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Summary. The transposase encoded by insertion se-
quence IS7 is produced from two out-of-phase reading
frames (ins4 and B’-insB) by translational frameshifting,
which occurs within a run of six adenines in the —1
direction. To determine the sequence essential for frame-
shifting, substitution mutations were introduced within
the region containing the run of adenines and were ex-
amined for their effects on frameshifting. Substitutions
at each of three (2nd, 3rd and 4th) adenine residues
in the run, which are recognized by tRNAM* reading
insA, caused serious defects in frameshifting, showing
that the three adenine residues are essential for frame-
shifting. The effects of substitution mutations intro-
duced in the region flanking the run of adenines and
in the secondary structures located downstream were,
however, small, indicating that such a region and struc-
tures are not essential for frameshifting. Deletion of a
region containing the termination codon of insA caused
a decrease in f-galactosidase activity specified by the
lacZ fusion plasmid in frame with B'-insB. Exchange
of the wild-type termination codon of insA for a different
one or introduction of an additional termination codon
in the region upstream of the native termination codon
caused an increase in f-galactosidase activity, indicating
that the termination codon in insA affects the efficiency
of frameshifting.

Key words: Adenine run — Cointegration — Secondary
structure of mRNA — Termination codon — tRNAM®

Introduction

Accurate translation is ensured in general by regular pro-
gression of the ribosome in a triplet manner. Since dis-
turbance of the regular triplet rule results in abortive
translation, it is believed that the translational apparatus
is actively constrained to maintain the correct reading
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frame during polypeptide chain elongation. Some func-
tional proteins, however, can be synthesized only if spe-
cific translational frameshifting occurs (for a recent re-
view, see Atkins et al. 1990; Sekine and Ohtsubo 1991).
Insertion sequence IS7 (Ohtsubo and Ohtsubo 1978) uses
such programmed frameshifting to produce IS/ transpo-
sase from two out-of-phase reading frames, ins4 and
B'-insB, where B’ is an open reading frame extending
from the ATG initiation codon of the insB frame and
is in the —1 frame with respect to ins4 (Sekine and
Ohtsubo 1989). The frameshifting event in the — 1 direc-
tion occurs at an AAA codon for Lys in insA within
a run of six adenines present in the overlapping region
between ins4 and B’, and produces the InsA-B'-InsB
fusion protein, IS7 transposase, with the segment Leu-
Lys-Lys-Leu encoded by the region containing the run
of adenines (Sekine et al. 1992).

In this paper, we report determination of the nucleo-
tide sequence required for the frameshifting in IS7. We
introduced substitution mutations in the run of adenines
and the regions neighboring it, and then examined the
effects of the changed context on frameshifting. Based
on the results obtained, we discuss mechanisms underly-
ing the event of translational frameshifting in IS/. We
discuss the fact that, although other genetic systems use
sequences similar to that in IS/ as frameshift signals,
our results show differences between IS/ and others in
the mechanism governing the frameshifting event.

Materials and methods

Bacterial strains and plasmids. Bacterial strains used were
Escherichia coli K12 derivatives, MV1184 (Vieira and
Messing 1987), BW313 (Kunkel et al. 1987), MC1000
(Casadaban and Cohen 1980), JE5519 (Ohtsubo et al.
1981), and YS202 (Sekine et al. 1992).

Plasmid pSEK17, a pUCI18 derivative, carries one
copy of IS7 (Sekine et al. 1992). Plasmid pSEK117, a
pUC119 derivative, which carries one copy of IS/ was
constructed from pSEK17 (Sekine et al. 1992). Plasmid



326

pHS1 is a temperature-sensitive replication mutant of
the tetracycline-resistance plasmid pSC101 (Hashimoto-
Gotoh and Sekiguchi 1977). Plasmid pR-pMLB (a gift
from D. Bastia) is a pBR322 derivative, from which IS7-
lacZ fusion plasmids were constructed as described be-
low. Plasmid pSEK 6000, a pR-pMLB derivative, is an
IS7-lacZ fusion plasmid having a DNA fragment of
wild-type IS7 corresponding to IS/ coordinates 292-353
(Sekine et al. 1992).

