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ABSTRACT
Insertion sequence IS5 is a bacterial transposable element

which contains three open reading frames designated 5A, 5B and
5C. Althoclh there was no detectable expression from the 5B open
reading fra.ne when it was preceded by the native promoter and
ribosome binding site or by a tac promoter and the native ribo-
some binding site, we have overproduced a 5B protein both in
vitro and in Escherichia coli cells by using a tac promoter and
a specially-designed synthetic ribosome binding site. 1-galacto-
sidase fusion studies suggested that the synthetic binding site
is at least 150-fold more efficient than the native binding
site. The 5B protein amounted to 80-85% of the total protein
made in vitro and 20-25% of the total protein pulse-labelled in
whole cells. It is stable in vitro but rapidly degraded in
vivo. Thus expression of the 5B gene appears to be limited by
both poor translation initiation and protein degradation.

INTRODUCTION

Insertion sequences (IS) are small procaryotic transposable

elements (0.75-1.5 kilobases) which generally contain one long

open reading frame (ORF; for reviews, see 1,2). Gene products

have been detected from the long ORFs of IS1, IS4, IS5 and IS50

(3-7). There is often at least one other ORF which is shorter

than the first and is encoded on the opposite DNA strand

(2,4,8). Although there is some evidence that these smaller ORFs

may also produce specific proteins (4,8), studies on their

expression and regulation are limited.
The 1195-base pair (bp) insertion sequence IS5 (Fig. 1) has a

compact genetic structure which includes three ORFs (9-11) and

associated promoter and terminator signals (4,8,10). The longest

ORF has been shown to encode a 37-kilodalton (kDa) 5A protein in

vitro and in Escherichia coli minicells or maxicells (3,4), and

the smaller ORFs have been reported to encode a 12.3-kDa 5B pro-
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FIG. 1. Structure of insertion sequence IS5. The striped arrows
represent terminal inverted repeats (IR) which are identical at
15 out of 16 positions. Promoters (P5A, P5B, P5c) and termin-
ators (t5A, t5B, t5o) are shown at their appropriate locations
either upstream or downstream of the three putative RNA tran-
scripts, which are designated by thin arrows. The polarity of
the terminators is illustrated by brackets. The three open read-
ing frames (5A, 5B, 5C) are indicated by thick solid arrows, with
the predicted size of the corresponding gene products given in
kilodaltons (kd). In each case, the probable translational start
codon is shown preceding the arrow; less likely upstream starts
are indicated in parentheses. The thin bar at the lower right
gives the approximate scale of the diagram, in kilobases (kb).

tein and a 9.4-kDa 5C protein in minicells (4,8). The observed
molecular weight of the 5B protein differed somewhat from the
predicted value of 11.1 kDa. In previous work, we have been un-
able to confirm the synthesis of a 12.3-kDa species from an in-
tact copy of IS5, even when the 5B ORF was located downstream of
a strong tac promoter (3,12).

This study demonstrates the in vitro and in vivo synthesis
and overproduction of the 5B protein using a specially-designed
synthetic ribosome binding site (SRBS) in conjunction with a tac
promoter and a subcloned copy of the SB ORF. Although this pro-
tein is stable in vitro, it is rapidly degraded in vivo. Thus,
expression of the SB gene appears to be limited by both poor
translation initiation and protein degradation. The 5B protein
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reported here has an apparent molecular weight of 8.4 kDa on de-

naturing sodium dodecyl sulfate(SDS)-polyacrylamide gels, in

contrast to both the predicted value of 11.1 kDa and the pre-

viously-reported value of 12.3 kDa. This discrepancy is dis-

cussed below.

