MS2. We chose this mutant because its
capacity to form (empty) capsids had remained intact.

Compared with these ex vivo studies on capsid formation,
the in vivo approach faces several additional difficulties. For
example, the peptide insertion must be compatible with the
formation of an infectious phage. This requires the correct
incorporation of the maturation protein in the now-modified
virion. Furthermore, the new coat protein must still be able to
act as a translational repressor by binding the replicase operator
(Witherell et al., 1991). Another problem facing peptide display
on live phages is that the extra RNA encoding the peptide can
come under selection pressure for various reasons. If it cannot
adopt a proper secondary structure, it may fall prey to E. coli
endonucleases (Arora et al., 1996 ; Olsthoorn & van Duin,
1996 ; Klovins et al., 1997 ; van Meerten et al., 1999 ; Steege,
2000). On the other hand, the 15 extra nucleotides encoding
the five amino acids are likely to change the local RNA
secondary structure at the coat start and this might affect
translational yield significantly (de Smit & van Duin, 1990a).

The degeneracy of the genetic code allowed us to make
various mutants, all encoding the same ASISI insert in the coat
protein. Several of these mutants were unstable and suffered
deletions that reduced the insert to two or three amino acids.
Other mutants were fully stable. Thus, it is the sequence of the
nucleic acid rather than that of the protein that determines the
genetic stability of the mutants. These differences cannot be
ascribed to differential translational yields, but they must be a
result of different RNA structures.

Methods
+ Bacterial strains and plasmids. F− strain M5219 (M72 trpA
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), encoding the thermosensitive repressor

(cI
)&(

) and the transcriptional anti-termination factor N (Remaut et al.,
1981), was used to generate phages from their wild-type and mutant
MS2 cDNA plasmids. E. coli F+ KA797 (F« lacIQ, pro}ara, ∆lac–pro, thi) was
used as the host to allow the evolution of mutant MS2 phages. The
strains were grown on LC broth containing (per litre) : 10 g Bacto
tryptone, 5 g yeast extract, 8 g NaCl, 2 g MgSO

%
, 140 mg thymine and

1 ml 1 M Tris–HCl, pH 7±6.
Plasmid pPLc2822-K33 (de Smit & van Duin, 1993) was derived from

pPLc2833 (Remaut et al., 1981) and carries the MS2 cDNA from position
1303 to 2057. It contains an engineered unique NsiI site at position 1336.
Plasmid pMS2000∆, previously called pD (Licis et al., 1998), was derived
from the infectious clone pMS2000 (Olsthoorn et al., 1994) by replacing
the nt 1303–1901 MS2 cDNA fragment by a short linker. Plasmid
pMS2000∆ confers kanamycin resistance. pMS2 contains theMS2 cDNA
from position 103 to 2057 and has been described by Berkhout et al.
(1987). pMS23 carries the MS2 cDNA from position 103 to the 3« end
and has been described previously (Berkhout & van Duin, 1985). Both
plasmids pMS2 and pMS23 have unique XbaI (1303) and AflII (1901)
sites in the MS2 cDNA and carry the ampicillin-resistance gene. All MS2
cDNAs in these plasmids are under the control of the P

L
promoter.

+ Construction of MS2 cDNA mutants. The mutants were
constructed by ligating complementary oligonucleotides in plasmid
pPLc2822-K33 cleaved by NsiI (1336) and SalI (1365). The sequences of
all oligonucleotides were checked after insertion in the plasmid.