Media. Culture media used were L broth, L-rich broth,
¢-medium (Yoshioka etal. 1987) and 2x YT broth
(Messing 1983). ¢-medium was used for transformation
of plasmid DNA, and 2 x YT broth was used for muta-
genesis in constructing mutant plasmids. L-agar plates
contained 1.5% (w/v) agar (Eiken Chemical) in L broth.
Antibiotics were added in L-agar plates, if necessary,
at concentrations of 150 ug/ml ampicillin (Wako Jun-
yaku) and 5 or 10 pg/ml, tetracycline (Sigma). Peptone
dilution buffer (0.1% peptone (Kyokuto Seiyaku) in
0.3% NaCl) was used for dilution of cell cultures.

Enzymes. Restriction endonucleases (BamHI, Bglll,
Mlul and Pstl), bacterial alkaline phosphatase, T4 DNA
polymerase, T4 polynucleotide kinase, and T4 DNA li-
gase were obtained from Takaro Shuzo. Restriction en-
donuclease BstEII was obtained from New England Bio-
labs. RNase A was purchased from Sigma. These en-
zymes were used in the buffers recommended by their
suppliers.

DNA preparation. Strain MV1184 or MC1000 harboring
a plasmid was grown in L-rich broth. A crude lysis meth-
od (Machida et al. 1982) was used to isolate and examine
small amounts of plasmid DNA from many cell cultures.
The alkaline lysis method (Maniatis et al. 1982) was used
to prepare ptasmid DNA for cloning and nucleotide se-
quencing.

Nucleotide sequencing. Nucleotide sequences were deter-
mined by the dideoxynucleotide method (Sanger et al.
1977; Messing 1983) using a 7-DEAZA sequencing kit
(Takara Shuzo). We used M4 primer (Takara Shuzo)
for sequencing derivatives of pSEK6000. Synthetic oli-
godeoxyribonucleotide D,, described in Sekine and Oht-
subo (1989), was also used as primer for sequencing de-
rivatives of pSEK117. The DNA chains were labeled
with o-[3?P]dCTP (15 TBg/mmol, Amersham) and sepa-
rated in 6 or 8% polyacrylamide gels containing § M
urea.

Plasmid construction. pSEK17 is the parental plasmid
for all plasmids carrying mutant IS/ described in this
paper. Each of the pSEK 17 derivatives carrying mutant
IS7 with a substitution(s) or a 1 bp insertion was con-
structed as follows. Using pSEK117 as template and
oligodeoxyribonucleotides synthesized using a DNA
synthesizer 380B (Applied Biosystems) as primers, the
1S7 sequence in pSEK 117 was mutagenized by site-di-
rected mutagenesis according to Kunkel et al. (1987).
The sequences mutated were confirmed by DNA se-

quencing. Two pSEK17 derivatives carrying IS/-48 or
1S7-49 were constructed by replacing the Ps¢I-M/ul frag-
ment of IS/ in pSEK17 with the PstI-Mlul fragment
of the corresponding mutagenized derivative from
pSEK117. The other pSEK17 derivatives were con-
structed by replacing the PstI-BstEIl fragment of IS/
in pSEK17 with the Ps¢I-BstEIl fragment of the corre-
sponding mutagenized derivative from pSEK117.

PSEK 6000 derivatives, shown in Fig. 2 and Fig. 4,
each with a substitution mutation in the IS7 fragment
were constructed as follows. Plasmid pSEK4000 was
first obtained by introducing two Bg/II recognition sites
into positions 286-291 and 354-359 of the IS7 sequence
in pSEK117 by site-directed mutagenesis, as described
above. Using pSEK4000 as template, a substitution was
introduced within the run of adenines or in a neighbor-
ing position by site-directed mutagenesis as above, and
the Bg/Il fragment, which contained the substitution
mutation in the resulting plasmid, was inserted into the
BamHI site of vector plasmid pR-pMLB.

Purification of p-galactosidase (LacZ) fusion proteins
and amino acid sequencing. Strain YS202 harboring each
of the IS7-lacZ fusion plasmids, pSEK 6151, pSEK 6087
and pSEK 6061, was grown in 41 of L-rich broth con-
taining 0.2% (w/v) glucose at 30° C until the ODgyq
reached 0.5-0.6, and then the culture was incubated with
aeration at 40° C for 60 min to induce the LacZ fusion
protein. Purification and amino acid sequencing of the
protein was carried out as described (Sekine et al. 1992).

