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ABSTRACT

Insertion of the insertion sequence IS2(I) directly before the galE gene
of the galactose operon results in a Gal minus phenotype (1,2). The
Gal-constitutive allele galc200 (and its deletion derivative galC200 A31)
arise from such a Gal minus mutant by the insertion of IS2(II DNA within the
IS2(I) sequence (3). We have transcribed in vitro a DNA template repre-
senting the IS2-galE region of galc200 A31. Gal-directed transcription
initiates at two sites within the IS2(I) sequence, 51 and 52 bp from the
IS2-galE junction. The promoter for these transcripts, Pgal200A3l, is
composed of a novel joint between a -10 region from the IS2(I) DNA and a -35
region contributed by the IS2(II) insertion. No promoters intrinsic to the
121 bp of the IS2(II) sequence also present on the template were detected.
The relevance of Pgal200A3l to the GalC phenotype of g4l200 and to
general mechanisms for the constitutive expression of genes adjacent to IS2
is discussed.

INTRODUCTION

Bacterial insertion sequences (IS elements) are among the simplest known

transposable elements, being less than 1500 bp in size and lacking known

genetic markers (for reviews see 4-6). One of these elements, IS2, occurs

normally within the chromosome of Escherichia coli (7) and has also been

isolated as a rare mutational insertion at various sites in bacterial and

phage operons (1,2,8-12). Genetic analyses of these mutations have shown

that IS2 affects the expression of genes adjacent to its insertion. Inser-

tion of IS2 in one orientation (I) near the operator/promoter region of an

operon blocks transcription from the promoter, thus preventing the expression

of downstream genes (1,2,9,12). This polar effect of IS2(I) arises from the

presence of a rho-dependent termination site within the insertion element in

this orientation (13). On the other hand, the disruption of an operon by IS2

in orientation II can lead to the constitutive expression of genes distal to

its insertion (8,11,14). This observation has led to the speculation that, in

orientation II, the IS2 DNA contains promoter(s) that direct transcription

© I R L Press Limited, Oxford, England. 5015



Nucleic Acids Research

into adjacent DNA (5,8,11). The DNA sequence of IS2, however, does not appear

to contain sequences unambiguously related to other known bacterial promoters

(15).
In addition to the insertion of IS2 in orientation II, genes downstream

from the insertion of altered IS2(I) sequences may also be expressed consti-

tutively (3,16-19). Several such IS2(I) derivatives have been obtained by

selection of spontaneous Gal+ pseudo-revertants from the Gal- strains,

gal3::IS2(I) (9) and 1LOP-308::IS2(I) (1,2). These independently isolated

Gal7 mutants both have a polar IS2(I) insertion in the galactose operon imme-

diately preceding the start of the galE message (3,15) (Figure 1). DNA

sequence analyses of the IS2(I) derivatives of gal3 and galOP-308 have re-

vealed that they all involve DNA insertions or sequence changes located 50 to

100 bp upstream from the IS2(I)-galE junction (3,19-21). The mechanism where-

by these localized alterations of the polar IS2(I) sequence convert a Gal1

phenotype into Gal-constitutive expression is unclear. Although one might

speculate that the IS2(I) sequence alterations generate new gal-directed pro-

moters, the DNA sequence analyses have not generally demonstrated obvious

homologies to known promoter sequences (3,20,21).

To help elucidate how the insertion of IS2(II) or altered IS2(I) DNA re-

sults in the constitutive expression of adjacent genes, we have investigated

the alleles galC200 and galC200 t31 (Figure 1). The allele galC200 is a

Gal-constitutive derivative of gal3 which expresses the gal genes at a level

twice that of the fully induced gal operon (3). Our previous analyses of

galc200 have shown that it contains a complete IS2 in orientation II nested

within the IS2(I) DNA (3). This IS2(II) insertion occurs between positions

-65 and -66 of the IS2(I) sequence. Thus, in galC200, only 65 bp of IS2(I)
DNA are adjacent to galE; the remaining IS2(I) DNA (-66 to -1327) lies up-

stream from the MM2(II) insert. Such a structure for promoting constitutive

gal expression is apparently not unique. Besemer et al. (19) have reported

an identical structure for an independently isolated Gal+ revertant of

galOP-308, designated gLj-308C-1-0. Interestingly, the Gal-constitutive

phenotype of galC200 is retained even when most of the IS2 DNA has been

removed by a deletion called t31 (22). This deletion leaves only 121 bp of

the IS2(II) sequence (-1207 to -1327) and fuses the remaining IS2(II) segment

to bacterial DNA that is normally several kilobases upstream from the gal

genes. Thus, ga1C200 and galC200 A31 contain both an IS2(II) and an al-

tered IS2(I) sequence (at the IS2(II) insertion site), providing an opportun-
ity to examine how these IS2 sequences result in the constitutive expression
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of adjacent genes. In vitro transcription of DNA from these alleles should

indicate whether the IS2(II) or the altered IS2(1) DNA contain functional

promoter sequences. In this paper, we report the results of the in vitro

transcription from one such DNA template, g4c20O A31.