MATERIALS AND METHODS

Bacteria and plasmids

E. coli strains HB101 hsdS20 (rBmB) recA13 (13), RB791 lac_

L8 (14), JM109 hsdRl7 (rKm ) recAl A(lac-proAB)/F' (proAB,

laciqZM15) (15), MM294 hsdRl7 (r eK) (16) and W3110 (17) have

been described. Growth media included L (18), A and M9 media

(19). Antibiotic concentrations were 100 pg/ml ampicillin and

20 pg/ml tetracycline.
Plasmids pBR322 (20), ptacll (14), and pMLB1034 (18) have been

previously described; pSK10 (21) carries a promoterless galacto-

kinase gene downstream of a tac promoter and contains a laciq gene

cloned into the EcoRI site of pDR540 (22). The plasmids pDI15 and

pDI40 contain IS5 at the same site but in opposite orientations

within the pBR322 derivative pDI14 (11), and pJC100 contains IS5

inserted downstream of the pBR322 tet promoter (3). Plasmids

pJC200, pJC201, pJC251, pJC281, pJC287 and pJC57 are described

below.

Preparation, analysis, and manipulation of DNA

Plasmids and DNA fragments were purified, analyzed, and gel-

purified by standard methods (23). Restriction enzymes, T4 DNA

ligase, T4 polynucleotide kinase, T4 DNA polymerase, Klenow frag-
ment of E. coli DNA polymerase I, and bacterial alkaline phospha-

tase were obtained from New England Biolabs or IBI, and used as

recommended. Ligations and other recombinant DNA techniques were

carried out as previously described (23).
Construction of pJC200, pJC201, and pJC251

The 509-bp NaeI fragment of pDI40 containing the 5B ORF and a

portion of its promoter was ligated to EcoRV-digested pBR322 and

ampicillin-resistant, tetracycline-sensitive HB101 transformants

were tested for the presence and orientation of an insert in the

resident plasmid. A plasmid containing the 5B ORF downstream of

the pBR322 tet promoter was designated pJC201 and a plasmid con-
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taining the insert in the opposite orientation was designated
pJC200.

Plasmid pSK10 was digested with BamHI, blunt-ended with a T4

polymerase fill-in reaction, and ligated to the 509-bp NaeI frag-
ment from pDI40. Ampicillin-resistant HB101 transformants were

screened for the presence and orientation of an insert in their

resident plasmids, and a plasmid containing the 5B ORF downstream
of the tac promoter was designated pJC251.
Construction of pJC281

The top and bottom strands of the SRBS (see Fig. 3) were
synthesized, purified and annealed. Plasmid pJC100 was digested
first with BamHI and EcoRI, and then with SacII. The 570-bp
SacII-EcoRI fragment containing the 3'-end of the 5B ORF was

ligated to the double-stranded EcoRI-SacII SRBS containing the 5'
end of the 5B ORF in the presence of EcoRI, and the 600-bp frag-
ment containing the SRBS and intact 5B ORF was gel-purified,
phosphorylated and ligated to dephosphorylated, EcoRI-digested
ptacll vector. Ampicillin-resistant RB791 laciq transformants
were screened for the presence of the correct plasmid by colony
hybridization (23,24) with a radiolabelled SRBS probe. The resi-
dent plasmid of one of the positive clones was shown by DNA se-

quence analysis (25) to contain the expected SRBS sequences and

intact 5B ORF downstream of the tac promoter (12); this plasmid
was designated pJC281.

Construction of pJC287 and pJC57
BstEII-digested pJC281 was blunt-ended by a fill-in reaction

with Klenow fragment of DNA polymerase I and ligated to SmaI-
linearized pMLB1034. Ampicillin-resistant JM109/F'laciq trans-

formants were selected on minimal agar plates containing either
ampicillin and Xgal (5-bromo-4-chloro-3-indolyl-B-D-galactoside;
Sigma) or ampicillin, Xgal and IPTG (isopropyl-B-D-thio-galacto-
side; Boehringer Mannheim). Colonies with a blue phenotype were

analyzed by restriction mapping of their resident plasmids, and a

plasmid containing the promoterless 1-galactosidase gene down-
stream of the tac promoter and SRBS was designated pJC287.