Cointegration assay. Each of the ampicillin-resistance
plasmid pSEK17 derivatives carrying mutant IS/ was
introduced by transformation into strain JE5519 which
already harbored the tetracycline-resistance plasmid
pHS1. Cointegration between a pSEK plasmid and
pHS1 was assayed according to the method described
by Sekine and Ohtsubo (1989).

LacZ assay. Each of the pSEK 6000 derivatives, the am-
picillin-resistance plasmids carrying the ATG,,,-1S{-lacZ
construct, was introduced by transformation into strain
MC1000. The LacZ activity in the resulting strain was
determined as described (Sekine et al. 1992). Each value
presented in this paper is the mean of those obtained
from at least three independent experiments; standard
errors in all cases were less than 15%.

Results

IS1 mutants with single substitution mutations and their
cointegration ability

1. Saturation mutagenesis of the run of adenines. The
run of six adenines present at the region corresponding
to IS/ coordinates 307-312 has been shown to contain
the frameshift site (Fig. 1; Sekine and Ohtsubo 1989;
Sekine et al. 1992). The amino acid sequence at residues
84-87 of IS/ transposase has been shown to be Leu-Lys-
Lys-Leu (LKKL), which is encoded by the DNA seg-
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Fig. 1. IS/ mutants with 1 bp substitutions and their cointegration
ability. A critical portion of the nucleotide sequence of wild-type
IS? at positions 302-315 is shown horizontally, and bases substitut-
ed are shown vertically. The amino acid sequences encoded by
the insA and B'-insB reading frames are shown at the top, where
the boldface letters with numbers are the amino acids of IS/ trans-
posase produced by -1 frameshifting (Sekine et al. 1992). The
first line in each box shows the relative frequency of cointegration
mediated by each IS/ mutant, taking the value for wild-type IS/
(1.9x 1078 per division cycle; Sekine and Ohtsubo 1989) as 100.
The second line in each box shows the amino acid sequence at
residues 84-87 of the transposase produced from each IS/ mutant

ment 5-TTAAAAAACTC-3' including the frameshift
site, and the last codon recognized in ins4 during trans-
lation of IS/ transposase has been estimated to be codon
AAA for Lys at the second, third and fourth position
in the run of adenines (Fig. 1; Sckine et al. 1992). To
confirm the importance of the run of adenines and to
determine the critical nucleotides within it, we con-
structed IS7 mutants each with a 1 bp substitution within
the run of adenines and examined their ability to mediate
cointegration. Figure 1 shows all the mutants con-
structed and summarizes the frequencies of cointegration
mediated by these mutants. Note here that each muta-
tion may alter the mRINA context responsible for trans-
lational frameshifting, causing variations in the effi-
ciency of frameshifting. (This effect is referred to as the
context effect.) Also, it may alter the amino acid speci-
fied by the mutated triplet, producing a mutant transpo-
sase with an altered degree of activity upon successful
frameshifting. (This effect is referred to as the amino
acid effect.) The cointegration frequency may be lowered
by the context effect and/or by the amino acid effect.
The degree of the amino acid effect can be estimated
by examining the cointegration frequency mediated by
an IS/ mutant with a 1 bp insertion, which produces,
without frameshifting, an altered transposase that is ex-
pected to correspond to the one produced by frameshift-
ing from a relevant IS/ mutant with a substitution
(Fig. 1; Sekine et al. 1992). With these mutants, we can
approximately estimate the context effect by subtracting
the extent of the amino acid effect from the cointegration
frequency measured.

by successful frameshifting at the same site as that of wild-type
IS{. Asterisks indicate positions with no amino acid residue due
to generation of termination codons by substitution mutations.
The number in parenthesis in the third line in each box shows
the relative cointegration frequency of each IS/ mutant with a
1 bp insertion, designed so as to produce a mutant transposase
with the polypeptide segment shown in the second line without
frameshifting; the cointegration frequency of the IS/ mutant with
a single adenine insertion within the run of adenines to produce
wild-type transposase (1.4x 107 per division cycle; Sekine and
Ohtsubo 1989) was taken as 100