MATERIALS AND METHODS

a) Chemicals and enzymes. Restriction enzymes, T4 DNA Ligase and T4

DNA polymerase were purchased from Bethesda Research Laboratories, Inc.

Ribonucleases (RNases) T1,T2, and U2 were obtained from Calbiochem.

Pancreatic ribonuclease was obtained from Worthington and ribonuclease P1,

from P-L Biochemicals, Inc. RNA polymerase holoenzyme was prepared according

to the procedure of Berg et al. through step five (23).

The [a-32P] ribonucleoside triphosphates (>400 Ci/mmol) were purchased

from New England Nuclear Corp. All other nucleotides were from P-L Biochemi-

cals, Inc. The plasmid pBRHEgalc200 A31 (3) was the generous gift of A.

Ahmed. Native DNA was extracted and separated strands were prepared as pre-

viously described (24) from the lambda phages XcI857r32S7 (Xr32) (2) and

Xpj.I8cI857S7 (Xpgal8) (35). [a-32P]ATP-labeled 6S RNA (25) was

generated by in vitro transcription of a HaeIII restriction fragment of X

DNA. Cellogel 250 strips were purchased from Kalex Scientific Co. and

polyethyleneimine (PEI) thin layer chromatograms (Cel 300) were obtained from

Brinkmann Instruments, Inc. DEAE cellulose plates (250 micron, cellulose:

DEAE:: 9:1) were obtained from Analtech, Inc. DE 81 paper was purchased from

Whatman, Inc. The mobilities of nucleotides and oligonucleotides on this

paper differed somewhat from earlier published values (26, 27) due to a

change in the paper by the manufacturer.

b) Isolation of HincII DNA fragment. A 550 bp HincII fragment for in

vitro transcription was isolated from a total HincII digest of the plasmid

pBRHEgalc200 A31 by electrophoretic separation on a 1.5Z agarose gel. The

band was cut from the gel and eluted electrophoretically. After concentration

and removal of ethidium bromide by extractions with isobutanol, the DNA was

loaded on a DEAE cellulose column (1.0 x 1.0 cm). The column was washed

with buffer A (50 mM Tris(hydroxymethyl)aminomethane (Tris)-HC1, pH 8.0;

1 mM ethylenediamine tetraacetic acid (EDTA) ) and 150 mM NaCl in buffer A.

The DNA was eluted by a solution of 1 M NaCl in buffer A, precipitated with

ethanol, dried, and stored in water at -20°C.

c) In vitro transcription reactions. In vitro transcriptions were

performed in reaction mixtures (25 1l) containing 20 mM Tris.HC1, pH 8.0;
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75 mM KC1; 5 mM MgC12; 0.1 mM EDTA; 0.5 mM dithiothreitol; 50 pg/ml

bovine serum albumin; 0.05 pg DNA; 15 ig/ml RNA polymerase holoenzyme;

100 pg/ml heparin; and all four 5'-ribonucleoside triphosphates (NTPs)

(27). After incubation of the first seven components at 37°C for 10 min,

heparin was added and the resulting mixture kept at 37°C for an additional 2

min. In vitro transcription was begun by adding a solution of the 5'-ribo-

nucleoside triphosphates, giving the following nucleotide concentrations:

for either labeled UTP or CTP precursor: 10 jiM [a-32P]UTP (or CTP)

(300 Ci/mmol), 50 jM CTP (or UTP), 200 pM ATP, 200 jM GTP; for either

labeled ATP or GTP precursor: 100 pM [a-32P]ATP (or GTP) (40 Ci/mmol),
200 pM GTP (or ATP), 50 jiM CTP, lOpM UTP. After 20 min, a solution

(155 il) containing 65 mM Tris*HCl, pH 7.5; 44 mM MgC12; 0.3% sodium

dodecyl sulfate; and 87 jg/ml tRNA was added, and the reaction stopped by

phenol extraction and ethanol precipitation. The RNA was resuspended in a

sample buffer containing 89 mM Tris-borate, pH 8.3, 2.5 mM EDTA, 7 M urea,

0.1% bromophenol blue, and 0.1% xylene cyanol FF. The sample was heated at

70°C for 3 min and electrophoresed on a 5% polyacrylamide, 7 M urea dena-

turing gel. Labeled RNA species were detected by autoradiography, cut from

the gel, and eluted electrophoretically. Carrier tRNA (100 pg) and sodium

acetate (to give a final concentration of 1%) were added and the RNA was pre-

cipitated in ethanol.