Plasmid pBR322 was digested with HincII and ligated to SmaI-
linearized pMLB1034. Ampicillin-resistant JM109/F'laciq trans-
formants were selected and analyzed as above, and a plasmid con-
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FIG. 2 (A). Structure of the plasmid pJC251. The NaeI fragment
of pDI40 containing the 5B ORF and a portion of its promoter was
cloned into the BamHI site of pSK10 to yield pJC251, in which the
5B ORF is located between the strong tac promoter (Ptac*) and
the promoterless galactokinase gene (gal K). IS5 sequences are
designated by a thick shaded arc, an EcoRI fragment containing a
laciq gene is indicated by a thick striped arc, and the ampi-
cillin resistance gene (Apr) from pBR322 is also shown.
(B). In vitro synthesis of galactokinase from pJC251 demon-
strates transcription of the 5B ORF. Proteins were synthesized
by in vitro transcription-translation using 25 pCi of
[35S]methionine and 1.0-1.2 pg of substrate DNAs. Where in-
dicated, reactions were supplemented with 1 mM IPTG. Proteins
were analyzed on a 17% SDS-polyacrylamide gel. Lanes: 1, no
DNA, no S30 extract; 2, no DNA; 3, pBR322; 4, pJC200; 5, pJC201;
6, molecular weight markers; 7, pJC251 + IPTG; 8, pSK10 + IPTG.
All lanes are from the same gel. Positions of bands correspond-
ing to galactokinase (gal K) and B-lactamase (bla) are indicated
on the right and molecular weights of protein standards are given
in kilodaltons (kd) on the left.

taining a fusion of the tetracycline resistance gene and the B-

galactosidase gene was designated pJC57.

Labelling and analysis of plasmid-encoded proteins
In vitro transcription-translation reaction components were

purchased from the Codon Company (Mundelein, IL) and used es-

sentially as recommended. Labelling reactions utilized
[35 ]methionine (1100 Ci/mmol, 10-50 mCi/ml; NEN) or [3H]leucine
(120-160 Ci/mmol, 1-5 mCi/ml; NEN).
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The maxicell technique was utilized essentially as previously
described (26). In vivo pulse-labelling of whole cells was ac-

complished by growing cells in M9 to an A590 of 0.1-0.2, split-

ting the culture in half, supplementing one half with 0.8-1.0 mM

IPTG, and labelling aliquots for 30 sec or 30-50 min with

10 pCi/ml [3H]leucine. Where indicated, 0.002% unlabelled

leucine was used in a 10 min chase, and samples were subsequently
iced, pelleted, and added to sample buffer (27). Otherwise,
samples were treated with cold 20% trichloroacetic acid/0.002%

unlabelled leucine, iced, centrifuged, washed, and redissolved in

sample buffer.

Labelled protein products were detected by electrophoresis on

SDS-polyacrylamide gels (27), followed by drying and autoradio-

graphy of the gel (28,29). In some cases, DATD (N,N'-diallyl-
tartardiamide; Aldrich) was used as the cross-linker rather than

bis-acrylamide. Radiolabelled protein standards (BRL) were as

follows, with their molecular weights given in kilodaltons: oval-

bumin (43.0), a-chymotrypsinogen (25.7), B-lactoglobulin (18.4),
lysozyme (14.3), bovine trypsin inhibitor (6.2), insulin (3.0).
Assay of B-galactosidase activity

Relative levels of B-galactosidase activity were measured

essentially as described by Miller (19).

RESULTS

Evidence for transcription of the 5B ORF

The plasmids pJC200 and pJC201 contain the 5B ORF and both of

its possible ATG start codons subcloned in opposite orientations
downstream of the pBR322 tet promoter. When these plasmids were

used to direct the synthesis of proteins in a cell-free

transcription-translation system (30), there was no convincing
evidence for production of a protein of the expected size (11.1
kDa) from the 5B ORF (Fig. 2B). Plasmid pJC251, which contains
the 5B ORF downstream of a strong tac promoter (see Fig. 2A),
also failed to y eld detectable levels of a product specific to
this ORF. These results are consistent with those obtained
earlier using an intact copy of IS5 (3,12). However, pJC251
contains a galactokinase gene downstream of the 5B ORF, and it
produced a 43-kDa protein with a mobility corresponding closely
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with that expected for galactokinase (31). Production of this

protein was at the same level as that seen with the control

plasmid pSK10. Thus it appears that transcription initiated at

the tac promoter was proceeding through the 5B ORF and into the

promoterless galactokinase gene but was not resulting in

detectable levels of a 5B protein.