In the mutants with a substitution in the run of aden-
ines, the IS/ mutant with a G substitution for nucleotide
A at position 307 (designated as 307G) retained the abili-
ty to mediate cointegration, although at a reduced level
(Fig. 1). This substitution changes codon TTA at posi-
tions 305-307 (designated as 3°°TTA) in ins4 for Leu
at the 84th residue (designated as ®¢L) to the synony-
mous codon TTG, and thus this mutation is assumed
to give wild-type transposase with the LKKL segment
upon successful frameshifting. The result above suggests
that the substitution at 307 shows some context effect,
but that this position is not critically important for
frameshifting. The mutants with each of the other substi-
tutions, 307T and 307C, did not efficiently mediate coin-
tegration (Fig. 1). The poor cointegration ability of these
IS/ mutants is likely to be due to alteration of the amino
acid from 84L (Leu) to F (Phe) by substitution mutations
to give a mutant transposase with the FKKL segment,
since the mutant with a 1 bp insertion which produces
such a mutant transposase without frameshifting in fact
showed less cointegration ability than that of the 1 bp
insertion mutant producing wild-type transposase with
the LKKL segment (Fig. 1). Note here that a mutant
IS/ with two substitutions, 305C and 307T, which
changes the codon 3°5TTA for 84L (Leu) to the synony-
mous codon CTT, retained cointegration ability at 62%
of the level of wild-type IS/ (Sekine et al. 1992). This
strongly supports the suggestion above that the nucleo-
tide at 307 is not essential for frameshifting.

The mutants with substitution 308G, 308T or 308C
did not mediate cointegration (Fig. 1). The loss of coin-
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Fig. 2. The nucleotide sequence of a critical region in plasmid
PSEK6000 and the activity of f-galactosidase (LacZ) produced
in cells harboring pSEK 6000 or each of its derivatives. pSEK6000
carries an IS/ fragment containing a part of the ins4 and B'-insB
reading frames, each of which is in-frame with ATG,,, and lacZ,
respectively. In the amino acids encoded by the two reading frames,
those which are required to give the InsA-B’-InsB-LacZ fusion
protein are indicated by boldface letters. Production of the fusion

tegration ability of the mutants with 308G or 308 T might
be due to the amino acid effect, since 308G and 308T
cause serious changes of the codon *°8AAA for ®°K
(Lys) to codon GAA for E (Glu) and to the termination
codon TAA, respectively. However, the loss of the ability
of the mutant with 308C is likely to be mainly due to
the context effect, since the relevant 1 bp insertion mu-
tant, which encodes transposase with the polypeptide
segment LQKL, still retained the ability to mediate coin-
tegration, but at a reduced frequency (Fig. 1). This sug-
gests that the nucleotide at position 308 is essential for
frameshifting. This suggestion will be confirmed by an-
other experiment to be described below.

Substitution 309G severely inhibited cointegration
(Fig. 1). This must be due to the context effect, but not
to the amino acid effect, because mutant transposase
with 85Arg, which would be produced from the mutant
with 309G upon successful frameshifting, showed an
even higher activity than wild type (Fig. 1). The mutants
with each of the other substitutions also did not mediate
cointegration (Fig. 1). This loss of cointegration ability
is quite likely to be due to the context effect, considering
the result for the mutant with 309G.

The substitution for nucleotide A at position 310 of
any one of the other nucleotides inhibited cointegration
(Fig. 1). The substitution causes a serious change of the
codon 3°8AAA in insA or/and 3*°AAA in B'-insB; so
the context effects of these substitutions cannot be esti-
mated exactly.

protein is controlled at promoter pp by a thermosensitive repressor,
the product of cI857. A nucleotide sequence containing the run
of six adenines is shown by boldface letters. In each pSEK6000
derivative, only the nucleotide different from that of pSEK6000
is shown. The relative LacZ activity of the LacZ fusion protein
produced upon heat induction in cells harboring pSEK 6000 (28.7
units, taken as 100) or each of its derivatives is shown.

The IS/ mutants with substitution 311G or 312G
retained cointegration ability (Fig. 1). Substitution 311G
changes the codon 3!°AAA for 8°K (Lys) to AGA for
R (Arg), which is a conservative change, whereas 312G
does not cause alteration of the transposase. The results
above, therefore, suggest that the nucleotides at 311 and
312 are not critically important for frameshifting. The
other mutants with a substitution of the nucleotide at
311 or 312 failed to mediate cointegration (Fig. 1). These
may be mainly due to the amino acid effect producing
inactive transposases; the transposase with 86N (Asn)
in place of 8K (Lys) in fact has poor cointegration abili-

ty (Fig. 1).