Each set of complementary oligonucleotides was hybridized by
mixing them in a 1 :1 molar ratio, heating to 70 °C and slow cooling to
room temperature. From the mutant plasmid, the XbaI (1303)–AflII
(1901) fragment was cloned in plasmid pMS2000∆ to produce the
complete MS2 cDNA sequence. This procedure was followed for ASISI
1 and ASISI 3. Because of the high virulence of full-length MS2 cDNA,
it is often difficult to transform cells stably with such a plasmid, as there
is a strong selection against its presence. Thus, we sometimes used a two-
plasmid system, where the genetic information for the phage is divided
over two compatible replicons in an overlapping manner (Olsthoorn,
1996). In such a case, an RNA or DNA recombination event is required
to obtain the contiguous sequence. Mutants ASISI 2, ANISI 1 and ANISI
2 were obtained in this way. The mutations were introduced in pMS23
and complemented with pMS2000 ∆. When this combination of plasmids
contained wild-type sequences, the supernatant of an overnight culture
contained 10* p.f.u.}ml. This is 100-fold less than from the contiguous
sequence pMS2000. All titres mentioned in the Results are normalized to
the one-plasmid value.

+ Phage generation, titre estimation and phage evolution.
Bacteria carrying the wild-type or mutant MS2 cDNA plasmid(s) were
grown overnight at 28 °C in LC in the presence of antibiotics. The
supernatant (cycle 1) of the culture was plated on a lawn of KA797 (F+)
cells and incubated overnight at 37 °C. Plaques (cycle 2) were counted
and individual plaques were taken and amplified overnight on KA797
cells in liquid culture (cycle 3). Phages were passaged for two more cycles
of infection by growing them overnight at 37 °C in 2 ml liquid cultures
containing KA797 cells (cycles 4 and 5). Routinely, at several evol-
utionary stages, the sequence between nt 1300 and 1365 was determined
by RT–PCR. For some pseudorevertants, it was necessary to extend the
sequenced region to nt 1551 (see below).

+ RT–PCR and sequence analysis. Phages from individual plaques
or from 1 µl of an overnight-infected E. coli culture were suspended in 6 µl
water and heated at 92 °C for 2 min. One µl was used for RT–PCR
according to standard procedures recommended by the suppliers
(Promega and Eurogentec). The primers used were biotin-labelled
DUI715 (identical to nt 1182–1205) and unlabelled DUI114 (comp-
lementary to nt 1894–1878). PCR fragments were sequenced with
DUI59 (complementary to nt 1422–1409) after separation and puri-
fication of the strands using Dynabeads (Dynal).

+ Coat-protein expression measurements. To measure the coat-
protein yield of mutants and pseudorevertants, the phage RNA was
amplified by RT–PCR as described above and the XbaI (1303)–BstXI
(1551) fragment was cloned into the expression plasmid pMS2 carrying
the partial MS2 cDNA (nt 103–2057) behind the P

L
promoter. E. coli

M5219 cells harbouring the expression plasmids were grown in LC at
28 °C to an OD

'&!
of 0±2, after which transcription was induced by

heating to 42 °C. Samples for visualization of coat-protein synthesis by
Western blot were taken 1 h after induction (de Smit & van Duin, 1990b).
An antiserum raised against SDS-denatured MS2 coat protein was used
for detection.

+ Reintroduction of pseudorevertant sequences in infectious
MS2 cDNA plasmid combinations. cDNA of ASISI 3.1, which is a
pseudorevertant of ASISI 3, was prepared by ligating the appropriate
complementary oligonucleotides covering the sequence 1336–1365
(NsiI–SalI) in pPLc2822-K33. The mutant sequence was then incorporated
in pMS23 (position 103 to the 3« end) as an XbaI–AflII fragment (nt
1303–1901) and complemented with pMS2000∆ for the production of
phages.

The XbaI–BstXI fragments (nt 1303–1551) from pseudorevertants
ASISI 1.1, ASISI 1.3, ASISI 2.3 and ASISI 2.5 were prepared from phage
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RNA by RT–PCR and then used to replace the wild-type fragment in
pMS2. The complete insert (1303–1551) was sequenced at the plasmid
level after its introduction in pMS2. No mutations were found in addition
to those reported in Results, except for a U!C transition in ASISI 2.3
at position 1440. For phage production, pMS2 containing the pseudo-
revertant sequence was complemented with pMS2000∆ (lacking frag-
ment 1303–1901). A double cross-over is required to obtain phages.
Using wild-type sequences, the plasmid combination yielded 10&

p.f.u.}ml overnight culture.