d) Hybridization of RNA to single-stranded DNA. The major RNA species

after in vitro transcription was hybridized to the r strand of Ar32 DNA in

a solution (1 ml) containing 4.7 jig/ml r strand Xr32 DNA, 32P-labeled
RNA isolated as described above, 3% phenol, 3 mM NaOH, and 2 x SSC (1 x SSC:

0.15 M NaCl, 15 mM sodium citrate, pH 7.0) (28). After incubation at 66°C for

4 hr, the RNA-DNA hybrid was collected on a nitrocellulose filter by drop-

wise filtration. Single-stranded RNA was eliminated by incubating the filter

at 22°C for 30 min in a solution (2 ml) of 5 U/ml ribonuclease T1 in 2 x

SSC. Following the ribonuclease treatment, the nuclease Tj was inactivated

by incubating the filter at 55°C for 1 hr in a solution of 0.17 M iodoacetic

acid, 0.17 M NaOH, 0.10 M NaCl, and 50 mM sodium acetate, pH 5.6. The RNA was

released from the filter by heating in water (90°C) for 3 min and 100 jg
carrier tRNA added. After ethanol precipitation, the RNA was dried and ana-

lyzed as described below.

e) Enzymatic digestion of RNA. Two-dimensional fingerprints of the 32p-
labeled RNA were generated by standard techniques (26): RNA prepared with each

of the four [a-32P]NTPs (plus 100 jg carrier tRNA) was dissolved in a
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solution (6 pl) containing 1 x RNase buffer (20 mM Tris'HCl, pH 7.5; 1 mM

EDTA) and 15 U Tj ribonuclease and incubated at 37°C for 45 min. The Tj
products were then fractionated in a two-dimensional system (first dimension:

electrophoresis on Cellogel strips at pH 3.5; second dimension: chromatography

on DEAE cellulose plates developed with a 1:1 ratio of 45 min and 60 min

hydrolyzed Homomixture B.) The separated T1 products were eluted from the

DEAE cellulose with 30% triethylammonium bicarbonate, pH 9.0, and dried.

Secondary digestion of these oligomers was then performed as described (26) by

treatment with pancreatic ribonuclease (2.5 jg in 5 pl of 1 x RNase buffer)

or ribonuclease U2 (0.1 U in 5 jil containing 20 mM sodium acetate, pH 4.8;

1 mM EDTA). The secondary products were separated on DE 81 paper by electro-

phoresis at pH 3.5.

To determine the 5' end of the transcript, 32P-labeled RNA (plus 100 ig

carrier tRNA) was digested with nuclease P1 (10 pg in 10 pl sodium acetate

pH 5.6) (29,30). The P1 products were separated by two-dimensional chroma-

tography on PEI thin layer plates. (First dimension: step by step separation
in 0.5, 2.0 and 4.0 M sodium formate, pH 3.4; second dimension: 0.75 M KH2PO4

pH 3.4) (31). To determine the penultimate 5'-residue, 32P-labeled RNA (plus
100 pg carrier tRNA) was digested with 2 U nuclease T2, 20 U ribonuclease

Tj and 0.5 jig ribonuclease A in 10 jil 50 mM ammonium acetate, pH 4.5 (26).
The T2 products were separated by electrophoresis on DE 81 paper at pH 1.7.

f) Plasmid Constructions. To construct pAST202, we deleted DNA between the

EcoRI and HpaI sites of pBRHEgalc200 131 as follows. DNA of the latter

plasmid was digested with EcoRI. The staggered EcoRI ends were filled
with T4 DNA polymerase as described by Wartell and Reznikoff (36). The DNA

was then digested with HpaI and finally circularized by ligation with T4 DNA

ligase (0.7Weiss units for 16 hr at 160 and 2 jg/ml DNA concentration). The

bacterial strain SA1171 [E. coli K12 A(galETK) galR-] (obtained from Dr. S.

Adhya) was made competent for transformation (37) and transformants were

selected as ampicillin resistant colonies. Plasmid DNA was prepared (38) from

several isolates and characterized by size and restriction sites. Most

isolates had the plasmid structure expected for pAST202 as indicated in Fig. 5.
The plasmid pAST100 was constructed from pBR322 and an EcoRI-HindIll frag-

ment containing the gal promoter using Xpgal8 DNA as a source for the latter.