2. Mutagenesis of the regions flanking the run of adenines.
In the IS/ mutants with a substitution in the region
preceding the run of adenines, the mutant with 304C
or 305C, each of which causes no alteration of transpo-
sase, could mediate cointegration (Fig. 1). This indicates
that the nucleotides at positions 304 and 305 are not
important for frameshifting.

Either 306G, 306A or 306C inhibited cointegration
(Fig. 1). Substitutions 306G and 306A change codon
305TTA for 84L (Leu) to termination codons, whereas
306C changes codon 3°°TTA for 34L (Leu) to codon
TCA for S (Ser), resulting in a serious amino acid
change. We assume therefore that the loss of the cointe-
gration ability of these mutants is due to the amino acid
effect, but not to the context effect.



Changes of the nucleotide C at 313 following the run
of adenines to any other nucleotides inhibited cointegra-
tion (Fig. 1). We consider that the loss of the cointegra-
tion ability of these IS/ mutants is mainly due to the
amino acid effect, since a mutant transposase with 87V
(Val) in place of L (Leu), which would be produced
from a mutant with substitution 313G upon successful
frameshifting, showed a comparably poor cointegration
ability (Fig. 1). This and above assumptions will be con-
firmed by another experiment described below.

Analysis of the effects of base substitutions
on frameshifting by means of lacZ fusion

Based on examination of the cointegration ability of the
IS7 mutants in the previous sections, the context effects
of substitutions at positions 306, 308, 310 and 313 were
ambiguous because their amino acid effects could not
be estimated exactly. To determine the context effects
of the substitutions at these positions in an alternative
way, we constructed plasmid pSEK 6000, which contains
the 62 bp DNA fragment of IS/ (corresponding to IS7
coordinates 292-353), that includes the run of six aden-
ines, flanked by the ATG codon of the cro gene of phage
A and the lacZ gene, such that ins4 is fused in-frame
with ATG,,, and B'-insB in fused in-frame with lacZ
(Fig. 2). This DNA fragment is considered to include
a region required for efficient frameshifting (Sekine et al.
1992). We also constructed mutant derivatives each with
a substitution for the nucleotide at the position of inter-
est. The expression of the reading frame connected to
ATG,,, is under the control of a thermosensitive repres-
sor, the product of ¢I857, which is also carried by the
plasmid. We then measured the S-galactosidase (LacZ)
activity in the lysate of cells harboring each plasmid
to determine the efficiency of —1 frameshifting required
to give the InsA-B'-InsB-LacZ fusion protein upon heat
induction.

Substitutions 308C and 310C inhibited the produc-
tion of LacZ activity, but substitutions 306C and 313T
were not completely inhibitory (Fig. 2). These results in-
dicate that the nucleotides at 308 and 310 are both im-
portant for frameshifting, but the nucleotides at 306 and
313 are not.

The role of the region located downstream of the run of
adenines in frameshifting

Secondary structures downstream of the frameshift site
have been reported to be essential for —1 frameshifting
in other genetic systems (Jacks et al. 1987, 1988 ; Brierley
et al. 1989; Flower and McHenry 1990; Tsuchihashi and
Kornberg 1990; Dinman et al. 1991 ; Végele et al. 1991).
IS7 also has possible secondary structures in the region
downstream of the run of adenines, as shown in Fig. 3.
To determine whether these structures are essential for
frameshifting or not, we constructed two IS/ mutants,
[S7-48 and 1S1-49, each with several substitutions which
are all silent for amino acids in IS/ transposase, but
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Fig. 3. Possible secondary structures of mRNA in the region down-
stream of the run of six adenines. Numbers in the structures are
IS7 coordinates. The run of six adenines is indicated by a line
above the nucleotide sequence. The termination codon of insA4 is
shown with a bracket. Structures (C), (D) and (F) are taken from
Hiibner et al. (1987). The free energy (4G) at 25° C of each struc-
ture is calculated according to Tinoco et al. (1973), as follows:
(A), —6.4 kecal; (B), —14.4 kcal; (C), —13.2 keal; (D), —3.6 kcal;
(E), —13.8 kcal; (F), —15.2 kcal. IS7-48 has a 3 bp substitution
which destabilizes the structures (A), (B), (C) and (E), whereas
187-49 has a 6 bp substitution which destabilizes the structures
(B), (D) and (F). The base substitutions in IS7-48 and 1S7-49 are
shown in structures (A) and (B), respectively; only the positions
of substitutions are indicated in the other structures by * and o.
The AGs of all the resulting structures are greater than 0 kcal.
All these substitution mutations cause no changes in the amino
acids of the transposase. The frequencies of cointegration mediated
by each IS/ mutant relative to that of wild-type (wt) IS7 (1.9 x 10~8
per division cycle) are shown