Use of the maxicell technique confirmed production of the

43-kDa protein in E. coli cells containing pJC251, but again

there was no evidence for an ll.1-kDa 5B gene product (data not

shown). Since the plasmid carries a laciq gene (see Fig. 2A),

synthesis of the 43-kDa species was induced in the presence of

IPTG, supporting the conclusion that its production resulted from

transcription from the tac promoter.

Replacement of the 5B translation initiation region with an

efficient synthetic ribosome binding site

Since transcription of the SB ORF does not result in appre-

ciable levels of a 5B protein, it appears that either the 5B

transcript is not readily translated or the 5B gene product is

rapidly degraded. Examination of the IS5 sequences which might
serve as the 5B ribosome binding site revealed several features

which suggest that they are inefficient in directing translation

initiation (see Discussion). Therefore, these sequences were re-

placed with a synthetic ribosome binding site (SRBS) which opti-

mally incorporates those features which might contribute to

efficient translation initiation (Fig. 3). The SRBS specifies a

Shine-Dalgarno sequence with a good stretch of polypurines, good
complementarity to the 16S rRNA (6 out of 6 important positions),
and appropriate spacing from the ATG start (32,33); a hepta-

nucleotide sequence of the form RRTTTRR (where R stands for a

purine; see 34); a spacer region composed entirely of A's and T's

(32,33,35) and preferred nucleotides at the -3, -2 and -1

positions (32,33,36); and a lack of any significant secondary
structure which might interfere with utilization of the Shine-

Dalgarno sequence or ATG start (37,38). In addition, trans-

lational readthrough from any upstreaim ORF is prevented by a TAA

stop codon in the spacer region, while translation in the other

two reading frames can be terminated by a TAG codon 5' to the

Shine-Dalgarno of the SRBS or a TAA codon in the vector sequences
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of the final construct. The last 15 bp of the SRBS include a

single change from the native sequence -- substitution of a G for

a C to change the rarely utilized leucine codon CTC to the

commonly utilized leucine codon CTG (39-41).

The efficiency of the SRBS in directing translation initia-

tion was analyzed using plasmid pJC287, which contains the tac

promoter, SRBS, and first 8 codons of the 5B ORF fused to a 3-

galactosidase gene that is missing 8 amino-terminal codons. The

amount of 3-galactosidase activity produced from this plasmid

should be directly proportional to the amount of B-galactosidase
enzyme made (19), and is therefore a reflection of the transla-

tional efficiency of the SRBS. JM109/F' laciq cells containing

pJC287 produced approximately 30 units of activity in the absence

of IPTG and 3,000 units in the presence of IPTG, while cells con-

taining the control plasmid pMLB1034 produced <l unit of activity
and cells containing a plasmid bearing the 3-galactosidase gene

fused to the tet regulatory signals (pJC57) produced <20 units

(data not shown). This demonstrates both inducible production
and efficient translation of messages encoded by an ORF located
downstream of the tac-SRBS regulatory signals. The activity

detected without induction was probably due to incomplete re-

pression of the high copy number tac promoter by the low copy

number laciq allele. Controls done with lacI+lacZ+ MM294

or W3110 cells gave results consistent with those expected (19).