Results
The system

In order to generate the desired MS2 phages, we transform
F− bacteria with a plasmid carrying the complete wild-type or
mutant MS2 cDNA. This leads to the spontaneous formation
of phages in the host and, after overnight growth of the
transformed bacterial culture, the supernatant contains about
10"" p.f.u.}ml for the wild-type sequence. For mutants, the titre
is lower, depending on the gravity of the mutation. The MS2
cDNA need not be induced in order to obtain phages. There is
apparently enough spurious transcription taking place, and a
single transcript per cell may set the infection process in
motion (Taniguchi et al., 1978). As explained in Methods, we
sometimes prefer to divide the MS2 cDNA over two
compatible plasmids.

Choice of the peptide insert

For the present study, we used the pentapeptide ASISI,
inserted after amino acid 1 of the MS2 coat protein, to yield the
sequence (M)ASISIASNF…, where the extra amino acids are
in bold. The methionine that is normally split off from the
mature protein is shown in parentheses. [Note that the insert
can also be considered as an insertion after amino acid 3 (ISIAS)
(underlined)]. Pushko et al. (1993) reported that this penta-
peptide did not interfere with capsid formation.

To simplify insertion at the required position, we made use
of an MS2 mutant that contained a unique NsiI site just ahead
of the coat start (Fig. 1). There is a large number of possibilities
to encode these five new amino acids. Our choice was guided
by several principles. Firstly, we avoided codons for which
there is little tRNA, as this might affect translation efficiency
(Spanjaard & van Duin, 1988). Secondly, the extra nucleotides
should not add too many extra base-pairs to the initiator
hairpin, as the resulting stabilization could inhibit coat
expression (de Smit & van Duin, 1990b). On the other hand,
the insert should not be present as a mere extension of the
hairpin loop, since we have observed previously that very
large hairpin loops are excised in RNA phages (Olsthoorn &
van Duin, 1996). In Fig. 1, we show the three insertion mutants
used in this study.

First nucleotide choice for the pentapeptide sequence

Our first choice of how to encode these extra amino acids
is shown in Fig. 2 as ASISI 1. The start codon is boxed in grey

Fig. 1. Predicted structures of MS2 RNA at the start of the coat-protein
gene for wild-type and mutant sequences. Mutant (NsiI) is a helper
construct. ASISI 1, 2 and 3 are the 15 nt insertion mutants. The start
codon is shaded and inserted residues are in bold. The structure of the
wild-type hairpin is strongly supported by probing and mutational analysis
(Skripkin et al., 1990; de Smit & van Duin, 1990a ; Olsthoorn et al.,
1994). Mutant structures were deduced by eye and were confirmed by
using MFold (Zuker et al., 1999).

and the insert is in bold. As can be seen, of the 15 extra
nucleotides, nine form the pyrimidine-rich loop, while the
remaining six extend the stem and add some stability to it.
Rather unexpectedly, the presence of the extra 15 nucleotides
caused a dramatic drop in fitness, since only three plaques
could be recovered from a 1 ml overnight culture. For the wild-
type sequence, 10"" plaques were recovered. Each of the
plaques was allowed to evolve up to cycle 5 and the sequence
was determined after each cycle (see Methods). For the sake of
simplicity, we show only the final sequence after five cycles
(Fig. 2). It was found that plaques 1 and 2 (ASISI 1.1 and ASISI
1.2) first had a hexanucleotide deleted from the insert,
corresponding to Ile and Ser. Thereafter, two different
suppressor mutations were selected in the loop (white on black
lettering in Fig. 2). How these contribute to fitness is not clear.
Plaque 3 suffered only a 9 nt deletion. No other suppressor
mutations were found. The three pseudorevertants that were
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Fig. 2. Predicted RNA structures for ASISI 1 and its revertants. The start
codon is boxed, the insertion is in bold and adaptive substitutions in the
revertants are in white on black. Sites of deletions are shown by arrows
(e.g. ∆6 represents a 6 nt deletion). The number in parentheses refers to
the number of plaques found for each revertant.

obtained in this experiment produced about the same number
of plaques as the wild-type phage. It is clear that the original
insert caused great problems, and that drastic changes such as
deletions sometimes followed by base changes were needed to
recover the original viability.