destroy some of the possible secondary structures shown
in Fig. 3. IS7-48 has substitutions which destroy struc-
tures A, B, C and E (Fig. 3), while IS7-49 has mutations
that destroy structures B, D and F (Fig. 3). Neither of
the mutants lost the ability to mediate cointegration
(Fig. 3). This shows that these secondary structures are
not required for frameshifting in IS7.

Sekine et al. (1992) have found that the region 315—
332 contains a sequence stimulating the frameshifting



330

Relative LacZ

MsA:H L X N S G R S R * activity
pSEK6000 C}%’I;TTWCTCAGGccan%AGTCGGTAACCTCG 100
peinsBdecZ2: F K X L R P Q 8 V T 8

PSEK6294 - - --CAA----- 24.6
pPSEKE311  —--—mmemmr e TAG---—- 328
pSEKE301  -————-eemmmmmmm e TGA----- 2880
PSEK6E284-301 =---—--—=======mcmoooon CTGA-=-==- 246
PSEK6161  ---------——- e 348
PSEKE152  —-—--———---- TAR---==m—=——mmm e 200
pSEKE145 ~ ------------ TAG----=====-=-==--==-- 285

Fig. 4. Effect of the termination codon in insd on the LacZ activity
specified by pSEK6000 derivatives. The nucleotide sequence of the
critical region, 302-336 of IS/, is shown together with the amino
acids encoded by the two reading frames, insA and B'-insB-lacZ.
In the sequences of pSEK 6000 derivatives, only the altered codons
are shown. The relative activity of LacZ is calculated taking the
LacZ activity (16.9 units) specified by the wild type, pSEK6000,
as 100

event. We suspected that the termination codon ?°TAA
of insA, which is located within this region at 17 bp
downstream of the run of adenines, is important for
efficient frameshifting. To test this, we constructed sever-
al derivatives of the IS7-lacZ fusion plasmid pSEK 6000
each with a base substitution in the termination codon,
and examined the LacZ activity specified by each plas-
mid. Plasmid pSEK 6294 has codon CAA instead of the
ochre codon *?°TAA (Fig. 4). This plasmid gave a re-
duced activity, 24.6% of that of the wild type, pSEK 6000
(Fig. 4). This 4.1-fold decrease is almost equal to the
degree of reduction in the efficiency of frameshifting
(4.5-fold decrease) observed in the plasmid deleted for
the termination codon (Sekine et al. 1992). This suggests
that the termination codon of insA is responsible for
efficient frameshifting in IS7.

Plasmid pSEK6311, with a substitution changing
329TAA to the amber codon TAG, gave an increased
activity (328%, Fig. 4). Plasmid pSEK 6301 with a sub-
stitution changing *?*°TAA to the opal codon TGA gave
a much increased activity (2880%, Fig. 4). This increase
in considered to be mainly due to the phenomenon called
translational coupling (see Discussion) in that transla-
tion was unusually initiated from a possible initiation
codon, 328GTG, created in-frame with lacZ by 330G.
In fact, plasmid pSEK6284-301, with a sequence altered
from 328GTGA to CTGA, which abolished the putative
initiation codon GTG, decreased LacZ activity (Fig. 4).
Note here, however, that pSEK 6284-301 still gave more
. LacZ activity than the wild type, pSEK6000. These re-
sults further indicate that the termination codon of ins4
is important for frameshifting.