Similar constructions designed to fuse the tac promoter and 5B

FIG. 3. Structure of plasmid pJC281: Subcloning the 5B ORF
downstream of a strong tac promoter and synthetic ribosomne bind-
ing site. The specially-designed synthetic ribosome binding site
(SRBS), which is flanked by EcoRI and SacII restriction sites,
contains a Shine-Dalgarno sequence and ATG start codon, shown in
boldface type; a heptanucleotide sequence of the form RRTTTRR
(R=purine), which is overscored; and upstream translational stop
codons, which are enclosed in boxes. The circled G residue cor-
responds to a position at which the native 5B ORF contains a C
(see Fig. 6). IS5 sequences are indicated by shaded arcs or
boxes, the SRBS is designated by a striped box, and E. coli se-
quences containing the strong tac promoter (Ptac) are repre-
sented by a black arc. 5A, 5B and 5C indicate intact IS5 genes,
while '5B, 5B', and '5A' designate genes that are truncated at
the 5', 3', or 5' and 3' ends, respectively. The B-lactamase
promoter (P3) and ampicillin resistance gene (Apr) are also
shown. Details of the construction are described in Materials
and Methods.
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FIG. 4 (A). In vitro overproduction of the SB protein from
pJC28l. Proteins were synthesized by in vitro transcription-
translation using 50 pCi of [3HJleucine and 0.4-0.8 pg of
the indicated substrate DNAs in a 40 mmn reaction. Aliquots of
labelled proteins containing 170-300 x10 cpm were electro-
phoresed on a 20% SDS-polyacrylamide gel and the gel was auto-
radiographed for 4 hr. Lanes: 1, pDI15; 2, molecular weight
markers; 3, pJC281; 4, ptac 11; 5, pJC251. All lanes are from
the same gel. Positions of bands corresponding to B3-lactamase
(bla), the SB protein (SB), and an unidentified polypeptide of
approximate molecular weight 5.S kDa (<---) are indicated on one
side of the figure, and molecular weights of protein standards
are given on the other side.
(By The SB protein is stable in vitro. Proteins labelled with[RSimethionine were synthesized from pJC281 (1.4 pg) by in
vitro transcription-translation. Reaction mixtures were pre-
incubated for 3 min before addition of the S30 extract, and there
was no chase with unlabell'ed methionine following the labelling
reaction. Labelled proteins containing 350-400 x 103 cpm were
analyzed on a 20% SDS-polyacrylamide gel. Lanes: 1, 21 min reac-
tion; 2, 5 min reaction; 3, 10 mmi reaction; 4, 30 min reaction;
5, molecular weight markers.

ribosome binding site from pJC25l to 13-galactosidase suggested
that the SRBS is at least 150-fold stronger than the native SB
ribosome binding site. This data supports the hypothesis that
the inability to detect a SB gene product in previous experiments
was due to inefficient translation initiation.

Overprodtjction of the SB Protein in vitro
The in vitro transcription-translation system was used to

synthesize proteins from pJC281, which contains the SB ORF down-
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stream of the tac promoter and SRBS (see Fig. 3). As shown in
Figure 4A, a protein with an apparent molecular weight of

approximately 8.4 kDa was produced at a level of 80-85% of the
total protein synthesized. This protein was not detected from

either the control plasmid ptacll or from plasmids pDI15 or

pJC251, which contain the 5B ribosome binding site and ORF

downstream of the B-lactamase promoter and 5B promoter or the tac

promoter, respectively. This data strongly suggests that the

8.4-kDa protein is the product of the 5B ORF and that its pro-

duction in such large amounts from pJC281 is due to the presence

of the SRBS rather than the native ribosome binding site. Fur-

thermore, it compares favorably with the prediction from the

B-galactosidase fusion studies that expression of a 5B protein
would be at least 150-fold greater from pJC281 than from pJC251.

A 5.5-kDa species seen in Figure 4A was not consistently observed

in vitro and did not appear to be made in vivo (Fig. 5). The

results in Figure 4B indicate that the 8.4-kDa species is synthe-

sized in detectable amounts within 2 min in vitro, and that it

accumulates during the course of a 30 min reaction. Thus it

appears that this product is relatively stable in vitro.

