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The nucleotide sequence of a 250-base pair segment
of L-arabinose operon DNA containing the 150-base
pair regulatory region has been determined. This seg-
ment includes the promoter for rightward araBAD
transcription, pgsan, the promoter for leftward araC
transcription, pc, and sites responsible for repression.

The r-arabinose operon of Escherichia coli is subject to
both positive and negative regulation (1-3). The presence of
arabinose stimulates synthesis of the arabinose catabolic en-
zymes B, A, and D several hundredfold by increasing the
transcription initiation frequency at the promoter psap (4, 5).
This stimulated synthesis requires araC protein, the catabo-
lite activator protein CAP with cyclic AMP, and RNA polym-
erase. In the absence of arabinose or in the presence of the
structural analogue D-fucose, araC protein represses the ac-
tivity of peap by acting at a site upstream from pgap (6). The
promoter for synthesis of araC mRNA p, is also in the ara
regulatory region, but it is oriented in the opposite direction
to peap (7) (Fig. 1). In vitro transcription experiments and
high resolution electron microscopy studies have indicated
that araC and araBAD mRNA begin at sites that are about
150 base pairs apart (8, 9). Synthesis of araC messenger is
stimulated by CAP and it is repressed by araC protein itself.

EXPERIMENTAL PROCEDURES

Enzymes—Restriction nuclease Hae III (Haemophilus aegyp-
tius), Hha I (Haemophilus haemolyticus), Eco Rl (Escherichia coli
RY13), Bam HI (Bacillus amyloliquefaciens H), and T4 polynucle-
otide kinase were purchased from New England Biolabs. The Ther-
moplasma acidophilum restriction enzyme Tac 1 which cleaves
CGCG was a gift from David McConnell from Harvard University.
Bacterial alkaline phosphatase was purchased from Worthington.

Source of the DNA and Sequencing Strategy—IDNA fragments for
sequencing were obtained from the plasmid pMB9ara440 and a
AparaBAD phage. The phage was isolated as described by Lis and
Schleif (10). The ara DNA on the plasmid is the central 440-base
pair fragment containing the ara regulatory region that is produced
by Hae 111 digestion of a 1000-base pair ara DNA fragment originating
from the heteroduplex 114/116 (8, 11). This DNA was ligated into the
plasmid pMB9 so as to recreate Eco RI cleavage sites at each end
(12). All manipulations were performed using P1-EK1 containment
procedures in accordance with the National Institutes of Health
guidelines.

DNA sequencing by the Maxam-Gilbert technique (13) was inward
from both Eco RI cleavage sites (Fig. 3b)' and outward in both
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directions from the Bam HI and Tac I sites. Sequence information
could be unambiguously read for about 110 base pairs from each
position. The sequences at the Bam HI and Tac I sites were confirmed
by sequencing across them from external sites. Except for the region
from the Tac I site toward the araC gene, both strands of the 250-
base pair segment were sequenced.

RESULTS

Using the Maxam-Gilbert DNA sequencing methods, we
have sequenced a 250-nucleotide segment containing the L-
arabinose regulatory region (Fig. 2). It includes the promoters
for araC and araBAD synthesis, pc and pgan, as well as the
site or sites responsible for repression of each promoter (8).

Parts of the two promoters may be identified from previous
work on the ara operon which approximately locates the
promoters and by comparison to the sequences known for
other promoters (14-18). High resolution electron microscopy
located complexes of RNA polymerase on the DNA to an
overall precision of £20 base pairs (8, 9). In vitro transcription
located the start sites of mRNA from pgap with precision +3
base pairs and the start site from pc with precision +30 base
pairs. Finally, the sequence following prap closely agrees with
the sequence of the 5" end of araBAD messenger (19).

Pribnow (14) observed that promoters often contain se-

quences similar to TATéATG located 6 to 8 residues before

the start of transcription. The Pribnow sequence TCTACTG
precedes the araC mRNA by 6 base pairs and the sequence
TCTACTG precedes the araBAD mRNA by 10 nucleotides.
The sequence ACACTTT has been found to occur about 30
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Fi16. 1. The r-arabinose operon. Transcription of araB, araA, and
araD proceeds rightward from the promoter pray and transcription
of araC proceeds leftward from the promoter pc. The fragment
derived from Eco R1 digestion of pMB9ara440 is shown below with
the approximate location in base pairs of the Hae I, Hha I, Tac 1,
and Bam HI cleavage sites.

ing and Figs. 3, 4, and 5) are presented in miniprint at the end of this
paper. Full size photocopies are available from the Journal of Biolog-
ical Chemistry, 9650 Rockville Pike, Bethesda, Md. 20014. Request
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F16. 2. Nucleotide sequence of the ara regulatory region. The
start of araBAD messenger is designated position +1. The RNA
polymerase recognition sequence ACACTTT is indicated by arrows
and palindromes are indicated by lines under the sequence. The pc
and peap Pribnow sequences (14) are enclosed in a box. The ATG
trinucleotide corresponding to the start of araB and the likely start
of araC protein synthesis is underlined twice.