Our previous genetic analysis (Sekine and Ohtsubo
1989) has revealed that an IS7 mutant with 315G, which
generates the opal codon *!*TGA in insd immediately
downstream of the run of adenines and upstream of
the native termination codon 32°TAA of insA, mediated
cointegration at a frequency 3 times higher than that

observed with wild-type IS7. This result led us to assume
that this termination codon introduced into ins4 at a
position upstream of the native termination codon af-
fects the efficiency of frameshifting. To test this assump-
tion directly, we constructed plasmid pSEK6151, a de-
rivative of pSEK 6000, with the opal codon 3'*TGA in
insA at the same position as that in the IS/ mutant
described above. This plasmid gave a LacZ activity 3.5
times higher than the wild-type, pSEK6000 (Fig. 4),
which parallels the increase in cointegration frequency
in the IS7 mutant with the same mutation. We purified
the protein with LacZ activity from the cells harboring
pSEK 6151 and determined its N-terminal sequence. The
17 cycles of Edman degradation revealed a sequence
identical to that of the protein specified by the plasmid
with the DNA fragment of wild-type IS/ (data not
shown). This indicates that the LacZ activity specified
by pSEK 6151 was dependent on frameshifting and that
the site of frameshifting was not changed.

Other plasmids (pSEK 6152 and pSEK 6145 in Fig. 4)
with a different termination codon 31#*TAA or 3*TAG
also gave increased activities (Fig. 4). These results sup-
port the suggestion that the termination codon in insA4
downstream of the run of adenines has an important
role in efficient frameshifting.

Discussion

The data presented in this paper indicate that nucleo-
tides at positions 308, 309 and 310, corresponding to
the second, third and fourth residue in a run of six aden-
ines, respectively, are crucial for contexts responsible for
frameshifting in IS7. This is consistent with our estimate
that the last codon recognized in ins4 during translation
of the IS/ transposase gene is *°® AAA, at which the
—1 frameshifting event occurs (Sekine et al. 1992). Mu-
tations in the other adenines in the run also reduced
the efficiency of frameshifting to a certain extent. This
suggests that those adenines are not critically important,
but are necessary for frameshifting at the most efficient
level.

In many genetic systems, secondary structures down-
stream of the frameshift site are supposed to cause trans-
lating ribosomes to pause at the frameshift site, thereby
increasing the probability that the tRNA on the ribo-
somes will change reading frames (Jacks etal. 1987,
1988; Brierley et al. 1989; Flower and McHenry 1990;
Tsuchihashi and Kornberg 1990; Dinman etal. 1991;
Vogele et al. 1991). We have shown here that several
secondary structures downstream of the run of adenines
in IS7 are, however, not required for frameshifting. This
is consistent with the results obtained from the deletion
analysis described by Sekine et al. (1992). We have fur-
ther shown here that the termination codon TAA of
insA, located 17 bp downstream of the run of adenines,
is important for efficient frameshifting. In IS7, the termi-
nation codon in ins4 might play a role in causing ribo-
somes to pause, resulting in enhancement of the effi-
ciency of frameshifting. Enhancement of — 1 frameshift-
ing by a termination codon immediately downstream
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Fig. 5A~C. Possible models for translational —1 frameshifting in
[S/. Base pairing between the anticodon of tRNAY® and the
mRNA encoding the IS/ transposase is shown at the top of each
panel. Nucleotide U* at position 34 in tRNA™"* denotes 5-(methyl-
aminomethyl)-2-thiouridine (™*™%2U) (Chakraburtty et al. 1975).
A Transient disengagement of base pairing between U*-34 of
tRNAY™* and A-310, the third base of codon 3°AAA for 8°K
(Lys). B Unusual base pairings of codon *°®AAA in mRNA with
U-35, U*-34 and U-33 of tRNAD", followed by disengagement
of U-33. Base pairing between A-307 of mRNA and U-36 in the
normal anticodon of tRNAM* may be formed. C Slippage of
tRNAD in the —1 direction. Note that each event permits A-310
to be available for base pairing with the anticodon of tRNAM®
reading codon 3'°AAA

of the frameshift site has also been reported in an artifi-
cial context (Weiss et al. 1987).