DNA from Xpgal8 and pBR322 were each digested to completion by HindIII

and EcoRI, mixed together at 15 pg/ml of the former and 5 pg/ml of the

latter and ligated with T4 DNA ligase (0.05U) for 16 hr at 16°. Competent

cells of SA1171 were transformed and Apr cells selected and then screened
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for growth on L-agar plates containing tetracycline at 0, 10, or 20 ig/ml.

From 50 Apr colonies eight were found to grow well at 10 Ig/ml tetra-

cycline and each was found to have the desired plasmid, pAST100, with the

1.1 Kb EcoRI-HindIII fragment containing the gal promoter.

g) Determination of promoter strength in vivo. In the plasmid pBR322

part of the promoter for the tet gene lies between the EcoRI and HindIII

sites (39). Thus a deletion of this region will result in transformants

which are tetracycline-sensitive unless other DNA is inserted which pro-

vides a new promoter for transcribing the tet gene. Previous studies on a

plasmid pBdCl, which is identical to pASTI, have shown that tet is expressed
from the gal promoter (40) and we have used this plasmid as a reference to

estimate the relative promoter activity of DNA segments derived from

galC200 t31. This is based on determining the level of tetracycline
resistance conferred by specific plasmids as follows. Single colonies

of SA1171 transformants containing the desired plasmids were grown over-

night in L broth containing 100 ig/ml ampicillin (L-amp) and then diluted

10OX into L-amp and grown to mid-log phase. Each culture was then diluted

and tested for plating efficiency on L-agar plates containing ampicillin

(40 ig/ml) and different concentrations of tetracycline (0,5,10,20, or

50 iig/ml). The results for the plate containing only ampicillin was taken

as an efficiency of plating (EOP) = 1.0.

RESULTS

To characterize the transcription products from galc200 A31, we isolated

a 550 bp HincII fragment which contains both the IS2(II) and the IS2(I) seg-

ments, - 320 bp of gl and 39 bp of bacterial DNA to the left of A31

(Figure 1). This template was transcribed in vitro under standard conditions

in the presence of [(a-32P] ribonucleoside triphosphates. Separation of

the radioactive RNA products on a denaturing gel revealed one major RNA

species migrating with an apparent size of - 400 bp (Figure 2).
The isolated RNA from the HincII template was digested with T1 ribo-

nuclease and the resulting oligonucleotides were separated by standard two-

dimensional fingerprinting techniques (Figure 3A). Although a complex

fingerprint was generated, the overall pattern was similar to that of galE

maps obtained in our laboratory by in vitro transcription from the gal
promoter (data not shown). This suggested that most of the Tj oligomers

were derived from the transcription of the galE gene. To determine whether
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Allele Phenotypea

gal + (OP) E g Gal + (100%)

EcoRIY'lO) __ Gal~ ( 1%)

Eco'RI

Eco'R - GalC (20%)

1327

gelC200 rg4(OP)__________________E_____ Galc (20%)
EcoRIL

1327 66 1 1327 65 -1

galC200 A31 Ecfii Deletion A31 (6300 bp) Galc (60%)

Hincd ~ 1207 - 651
- 1327 Hincd HindI

Figure 1. Structural and functional relationships among the alleles gal+,
gal3, galC200, galC200 A31. (OP) and E designate the operator/ promoter
region and the epimerase gene of the gal operon, respectively. The orienta-
tion of the IS2 DNA is designated as follows I: _ ;II:01 . In gal3 an IS2
in orientation I precedes the start of the galE message; position -1 repre-
sents the end of the IS2(I) DNA at the IS2(I)-galE junction while position
-1327 represents the end at (OP)-IS2(I). In galc200 an IS2(II) is nested
within the IS2 sequence. In galc200 A31 a deletion, indicated by dotted
lines, has removed all of the IS2 DNA upstream from position -1207 of IS2(II).
DNA sequence analyses of galC200 t31 (3) indicated that the IS2(II) has
inserted between positions -65 and -66 of the IS2(I) sequence. The same
sequence is presumed to occur in galC200 since galC200 A31 is derived from
this allele. The positions of HindIII, HincIl and EcoRI restriction sites
referred to in the text are shown. aNumbers in parentheses indicate the %
of gal expression relative to a fully induced Gal+.

the RNA also contained sequences from the transcription of the IS2(I) DNA

upstream from the galE gene, we hybridized the isolated RNA to the r strand

of Xr32. (This X DNA contains a copy of an IS2 sequence but does not

contain the gal operon; the r strand would complement any gal-directed RNA

from the 65 bp of IS2(I) adjacent to galE.) Any sequences that did not

hybridize to the Xr32 DNA, including the gal-specific sequences, were then

eliminated by trimming the RNA-DNA hybrid with T1 ribonuclease. A simplified

fingerprint, containing a portion of the T1 oligomers from the complete map,

was obtained (Figure 3B). This analysis demonstrates that the RNA initiated

upstream from the galE sequence.