Second nucleotide choice for the pentapeptide
sequence

In the second experiment, we used a different set of codons
to produce the same pentapeptide (ASISI 2). The two serine
residues were now determined by AGC rather than UCU and
UCC. The tentative hairpin resulting from these changes is
shown in Fig. 3. The new choice avoids the presence of a large
pyrimidine-rich loop at the top, which could be responsible for
the deletions in the ASISI 1 mutant. The thermodynamic
stability of the ASISI 2 hairpin is increased relative to the wild-
type and the construct was thus predicted to yield less coat
protein. If so, the right suppressor mutations might be selected
to adjust the hairpin stability and protein yield.

Fig. 3. Predicted RNA structure for mutant ASISI 2 and its revertants. See
legends to Figs 1 and 2 for further details.

The titre of ASISI 2 was again very low. In fact, with our
standard protocol, we did not get any plaques from the
supernatant of an overnight culture of transformed cells. We
therefore lysed the cells with lysozyme to release their
contents. From two independent experiments, we recovered
21 and 27 p.f.u.}ml culture in this way. From one of the
cultures, six plaques were passaged up to cycle 5. All sequences
were identical when they were first determined at cycle 3
(ASISI 2.4 ; Fig. 3). Nine contiguous nucleotides (encoding ASI)
had been deleted. All six of these pseudorevertants were again
sequenced after cycle 5. Two remained unaltered, while four
had accumulated additional suppressor mutations in the stem
and sometimes also in the loop. In ASISI 2.1, a U U mismatch
had changed into a G[U pair. In ASISI 2.5, an A–U pair was
replaced by C–G and, in ASISI 2.3, an extra base pair was
added at the top of the stem. All these changes increase
thermodynamic stability and this may be the pressure for their
selection. In phage ASISI 2.5, one of the mutations recreated a
start codon at the original position in the reading frame, thus
producing a wild-type coat protein.

In general, the properties and fate of the ASISI 2 insert were
similar to those of the previous series. The titre was extremely
low and the return to high titre could apparently only be
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Fig. 4. Predicted RNA structure for mutant ASISI 3 and its revertants. See
legends to Figs 1 and 2 for further details. MFold draws a pair between
the G and the C in the loops of ASISI 3 and ASISI 3.1. However, this
putative pair is lost in ASISI 3.2 and therefore it is insignificant or non-
existent.

achieved by a deletion, followed by several adaptivemutations,
the advantages of which are only partly understood.

Third nucleotide choice for the pentapeptide sequence

We next constructed ASISI 3, in which we returned to the
9 nt loop but included more purines in it than in ASISI 1 (Fig.
4). This choice was based on the loop composition found in the
pseudorevertants of ASISI 1. These revertants, at least ASISI
1.1 and 1.2, show also that a large loop of 10 nt does not have
to be a problem. In two independent transformations, the
ASISI 3 construct yielded about 10% p.f.u.}ml overnight
culture. This construct is therefore about 1000 times better
than ASISI 1.