To test the hypothesis that the 8.4-kDa protein originates
from the 5B ORF, pJC281 was linearized at sites both within and

outside the ORF and then utilized in the in vitro transcription-
translation system. When pJC281 was linearized at the HindIII

site upstream of the tac promoter or at the NcoI, AatII, or PstI

sites downstream of the 5B ORF (see Fig. 3), the 8.4-kDa product

was still synthesized in large amounts (data not shown). Plasmids

linearized at the SacII or BstEII sites within the 5' end of the

5B ORF, however, failed to yield detectable levels of this pro-

duct. Furthermore, when pJC281 was digested at the NsiI or StyI
sites further into the ORF, truncated polypeptides of increasing
size were observed (approximately 4-5 kDa and 5-6 kDa, respective-
ly). This data is consistent with the argument that the 8.4-kDa
protein is expressed from the 5B ORF and inconsistent with the

formal possibility that it is encoded either by the opposite
strand of the DNA insert or by a fusion of 5B sequences with ex-

ternal vector sequences. Thus, this product will hereafter be

referred to as the 5B protein.
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FIG. 5. In vivo synthesis and degradation of the 5B protein in
cells containing pJC28l. RB791 lai cells containing the
plasmids designated below were either pulse-labelled with
[3HJleucine for 30 sec (lanes 1,2,4-7,10) or labelled contin-
uously for 30-50 mm (lanes 8-9). Where indicated, labelling
reactions followed induction with IPTG for the time period
shown. Lane 11 contains proteins synthesized in vitro using
50 pCi of [3HJleucine. Samples were prepared for electro-
phoresis, analyzed on a 20% SDS-polyacrylamide gel cross-linked
with DATD, and visualized by autoradiography. Lanes: 1, pJC28l,
60 mm without induction; 2, pJC281, 60 mn induction; 3, molec-
ular weight markers; 4, ptac 11, 120 mn without induction; 5,
ptac 11, 120 mmn induction; 6, pJC28l, 120 min without induction;
7, pJC281, 120 mmn induction; 8, ptac 11, 45 mn induction and
30-50 mmn labelling; 9, pJC281, 45 mm induction and 30-50 min
labelling; 10, pJC281, 30 mm induction; 11, pJC281, 40me in
vitro labelling; 12, molecular weight markers. The positions of
bands corresponding to B2-lactamase (bla), the processed form of
wi-lactamase (vbla), and the 5B protein (5B) are noted on the
right.

Expression and degradation of the SB protein in vivo
To measure the rate of synthesis of the SB protein in vivo,

E. coli RB791elaciq cells containing ptacll or pJC28d were in-

duced with IPTG and then pulse-labelled for 30 sec. As shown in

Figure 5A, a protein of apparent molecular weight 8.4 kDa was
produced from pJC28l at a rate of 20-25% of the total protein
synthesis. Since ptacll failed to make this protein, its produc-
tion requires the presence of the sB ORF. Furthermore, its ap-

pearance is dependent upon IPTG induction, indicating that it is
under tac promoter control. When this 8.4-kDa species was elec-

trophoresed on an SDS-polyacrylamide gel alongside the 5B protein
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FIG. 6. Structure of the native 5B translation initiation
region. A portion of the probable mRNA transcript for the 5B
protein is shown in single-stranded stem-loop form (10).
(A). The previously-suggested Shine-Dalgarno sequence (10) is
given in boldface type and an alternative Shine-Dalgarno sequence
is designated by the thin bar below and to the right of the ap-
propriate nucleotides. Positions which can base pair with a cri-
tical region of the 3' end of 16S rRNA (5'-ACCUCC) are indicated
by asterisks (to the left of the relevant nucleotides) in the
case of the sequence suggested previously, or by crosses in the
case of the alternative sequence suggested here. Recognition of
either of these signals could lead to translation initiation at
the 5B AUG start codon shown in boldface type. The alternative
sequence might be preferentially utilized because it has greater
potential for base pairing with the 16S rRNA outside of the
critical region (not shown), and because the two nucleotides at
its 5' end are not contained within the stem of the stem-loop
structure. The circled C residue corresponds to a position which
was changed to a G residue in the SR8BS (see Fig. 3).
(B). A third Shine-Dalgarno sequence and its associated UUG
start codon are indicated in boldface type. Positions which can
base pair with the 16S rRNA sequence mentioned above are desig-
nated by crosses to the right of the relevant nucleotides.

produced in vitro, the two were shown to comigrate (Fig. 5B).