The T1 oligonucleotide products from both the complete and IS2-specific
fingerprints were analyzed by treatment with pancreatic ribonuclease and/or
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-Origin Figure 2. In vitro transcription products of the HincII DNA
template from galc200 A31 after separation on a 5% polyacrylamide,
7 M urea gel. The in vitro transcription was performed as

-500 bases described in Methods. BPB and XC refer to the positions of the
marker dyes bromophenol blue and xylene cyanol FF, respectively.
The sizes designated on the gel indicate the mobilities of
in vitro transcripts of known lengths. Minor bands observed
on the gel account for less than 10% of the radioactivity
incorporated into the major band. T1 fingerprint analyses of
these minor bands indicated that they represent shorter

-xc transcripts derived from the major band.

-Bps

ribonuclease U2. As expected, all the T1 products present on the complete

map, but missing from the IS2-specific map, correlated with transcription of

the galE sequence present on the template (data not shown). The Tj sequen-

ces observed in the IS2-specific fingerprint represented the products ex-

pected from the transcription of the IS2 DNA upstream from the IS2-galE

junction. As shown in Figure 3C, the Tj product T3, representing a portion

of the expected Tj product from positions -54 to -38 of IS2(I), was the

farthest upstream T1 oligomer observed. The next upstream potential pro-

duct, a heptamer, did not appear on the IS2-specific map. Thus, T3 contains

the 5'-end of the RNA and transcription starts within the IS2(I) DNA sequence,

ACTATCACTTATTTAAG.

Several lines of evidence were used to determine the exact nucleotide

start of the RNA. Secondary analyses of T3 revealed the presence of a poly-

phosphated moiety (Table 1). In addition, this characterization indicated

that while the pancreatic RNase product ACp was obtained, the ribonuclease

U2 products Ap and CUAp were not observed. These results showed that the

RNA must initiate within the sequence CTATC (positions -53 to -49 of the

IS2(I) sequence). To identify which of these nucleotides represents a 5'-

start, we digested the isolated RNA with nuclease P1, an enzyme that yields
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A B

T33

I~~~T T3 /12 T3 T6 T

*23 17B

032 %I17A (D 2621

#6 0~~~~~~~~~~~2

-132 -65-113V 6

12 13~

TA

2
3 ~~~~~~~~~~~~2

CFoigoe3.pH 3.5Com logel. pH 3.5

c pppA _W

pppU
T30

TA T3 T15 T20 T21 T13 T26 T2

F___i:I111111 11 I 111111I
5' GCAAATCCACTAGTATTAAGACTATCACTTATITTAGTGATATTGGTTGTCTGGAGATTCAGGGGGCCAGTCTMATACCATAAG 3'
3' CGTTTAGGTGATCATAATTCTG.ATAGTGAATAAATTCACTATAACCAACAGACCTCTAAGTCCCCCGGTCAGATTATGGTATTC 5'

-1327 -65 -1 +1

WSOU 152M1 galE

Figure 3. Characterization of the transcript from gl20A1
(A and B) Two-dimensional fingerprints of ribonuclease T1 oligonucleotide
products derived from the isolated [a-32P]UTP-labeled RNA shown in Figure
2 before (panel A) and after (panel B) hybridization to the r strand of
Xr32. The fingerprints were generated as described in the text. B denotes
the position of the marker dye, xylene cyanol FF;Y denotes orange G. The
underlined T1 products represent those common to both maps. (C) The DNA
sequence at the IS2-galE juncture of 00c20O A31 is shown with the match-
ing T1 oligonucleotides common to both fingerprints (panels A and B) denoted
above. These T1 products were analyzed as described in the text and assigned
as follows: T2: UCUAAUACCAUAAGp; T26: CCAGp[U]; T13: AUUCAGp; T21: UCUGp; T20:
UUGp; T30: Gp[U]; T15: AUAUUGp; T3 :pppUAUCACUUAUUUAAGp + pppAUCACUUAUUUAAGp.
(Brackets denote nearest neighbor.) TA denotes the predicted position of the
T1 product UAUUAAGp, representing positions -55 to -61 of the IS2(I) DNA,
which is not observed on the map in Panel B. The arrows above the sequence
indicate the two initiation sites (at positions -51 and -52) and the direc-
tion of transcription. The schematic diagram below the sequence shows the
location of the sequence relative to the galc200 A31 DNA; the numbers
refer to the IS2 sequence positions as given in Figure 1.
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TABLE-1 Secondary Digestion Products from the T1 Product T3