ara DNA Sequence

nucleotides before the start of mRNA in the lgc and gal
operons (15, 16) and similar sequences are found in corre-
sponding positions in front of pc and peap. Such sequences
could occur by chance in stretches of several hundred nucleo-
tides although it is unlikely that their location should at the
same time correspond to that in the other promoters. Thus,
we feel these are associated with the promoters pc and pgap.
There exists another ACACTTT sequence beginning at 88
and a sequence similar to the Pribnow sequence beginning at
57. Any significance of these is as yet unknown.

The lac and gal CAP binding sites are similar in that they
both contain 16-base pair hyphenated palindromes centered
about 60 bases before the mRNA start, are A-T-rich, and
display sequence homology (15, 16). Four sizeable hyphenated
palindromes exist in the ara regulatory region. They are
centered at 51.5 and 59.5 base pairs ahead of pc and 59.5 and
75 base pairs ahead of prap. They possess 20/32, 10/18, 12/18,
and 14/15 palindromic bases, respectively. These sequences
are not obviously homologous to the lac and gal CAP binding
site sequences and therefore are not demonstrably CAP bind-
ing sites in ara.

Although the sequence analysis of the ara regulatory region
has located parts of RNA polymerase interaction sites and
precisely determined the distance between the two parame-
ters, it does not yet provide a clear picture of how the operon
is regulated. Comparison of this sequence with others suggests
that regulatory proteins and RNA polymerase can interact in
a variety of ways and many regulatory region sequences must
be analyzed before reliable predictions of mechanisms can be
made.
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EXPERIMENTRL PROCEDURES
Materials - Carrier free 32?. was purchased from Hew England Nuclear,

dimtﬁyi mulfate (9%%) from Aldridh and hydrazine from Eastman Organic
Chemicals. Other chemicals are from commercial sources. E. coli DNA poly-
merase was cbtained from Boehringer Mannbeim and T, DMA ligase from Hew
England Biclaba, Crude pancreatic decxyribonucleade (DN-25) was from Sigma
Chemical Co. Media, lambda suspension buffer, and bacterial strains F'303
and F'311 (araB D } have been described previously (1-3), Strains RFS1465
and 1485 are reported in Kaplan and Schleif (1375) (5).

Isolation of A%nmm - Cultures of RFS1368 (Hfr araDg, Satti with
*el85757 inaerted into arac) were induced at 42°C, grown for three hrs,
and _ the supernatants plated on 1475 (F araB L Su. alacg
#80y") on u?m Mater 14). I\r:{slyjng‘:n!, prct 3o PBBn (AL centeca 8F the
ara’ plagues, were grown overnight in yeast tryptone broth, heat-induced,
grown_for three Lrs and the lysate used to transduce RFEF'303 and Prill
(2raB [ | tc ara . The ara colonies were combined, grpwn in yeast tryptona,
heat induced and the lysate was plar_ea on BRSS56 (F'AracC /AaraBAD). ApALaBAD
was obtained from a purified ara plague,

re on of Phage DMA - Isglated plagues of AparaBAD were used to make
plate lysates on atrain RFS1485 (F sara-leu Sug,.) (5]. This lysate wasjuaed
to infect 50 mls of ligase overproducing stni.i ELPS].%E {F*': thi str lig ton)
that had heen made resistant to an airbome phage contgminant of the labora—
tory. The cells had been grown in YT medium to 3 x 107 /ml and MgCl; was added
to 0,01 M before the addition of phage at a multiplicity &f infection of five.
Threa hours after infection the culture was lysed with CHCl, and debris re-
moved by centrifugation., Thess phage were used to infect 600 mls of 1465
grown as above to ¢ x 10°/ml in ¥T + 0.4% maltose at a sultiplicity of 13,
Cells were harvested and phage were purified as described by Kaplan and S5chleif
{5). Phage DRA was extracted with phenol and dialyzed against TE buffer,