Cells containing pJC281 which were induced with IPTG for

45 min and then labelled for 30-50 min did not accumulate

detectable levels of 5B protein (Fig. 5A). This is in contrast to

the results obtained with a 30-40 min labelling reaction in vitro

(see Fig. 4). When induced cells containing pJC281 were pulse-

labelled for 30 sec and then chased for 10 min (see Materials and

Methods), again there was no detectable 5B protein (data not

shown). This data strongly suggests that the 5B protein is

degraded within 10 min in vivo.

DISCUSSION

We have described the in vitro and in vivo overproduction of

the 5B protein of IS5 using an efficient synthetic ribosome bind-

ing site and a strong tac promoter. This protein was not detected

1945



Nucleic Acids Research

from a construct containing the native ribosome binding site and a

tac promoter, suggesting that expression of the 5B gene is normal-

ly limited by poor translation initiation. B-galactosidase fusion

studies have indicated that the SRBS is at least 150-fold more

efficient than the native ribosome binding site.

Examination of the native 5B translation initiation region

suggests several reasons for its inefficiency. First, both the

previously-suggested Shine-Dalgarno sequence (10) and a second

one suggested here lack a significant stretch of polypurines and

are only complementary to the 3' end of 16S rRNA at 3 out of 6

important positions (Fig. 6A). Second, both the Shine-Dalgarno

sequences and the AUG start codon are likely to be unfavorably

sequestered within the stem of a stable stem-loop structure

(37,38). In addition, the spacer regions just upstream of the

start codon contain 3-4 unfavorable G residues (32,33,35,38).
Another possible Shine-Dalgarno sequence, which is located

just 2 bp upstream of the 5B AUG start (see Fig. 6B), may ac-

tually interfere with appropriate translation initiation. Unlike

the others, it has a very good polypurine tract and is complemen-

tary to the 16S rRNA at 5 out of 6 positions, but it is inappro-

priately spaced from the AUG (33). Instead, it is favorably

spaced from a possible UUG start codon which is in a different

ORF. Since this UUG is not sequestered in any secondary struc-

ture and the strong Shine-Dalgarno sequence associated with it is

only partially sequestered at its 3' end, this set of translation
initiation signals may competitively inhibit binding of the ribo-

some to the appropriate 5B Shine-Dalgarno sequence. Initiation

at this UUG, however, can only lead to production of a 3-kDa

polypeptide which is unrelated to the 5B protein.
Although the 5B gene product is predicted to be 11.1 kDa in

size, the observed protein has an apparent molecular weight of

8.4 kDa. The accidental introduction of a DNA mutation into the

5B ORF during the plasmid construction, which could lead to an

early stop codon and thus a smaller protein, has been ruled out

by sequencing the entire ORF of the final construct (12). Al-

though the possibility of mRNA degradation cannot be completely

excluded, in vitro experiments carried out with an RNase inhibi-

tor or RNase S30 extracts gave the same size polypeptide (data
not shown,12). Similarly, since addition of protease inhibitors
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or excess exogenous protein did not alter the size of the pro-

duct, there is currently no evidence to suggest that this dis-

crepancy is due to a nonspecific protease activity. Further-

more, in vitro reactions as short as 2 min (Fig. 4B) and in vivo

labellings as short as 30 sec (Fig. 5) gave no evidence of a

higher molecular weight 5B precursor. Labelliing experiments with

individual amino acids that are expected to occur only near the

5' end or the 3' end of the 5B protein indicated that at least

residues 20 through 80 of the predicted 108-amino acid protein
were present (data not shown). This data, as well as the sizes

of the truncated products synthesized from NsiI-digested and

StyI-digested pJC281 (see Results), is inconsistent with the for-

mal possibility that the 8.4-kDa polypeptide is the result of

translation initiation at a downstream ATG. One explanation for

the discrepancy between the expected and observed sizes of the 5B

protein is that of anomalous migration on SDS-polyacrylamide
gels. An IS4-encoded protein with an apparent molecular weight
significantly less than that predicted has also been reported
(6), and a small regulatory protein encoded by the P2 bacterio-
phage ogr gene has a difference in gel migration similar to that

seen here (42). In these cases as well, there was' no clear

explanation for the observed discrepancies.
At this point the nature of the discrepancy between the