[a-32p]NTP Pancreatic RNase Relative RNase U2 Relative
Precursor Products Mobilitya Products Mobilitya

UTP Up 2.2 Gp[U] 1.38
ACp[U] 1.0 CUUAp .22
AUp .89 UUUAp .14

AAGp[U] .24 ppp(Xp)nb,c .03
ppp(Xp)nb,c .07

ATP Up[A] 2.2 UCAp .56
Cp[A] 1.4 CUUAp .24

AAGp .23 UUUAp .15
ppp(Xp)nb,c .06 Ppp(Xp)nb,c .02

CTP ACp 1.0 UCAp .57
AUp[C]c .93
ppp(Xp)nb,c .10

GTP AAGp .24

The T1 oligonucleotide T3 (a mixture of the oligomers pppUAUCACUUAUUUAAGp
and pppAUCACUUAUUUAAGp) was digested with pancreatic ribonuclease or
ribonuclease U2 as described in Methods and the products fractionated by
electrophoresis at pH 3.5 on DE 81 paper. Nearest neighbors are indicated in
brackets. Underscoring denotes a 32P molar yield for that product >1 (as
determined by intensity of the autoradiographic spot). aMobility relative
to that of xylene cyanol FF. These mobilities differ from earlier, published
values (26,27) because of a change in the DE 81 paper. bCharacterized as a
5'-triphosphate (oligo)nucleotide by its low Rb but exact sequence could not
be determined by these analyses. c 32p molar yield (1.

the nucleoside triphosphate pppN from the 5'terminal residue. As shown in

Figure 4, analysis of the transcript by P1 digestion demonstrated that

transcription with either [a-32P]ATP or [a-32P]UTP labels the 5'-

terminus but transcription with [a-32P]CTP does not. This analysis then

eliminated the possible C starts at positions -49 and -53 and indicated that

the A residue (-51) and one or both of the U residues (-52, -50) represent

5'-starts. To establish the 5'-penultimate residue, we digested the isolated

RNA with ribonuclease T2, an enzyme that yields pppNp from the 5'-end of the

RNA. This nucleoside tetraphosphate is labeled by 32p if either the first

or the second residue of a transcript is derived from an [a-32P]NTP pre-
cursor. As seea in Figure 4D, no pppNp product was obtained after the T2

digestion of [a-32P]CTP-labeled RNA. Two identical T2 products, however,

were derived from the RNA after transcription with either [a-32P]UTP or

[a-32P]ATP. These products, identified as pppAp and pppUp, demonstrate
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Figure 4. Digestion of 32P-labeled transcript from galC200 £31 with
nuclease Pl and ribonuclease T2. A-C) Autoradiographs of two-dimensional
separations after Pl digestion of the transcript labeled with [a-32P]UTP
(Panel A), [a-32P]ATP (Panel B), and [ac32P]CTP (Panel C). Pl di-
gestions and product fractionations were performed as described in Methods.
The direction of development for the two different solvents is shown by the
arrows; the position of marker nucleotides is indicated by circles. D) Auto-
radiograph of the products generated by T2 digestion of the transcript la-
beled with [a-32P]ATP (lane 2), [a-32P]CTP (lane 3), or [a-32P]UTP
(lane 4) after electrophoresis on DE 81 paper at pH 1.7. The procedure for T2
digestion is given in Methods. Lane 1 shows the position of [a-32P]pppAp
generated by the T2 digestion of [a-32P]ATP-labeled 6S RNA. Y denotes
the position of the marker dye, orange G.

that the RNA is composed of two transcripts. One starts at position -51

(pppAUp...); the other, at position -52 (pppUAp ... ) (Figure 3C). Since the
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intensities of the radioactive pppUp and pppAp moieties generated by T2

digestion were similar (Figure 4D), there is not a strong preference for

either start.