Two colonies from independent transformations were
selected. Five plaques from each were sequenced. As shown in
Fig. 4, two had a 9 nt deletion (ASISI 3.3). Surprisingly, eight
had not suffered any deletion but had maintained all 15 nt.
There were changes in the sequence, however ; one in ASISI
3.1 and three in ASISI 3.2. Interestingly, all of these changes
were in the hairpin loop, but they did not seem to add

Fig. 5. Western blot showing the translational efficiency of the coat-protein
gene (COAT) in several mutants and revertants. EF-Tu was stained briefly
with anti-EF-Tu to provide an internal standard for the amount of cell
extract applied in each lane. In the negative control, the empty expression
vector is shown. Cultures with the plasmid-encoded coat protein were
grown at 28 °C until the OD650 was 0±2. The PL promoter, controlling
transcription of the coat gene, was then induced for 60 min by heating the
culture to 42 °C.

conventional base pairs. However, they resulted in different
pentapeptide sequences.

In order to understand better the deletions and substitutions
in all of our pseudorevertants, it was necessary to identify the
evolutionary pressure that led to their selection. Is it the
sequence of the peptide insert, the RNA hairpin-loop structure
or the efficiency of coat gene translation that adversely affects
viability in our starting mutants ?

The inserts have only a marginal effect on coat-protein
gene translation

The effect of the insertion on coat-protein yield can be
readily measured by using expression vectors carrying the
coat-protein gene sequences of the wild-type, the initial
mutants and their pseudorevertants. Western blots such as the
one shown in Fig. 5 revealed that the differences in coat-
protein yield between wild-type, mutants and pseudo-
revertants were rather small, at most a 3- to 4-fold decrease for
ASISI 2 relative to wild-type. Such differences, however, have
never been seen to cause changes in titre of 10 orders of
magnitude. For instance, in a previous study, initiation mutants
with a 30- to 1000-fold decrease in coat-protein yield still
showed a titre that was only decreased by three to four logs
(Olsthoorn et al., 1994). Moreover, ASISI 1 produced about the
same amount of coat protein as wild-type but still suffered the
same 10 logs drop in titre as ASISI 2.

The low titre of our mutants therefore might be due either
to the extra nucleotides in the genome or to the extra amino
acids in the coat protein. The extended protein may be
incompatible with some control or virion function. Alter-
natively, the protein may be fully functional but the extra RNA
may become a handicap of some sort. Pseudorevertants ASISI
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Fig. 6. Predicted RNA structure for ANISI 1 and ANISI 2 and their
revertants. See legends to Figs 1 and 2 for further details.

3.1 and ASISI 3.2 partly resolved this issue, however, by
showing that neither the protein nor the RNA insert was
unacceptable per se.

Selection is against the inserted RNA, not the inserted
peptide

Although the two revertants ASISI 3.1 and 3.2 tolerated
the insert, it is clear that the starting sequence of ASISI 3 is in
need of improvement. The suppressor mutations selected in
ASISI 3.1 and 3.2 prescribe a different protein insert sequence,
thus raising the question whether the evolutionary pressure for
the changes originated from a non-functional protein or from
an unfavourable RNA structure. To distinguish between the
two possibilities, we started from the evolved phage ASISI 3.1,
carrying a single substitution G8A that turned serine into
asparagine (A of the AUG is residue 1). Either serine is a bad
amino acid at this position in the protein, or G8 is somehow
deleterious at the RNA level. To answer this question, we
made two new MS2 cDNA constructs. In one, ASISI 3.1, the

single G8A suppressor mutation was cloned back in the
infectious clone. It is now called ANISI 1 because of the Ser-to-
Asn change (Fig. 6). This sequence should stay unaltered in the
emerging phage and the titre of the construct should be high.
In the other construct, ANISI 2, we left the new amino acid
sequence unchanged but made three substitutions in wobble
positions (circled italics in Fig. 6).

As expected, the infectious cDNA construct with the
revertant sequence (ANISI 1) had a titre of 10* p.f.u.}ml, while
the original ASISI 3 with a G at position 8 had a titre of only
10% p.f.u.}ml. This shows that the G8A exchange was not an
accidental replication error but was selected through improved
phage fitness, which increased by five orders of magnitude.
The G8A mutation was the only difference between ASISI 3
and ANISI 1 (see below).