12.3-kDa 5B gene product identified by Rak et al. (4) and the

8.4-kDa 5B protein seen here is unclear. Even though the IS5

element utilized in the earlier study was isolated independently
of that used here, the DNA sequences of the two are identical
(10,11), and the electrophoretic conditions used for estimation
of the molecular weight of the protein were similar. Although it

is most likely that the 12.3-kDa product originates from the ATG

start at position 525 (4,10), there is another ATG further up-

stream (see Fig. 1) which could have been utilized in the pre-

vious study but is not present in our pJC281 construct. Trans-

lation from this upstream start could lead to an expected product

(in their case) of about 12.2 kDa rather than 11.1 kDa. However,

use of the functional promoter just upstream of the 5B ORF (4)
would result in a transcript which does not contain enough bases

upstream of this start to allow for a ribosome binding site.
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Thus the previous authors suggested that translation began at

position 525, and we chose to overexpress the 5B ORF starting at
this position. The apparent difference in size between the

previously-observed product and that seen here may be related to
the fact that the previous workers detected low level synthesis
of a 5B protein in minicells while the current results were ob-
tained with a 5B-overproducing plasmid in vitro and in whole
cells. There have been several cases reported in which different
levels of proteins or entirely different products were detected
in minicells than in vitro or in whole cells (43,44), including
that of an IS4-encoded product which was produced in low amounts
in minicells but not at all in vitro (6). It remains to be shown
whether the 8.4-kDa 5B gene product or the 12.3-kDa 5B gene pro-
duct corresponds to a protein normally made in vivo.

The 5B protein is stable for at least 30-40 min in vitro but

appears to be degraded within 10 min in vivo. Thus expression of

the 5B gene may be maintained at a low level by protein degrada-
tion as well as poor translation initiation. Since the in vitro

yield of 5B protein is significantly decreased when an S30 ex-

tract from an RNase strain rather than an RNase strain is
used (12), RNA instability may also limit the level of 5B protein
normally present in vivo.

Although we currently have no direct evidence to suggest a

physiological role for the 8.4-kDa 5B protein, it seems highly
likely that an CRF utilizing 354 bp of an 1195-bp insertion
sequence would have an important role to play in either the regu-
lation or mechanism of that element's transposition. This ORF

has probably been maintained over a long period of time, and is
similar in size and location to that of several other insertion
sequences (2,8). In the case of Mu, Tn5, Tn3 and gamma-delta, it
is already known that two proteins are involved in maintaining
wild type levels of transposition (1), and this appears to be
true for IS1 and IS2 as well (45,46). By analogy to these other
systems, one might imagine that the larger IS5 5A gene encodes a

transposase and the smaller IS5 5B gene encodes either a regula-
tory protein or an auxiliary factor important to the transposi-
tion process itself.

This work has demonstrated that expression of the 5B gene is
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strongly limited by poor translation initiation and that the 5B

protein itself is unstable in whole cells. Previous studies have
shown that the activity of the 5B promoter is very weak in vivo
(4) and the 5B mRNA may be unstable (12). While the 5A p.romoter
is somewhat stronger (4), the 5A protein is still produced in
small amounts (3,4) and appears to be degraded into one or more

lower molecular weight polypeptides (3). The gene products en-

coded by other bacterial transposable elements also appear to be
maintained at low levels (1,5,6,47). In particular, protein in-

stability has been demonstrated or suggested for the IS903, IS10,
and bacteriophage Mu transposases (48-50), and it is interesting
to note that the translation initiation regions of several inser-
tion sequence genes suggest their involvement in determining
levels of protein production (10,51,52). It is likely that a

strategy of multiple controls of gene expression has been se-

lected for duiring the evolution of many transposable elements,

since their propagation is dependent upon maintaining a trans-

position rate which is Tow enough to allow survival of the host.
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