To ascertain whether these IS2 segments can also promote transcription in

vivo we examined the level of tetracycline resistance conferred by

pBRHEgalc200 A31 and certain related plasmids (Figure 5). The plasmid

pBRHEgalc200 A31 contains a 6.6 kb EcoRI - HindIII fragment from

galc200 A31 inserted into pBR322 and confers ampicillin-resistance to

transformed bacteria. Although the resulting loss of DNA between the EcoRI

and HindIII sites in pBR322 destroys the normal promoter for the tet gene,

bacteria transformed with pBRHEcal200 A31 also become resistant to

moderate levels of tetracycline. To localize the new promoter for tet in

this plasmid we deleted the 6 kb of bacterial DNA upstream of the IS2

segments as described in Methods. The resulting plasmid, pAST202, retains

39 bp of bacterial DNA upstream of the 121 bp IS2(II) and 65 bp IS2(I)

segments as well as 430 bp of galE. Thus the DNA insert in pAST202 is

nearly identical to the 550 bp HincII fragment transcribed in vitro. This

DNA region must contain the new promoter for tet since bacteria transformed

with pAST202 also gain resistance to moderate levels of tetracycline. For

comparison, a plasmid was constructed containing the same region of galE but

the gal promoter instead of IS2 sequences. Transformation of this plasmid,

pAST100, into a galR bacterial strain (which derepresses the gal promoter)

results in a comparable level of tetracycline resistance. Thus the promoter

of galC200 A31 is similar in strength to the gal promoter.

DISCUSSION

In vitro transcription of a DNA fragment from galc200 l31 yields gal-

directed RNA, initiating at two adjacent sites within the IS2 DNA, 51 and

52 bp upstream from the IS_2alE junction. These transcripts are observed

using a purified in vitro transcription system, and the RNAs initiate speci-

fically well within the interior of the DNA template. We have not observed

any significant amounts of nonspecific initiation or transcription from the

ends of the template fragment, two of the most common artefacts encountered

with this system (41). Thus, we conclude that this transcription defines a

bacterial promoter, designated Pgal2OOl31, located within the - 40 bp

upstream of the transcription initiation sites. As seen in Figure 6, the

DNA sequence of Pgal200A31 resembles the consensus sequence of other

characterized bacterial promoters (32). The hexamer TAGTAT located at the

-10 region of Pgal200t31 is similar to the conserved sequence TATAAT.
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Plasmid EOP in the Presence
of Tetracycline (jAgmin)

0 2 4 6 8 10 kb 0 5 10 20 50
I I I a I. I I I I

a) pBRHEgaIC200 A31
EcoRI Hpad HPaI HindM EcoRI

Il | | 1.0 0.8 0.9 0.7 Oa
1S2 galE tet bla

b) pAST202 Hindc1
galE tet bla

c) pAST100 Ec*FI EcoRI
1.0 1.0 1.1 0.8 Oa

galopE tet bla

Figure-5. Expression of the tet gene promoted from bacterial DNA. Linear
structures of the plasmids tested are shown with the thin lines representing
pBR322 vector DNA, thick lines for the bacterial DNA inserts, and the open box
indicating the IS2 segments of galc200 A31. The plating efficiency (EOP)
in the presence of different concentrations of tetracycline was determined
for SA1171 transformants as described in Methods. The bacteria SA1171
without plasmid fails to grow in the presence of 5ig/ml tetracycline.

Similarly, 30 bp upstream from the initiation sites, the sequence TGGAAA is

designated as the -35 region based on its homology with the expected

sequence TTGACA and its distance (17 bp) from the -10 region. Neither the

-10 nor -35 region of Pgal200A31 matches the consensus sequence exactly,

however, and other portions of the galC200 A31 DNA template might be

designated promoters based on their homologies with the consensus sequence.

-1327 -65

IS201[) | S2(I)gE

ATGTCTGGAAATATAGGGGCAAATCCACTAGTATTAAGACTATCACTTAT--
I~~ ~

-40 -30 -20 -10 -1 +1

TTGACA TATAAT

Figure-6. The sequence of the promoter, Pgal2j0&3 1. The DNA sequence sur-
rounding the start of the transcript from galc20AA31 is shown. The loca-
tion of the sequence relative to the galc200 A31 DNA is indicated by the
schematic diagram showing the positions of the IS2(II) and IS2(I) DNA. The
numbers above the diagram refer to the IS2 sequence positions as given in
Figure 1. The numbers below the sequence correspond to the pppUp start of the
transcript (+1) and the region of the promotor Pgal200l31 (-1 to -40). The
DNA sequence of the conserved -10 (Pribnow box) and -35 regions are shown.
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Thus, the DNA sequence of the galC200 A31 template is not sufficient to

predict the transcription from Pgal200A3l observed in vitro. In partic-

ular, the transcription initiation site at position -52, representing a UTP

start, might not be expected since few examples of transcription starts at

pyrimidine residues are known (32). Thus, these in vitro transcription

studies have been useful in defining the existence and position of a

gal-directed promoter located within the IS2 sequence of galc200 t31.