The results in this paper were obtained by two meth-
ods, cointegration mediated by IS{ and the LacZ assay
of the products from IS7-lacZ fusion genes. In the LacZ
assay, we observed that LacZ activity measured in one
case derives from an unusual translation initiation event
at a codon in-frame with lacZ, as well as from transla-
tion of lacZ which is dependent on —1 frameshifting.
Introduction of the termination codon TGA into insA
instead of TAA resulted in an unusually high activity
of LacZ due to translation initiated from codon GTG
in B'-insB-lacZ, which overlaps the introduced TGA co-
don. Since a reasonable ribosome binding site is absent
in the upstream region of the initiation codon created,
initiation of translation from the new initiation codon
in B'-insB-lacZ might have occurred in a manner that
depends on translation of the upstream reading frame
(insA). Such a phenomenon is known as translational
coupling, and was first described for the tryptophan
operon in E. coli (Oppenheim and Yanofsky 1980) and
subsequently in many other genetic systems. Obviously
in our analysis described above, we have not considered
this case of unusual initiation of translation in our inter-
pretation of the requirements for frameshifting in IS7.

Based on our results described above, it is reasonable
to presume that a tRNA for Lys (tRNA*®) recognizing
codon *°®AAA in insA plays a key role in frameshifting.
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How does tRNA™® mediate —1 frameshifting? It is ex-
pected that the anticodon of tRNA™M*® interacts with the
codon 3°8AAA for 8K (Lys) in insd, as shown in
Fig. 5A (top), and that the nucleotide A at position 310
(designated as A-310) is somehow recognized by the next
tRNALS reading *'1°AAA for 8K (Lys) in B'-insB to
initiate the —1 frameshifting event. It is possible that
after tRNADS recognizes codon 3°*AAA, the base pair-
ing between U-34 in the anticodon and A-310 of the
codon is disengaged transiently to permit A-310 to be-
came available for the first base of codon *°AAA in
B'-insB for 8°K (Lys) (Fig. 5A). Note here, however,
that U-34 in the anticodon of tRNAM* is modified to
5-(methylaminomethyl)-2-thiouridine (™*™52U; see U*
in Fig. 5) in E. coli (Chakraburtty et al. 1975), and that
such modifications in U stabilize base pairing with A
(Scheit and Faerber 1975; Yokoyama et al. 1985). There-
fore, disengagement of this stable base pairing is as-
sumed not to be a frequent event in induction of a —1
shift of the reading frame.

It is also likely that the nucleotide at a position pre-
ceding the normal anticodon in a tRNA may participate
in recognition of the codon, as has been proposed by
Weiss (1984), such that in IS/, U-33 preceding the anti-
codon U*UU of tRNAM* is engaged in unusual pairing
with codon *°8AAA in mRNA together with U*-34 and
U-35, and then disengaged to free A-310 for base pairing
with the anticodon of the next tRNA (Fig. 5B). In this
model, it is possible that at the same time as the disenga-
gement of U-33, another pairing between U-36 in the
normal anticodon and A-307 of the mRNA may occur
to stabilize the tRNA™® on the mRNA (see Fig. 5B).
However, since alteration of A-307 permitted frameshift-
ing to occur, as described in Results, the base pairing
between U-36 and A-307 of mRNA may not be essential.

Slippage of tRNA™* reading the codon 3°AAA in
insA back one nucleotide into B'-insB is also possible
(Fig. 5C). The four nucleotides at positions 307-310 in
the mRNA are all adenines, and therefore the anticodon
of tRNA™* can base pair with the mRNA after slippage.
If the slippage model is correct, a substitution at A-307
would inhibit frameshifting due to disruption of the site
to which the tRNAD* slips. However, as described in
Results, the mutants with a substitution at position 307
still retained their ability to mediate cointegration. We
assume, thercfore, that the slippage model shown in
Fig. 5C is questionable.

The simultaneous slippage model has been proposed
as the mechanism for frameshifting on retroviral mRNA
(Jacks et al. 1988). In this model, two adjacent tRNAs
in the O-frame, resident in the ribosomal P site and A
site, respectively, slip back by one nucleotide, where the
A site codon is the site of frameshifting. Wild-type IS7
has nucleotide sequence T TTA AAA at positions 304
310 which seems to fit the sequence requirement of this
model. However, as described in Results, the mutant
IS7 with 304C or 305C substitution, where the tRNA
in the P site cannot make stable base pairs after a —1
slippage, still mediated cointegration. This suggests that
the simultaneous slippage model cannot explain the —1
frameshifting in 1S7.
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