With construct ANISI 2, we tested whether the amino acid
or the nucleotide sequence was the target of selection. ANISI
2, encoding the same pentapeptide as ANISI 1, had a titre that
was 10& lower than that of ANISI 1, and it formed very small
plaques. It is thus clear that it is the RNA sequence and not the
resulting amino acid sequence that hampered phage growth.
Five plaques derived from ANISI 2 were sequenced. We found
the U11G substitution in four of them and U11C in one. Again,
these substitutions are in the loop and suggest that, from the
point of view of fitness of the phage, there was something
wrong with the loop in ANISI 2. The suppressor mutations
corrected this defect. That the mutations changed the peptide
sequence at the same time was probably a coincidence.

The phenotypic reversions are the result of the
recorded suppressor mutations

A priori, we cannot exclude that the phenotypic reversion
of our pseudorevertants was due to mutations outside the
sequenced region. Therefore, it was necessary to clone back the
sequenced section in an otherwise wild-type MS2 cDNA
background and to show maintenance of the revertant
phenotype. ANISI 1 is an example. The cloned-back sequence
extended only from 1336 (NsiI) to 1365 (SalI). Therefore, the
four logs difference in titre between ASISI 3 cDNA and ANISI
1 cDNA could be fully ascribed to the single G8A suppressor
mutation, which constitutes the only difference between the
constructs.

A similar analysis was carried out for pseudorevertants
ASISI 1.1, ASISI 1.3, ASISI 2.3 and ASISI 2.5. Here, the
revertant region 1303–1551 (XbaI–BstXI) was cloned back in
pMS2 (103–2057) and, after complementation with pMS-
2000∆ (∆1303–1901), the titres of overnight cultures were
compared to those of the wild-type equivalent. The original
mutant sequences ASISI 1 and ASISI 2 produced no phages in
this plasmid combination, but all pseudorevertant sequences
showed titres that were the same as that found for wild-type
(see Methods).

The cloned-back cDNA of the four pseudorevertants was
sequenced (nt 1303–1551). No mutations were found outside
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the initiator hairpin except for a U!C transition at position
1440 in one of the four sequenced clones (ASISI 2.3). We do
not know whether this mutation is part of the phenotype or
was introduced by the PCR. At any rate, for the three other
pseudorevertants, the sequence changes in the initiator hairpin
accounted fully for the phenotype.

Discussion
In this study, we have explored the possibility of inserting

pentapeptides in the coat protein of live virions of the RNA
phage MS2. We chose the N terminus as the site of the
insertion because the inserted peptide would be in a loop that
was directed outwards (Valega/ rd et al., 1990). The sequence of
the peptide ASISI was taken from a study by Pushko et al.
(1993), who reported that this insert did not interfere with the
formation of (empty) capsids.

There are about 1000 ways to encode a pentapeptide and
we restricted our choice somewhat by excluding rare codons.
In our first mutant (ASISI 1), we made the 9 nt loop of the
initiator stem highly pyrimidine rich because there is a
preference for these in MS2 RNA hairpin loops (Olsthoorn &
van Duin, 1996). Coat-protein expression from this mutant
was not much different from wild-type, but its fitness was
reduced dramatically, as reflected in a drop in titre of about 10
orders of magnitude. Reversion to high titre was achieved by
a deletion of 6 or 9 nt (two or three amino acids) followed by
some adaptive mutations in the loop of the initiator hairpin.

In our next construct (ASISI 2), two other serine codons
were tested. Their presence predicts the formation of an
initiator hairpin with a more-common four-membered loop.
The properties of this mutant were, broadly speaking, the same
as those of ASISI 1. The titre was down by about 10 logs and
the cure to high titre was the deletion of 9 nt followed by
several adaptive mutations, some of which were in the loop of
the initiator hairpin and others in its stem. The third try (ASISI
3) was successful. Here, the 9 nt loop of the initiator hairpin
contained more purines than in ASISI 1. This choice reflected
the loop composition in the revertants from ASISI 1 and, to
some extent, from ASISI 2. The full insert was still present in
the majority of plaques. Only some adaptive mutations in the
loop had occurred and these changed the amino acids of the
insert. Were these adaptations selected to improve the protein
or the RNA structure ? The answer to this question came from
further study of revertant ASISI 3.1, which had a G8A (Ser!
Asn) substitution in the hairpin loop.