The detection of Pgal20O031 in vitro suggests that this promoter might

be responsible for the Galc phenotype of galc200t31. Although we have

not proven this proposal by direct analysis of the in vivo RNA, our data is

generally supportive. First, tetracycline resistance conferred by the plasmid

pAST202 indicates that the IS2 segments composing Pgal20Ot31 can promote

transcription of the tet gene in vivo. In addition, the level of expression

from Pgal2006t31 is comparable to that obtained from an induced gal promoter

as judged by in vitro transcription (data not shown) or level of tetracycline

resistance in vivo. This correlates well with the relative level of gal ex-

pression observed with the original strain with gajC2O&31 in the chromo-

some (22). Furthermore, the position of Pgal200t3l is also consistent

with the view that this promoter directs gal transcription in galC200 A31.

The allele, galc200, differs from its Gal- parent, g by the insertion

of an IS2 in orientation II, 65 bp from the IS2(I)-jlE junction (Figure 1)
(3). Since the DNA region defining Pgal200A3l lies upstream from the

transcript starts at -51 and -52, this promoter overlaps the IS2 sequence

change between galc200 and gal3. Thus, the creation of Pgal200631 results

from the structural difference between ZAIC200 and its Gal-parent.

The position of Pgal200A3l also defines this promoter as one derived from

an altered IS2(I) sequence rather than a promoter intrinsic to the IS2(II)

DNA. As seen in Figure 6, 15 bp of Pgal20Ot31, including the -10 (Pribnow
box) region, are contributed by IS2(I) DNA. The remaining upstream sequence,

containing the -35 region, stems from the IS2(II) insert. Based on this type

of structure, we can make two predictions. First, given the phenotypes of

galC200 and , we would expect that in the gal3 template, the -10 region
is not coupled with a -35 region adequate for promoter function. In fact, our

in vitro transcription of DNA templates representing the IS2(I)-galE region of

gal3 do not result in any gal-directed transcription within the IS2(I) se-

quence (33). Second, we would expect that other alterations besides the

sequence change exhibited by galc2OO could result in a -35 region needed for a

functional promoter. We have shown this to be true for another Gal-constit-
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utive revertant of gal3, called g1C33i (33). In this revertant, 108 bp of

IS2 derived DNA have been inserted at the same site as the IS2(II) insert of

galC2OO (3). Like galC200 A31, in vitro transcription of galc331 yields a

&al-directed transcript initiating at positions -51 and -52 of the IS2(I) DNA.

This RNA, which is identical to the gal-directed transcript of galc200 931,
occurs even though the galc33l allele provides a -35 region distinct from that

of galc200. Thus, these results indicate that the IS2(I) present in gal3

contains the -10 portion of a functional promoter. Other GalC revertants

might also arise by sequence changes that supply the needed DNA upstream from

this region.

By transcribing a DNA template from the Galc revertant, galc200 A31, we

have been able to investigate the transcription potential of the altered

IS2(1) sequence as well as part of the IS2(II) DNA. Both of these sequences

have been associated with the constitutive expression of genes adjacent to

their insertions. This association has led to the speculation that functional

promoters are contained within the IS2(II) or altered IS2(I) sequences. Our

results demonstrate that, in galc200 A31, a promoter is created by the al-

teration of the IS2(I) DNA from the insertion of the IS2(II) sequence. We

have not detected a promoter within the portion of the IS2(II) sequence pre-

sent on the galc200&31 template. From these results, one might speculate

that other cases of the constitutive expression of genes adjacent to IS2(II)

(8,11,14) arise by the creation of a novel joint promoter at the site of the

IS2(II) insertion. This proposal is supported by the fact that not every

IS2(II) insertion has resulted in a constitutive phenotype. For example,

IS2(II) insertions within the arg operon are known to be polar (12,34).

However, since galc200 A31 contains only 121 bp of the IS2(II) DNA, it is

clear that another promoter could exist in the portion of the IS2(II) sequence

(or the upstream bacterial DNA) deleted by l31. Such a promoter, if it

exists, should be present in galc200 but not galC200 A31. Certainly the

higher level of gal expression in galc200 (200% Gal+ level) as compared to

galc200 t31 (60%) suggests that ga4C200 may indeed have a gal-directed
promoter not present in galc200 t31. The existence of an active IS2(II)
promoter is in fact supported by our in vitro transcription of other templates

containing IS2 elements (33). These studies have demonstrated the presence of

a weak IS2 promoter which transcribes in orientation II and is located in the

region of the IS2(II) DNA deleted from galc2OO by A31. Thus, either this

promoter, or another as yet undetected promoter, might also contribute to the

constitutive gal expression of galc2OO.
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