We recloned the relevant part of the revertant sequence
(ASISI 3.1) in the MS2 infectious cDNA (ANISI 1) and made
one derivative in which the new ‘phage-approved ’ amino acid
sequence was encoded differently (ANISI 2). As expected, the
recloned pseudorevertant sequence (ANISI 1) had a high titre
and the sequence stayed unchanged in phages derived from it.
In contrast, ANISI 2 gave a low titre and needed a suppressor
mutation in the loop to boost its fitness.

The conclusion must be that it is the nucleic acid sequence
of the loop that determines the fitness and genetic stability of
the insert. This is particularly clear for ASISI 3.1 and 3.2 and for
the progeny of ANISI 2, where a single mutation in the loop
was apparently sufficient to make a stable phage (ANISI 2.1).

The analysis carried out here is reminiscent of another
study from this lab, in which a non-coding hairpin loop was
enlarged by 26 nt (Olsthoorn & van Duin, 1996). As seen here,
there was a drop in titre and there were two kinds of
adaptations. Sometimes, the big loop was resected to an
acceptable size. In other pseudorevertants, a few substitutions
in the loop sufficed to remove most of the genetic burden and
raise the fitness.

We tentatively suggest that these big hairpin loops create
a target for RNase E, one of the major endonucleases of E. coli.
Suppressor mutations in the large loop such as those found in
ASISI 3.1 and 3.2 possibly induce resistance. This may result
from interactions between loop nucleotides, reminiscent of
what has been found for GNRA and UNCG loops (Cheong et
al., 1990 ; Heus & Pardi, 1991).

Why is the drop in viability of the insertion mutants so
large?

An unsolved question is why the insertions ASISI 1 and
ASISI 2 have such a dramatic effect on the titre. In our previous
study, where we introduced 26 single-stranded nucleotides in
a non-coding loop (Olsthoorn & van Duin, 1996), the titre
dropped by only three orders of magnitude. Even considering
that, in an evolutionary sense, it is simpler to remove
nucleotides from a non-coding sequence than from a reading
frame, it is difficult to account for the dramatic drop in titre. We
cannot rigorously exclude that the mutations affect replication,
although it is hard to envisage why certain loop sequences
would support replication while others would not. Unfor-
tunately, unlike results obtained for Qβ phage, the replicase of
MS2 cannot be isolated in a straightforward, reproducible way
(Federoff, 1975) and the influence of the mutations on
replication therefore cannot be tested easily.

Deletions versus substitutions

Another question remaining is why ASISI 1, for instance,
with a 9 nt loop, is not rescued by substitutions and suffers a
deletion, whereas one or more substitutions suffice for the
ASISI 3 and ANISI 2 mutants.

The likely answer is that ASISI 1, with its all-pyrimidine
loop, would need more simultaneous substitutions than can be
found in the quasispecies pool. For instance, the chances of
finding a revertant with three transversions can be estimated to
be about (10−&)$ or 10−"&. A deletion can then be the more
likely event to save the virus. Here, we would have to assume
that the three substitutions in ASISI 3.2 have accumulated
sequentially. This idea, that deletions are more likely than triple
or double substitutions, is supported by a recent study of Licis
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et al. (2000), where it was shown that a single stop codon in the
MS2 lysis frame was repaired by a substitution to sense, but a
double stop codon could not be cured in this way. Instead, the
region containing the stop codons was excised, allowing
rescue of the phage (at the expense of a shorter lysis protein).

This work was supported by NATO grant LST.CLG 974896.
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