Isplation of Plasmid pRFSara 440 — Plasmid pmB9 (6) DNA was prepared by
isopicnic banding In CsCl ethidium Bromide (7) and freed of ethidium bromide
by five extractions with equal volumes of n-butancl. It was then pasaed over
a 1,25 % 30 em agarcse ASM column and dialyzed into 0,01 M Tris-mcl, P 7.9
0,001 M HaBEDTA, TE. The ara 440 base pair DNA fragment containing the regu-
latory region was prepared by Hae IIT digestion of the ara 1000 base DNA frag-
mant that is produced by nuclease 51 digeation of DNA heteroduplexes between
phage Apara 114 and A as described previously (8). This DHA was phenol
extracted, ethancl precipitated, and resuspended im TE. The plasmid DHA was
cut with Eco Rl and the sticky ends filled in with E. goli DMA polymerase I,
The DNA, 20 ug, was ethancl precipitated and resuspended in 50 ul of 50 mM
Tris-#Cl, pH 7.8, 5 mM MgCl,, 1 mM p-mercaptoethancl, 50 ug/ml bovine serum
albumin. Then 1 pl each ofldh'l'P, dTTP, 46TP, 4CTP at 5 mM were added fol-
lowed by 1 pl of DNA polymerase at three units/ul (3), The solution was in-
cubated 40 min at 15%, then phenol extracted, ether extracted, ethanol pre=
cipitated and stored in TE, To join the plasmid to the ara 440 base pair
fragment, 200 ng of plaamid and 200 ng of Hae III digested Eragment were
athancl precipitated and resuspended in 5 pl of ligase buffer, 20 mM Tris-HCL,
pH 7.5, 10 mM MgCl,, 10 mM dithiothreitol, 60 uM ATP, and 500 units of T4 DNA
ligase ware added fm 0.5 wl {10}, This was incubated 30 min at 20° and di-
luted to 10 pl with ligase buffer and incubated another 60 min., Mext, the
DHA was ethancl precipitated and resuspended in TE. Transformation of strain
294 {11) with this sample yielded about 1000 tetracycline resistant colonies.
Six were purlfied, grown, and their plasnids purified, One of the six plas-
mids was detectably larger upen electrophoresis on 0.7% agarose gel (12).

Thia plasmid was shown to contain a single copy of the Hae IIT ara 440 base
pair fragment by release of this fragment by Eco H1 digesaticn and by release
of a 700 base pair Eragment by cleavage at the Bam HI site within the ara 440
fragment and the Bam HI site within the plasmid.

Preparation of Prima Bestricticn Fragments - In each of two tubes,
APAEaBAD WA (0.5 mg) was digested with Bam HI (45 units) at 37°C in 2 =l of
6 mM Tris-HCl, pH B, 10 mM MgCl,, 2 mM p-mercaptoethanol, After 19 hra,

15 unita of Bam HI and 20 ul of“200 mM A-mercaptoethanol were added and the
reaction continued for 6.5 hre, The contents of the tubes were combined,
ethanol precipitated, and loaded onto a preparative (0.6 x 10.2 x 15 em} Ix
agarcee, 40 mM Tris-Ac, pH 7.9, 5 mM HaRke, 1 mM EDTA gel. The fragments
containing arabinoss opercn DEA (0,067 and 0.01% lasbda units) (12) were cut
out, and the DNA extracted by freezing and sgueezing out the liguid from the
agarces slabs., The DNA was ethanol precipitated. The ara 440 fragment iso-
lated by Eco Rl digestion and electrophoratic separation from the plasmid aa
described above (2 ug) was cut with Tac I in 13 pl of 8 mM Tris-HCl, pH 7.4,
0.8 mM EDTA, B mM MgCl, and 0.8 mM dichiothreitol at 60°C for 15 min, The
reaction was diluted wgth 0.3 ml of 10 oM Tris-HCl, pH 7.4, 1 mM EDTA and
extracted with an equal volume of saturated phencl three times, Bnd with an
equal volume of ether twice, and ethanol precipitated. (Pig. 3}.

Dephosphorylation of Primary Restricticon Fragmenta - E. eoli alkaline

phosphatase from Worthington (100 ul) was diluted with 400 pl of 0.1 M Tris-
HCl, pH B, 0.1 mM Na¥. and dialyzed against the same buffer at 2*C for 20 hra
The 5'-terminal phosphates were remowed by incubating the DNA (2-10 pg) with
the dialyzed énzyme (20 m unita) in 40-50 ul of SO mM Tria-HCl, pH B, 0.1 mM
EDTA for one hr at 37°C, The DNA was diluted with H.0 to 0.3 mls, phenol ex-
tracted three times, ether extracted twice, ethanol gmesptr_aua and re-
auspended in 75 ul of kinase denaturation buffer, 10 mM glyeine-NaOH, pH 9.5,
1 =M spermidine, 0.1 mM EDTA,
Phosphorylating the 5'—0H with [:_321,! ATE - (y="2P) ATE, >1000 Ci/mmol:
was synthesized as described in Maxam and Gilbert (1977) {13}. ODHA in kinas
denaturation buffer was heated at 1l00°C for three min and guick chilled in a
ice watar bath, Next, 10 ul of § mM glycine-NaOM, pH 9.5, 100 mM Ml:|<!12, L
mM dithicthreitol and 5 ul of {y— -F) ATF (150 pmole was lyophilized and’re-
suspended in 5 ul of Hg()) was added and the reaction mixed. T, polynucleoti
kinase (six unita) was®intreduced and the reaction incubated r three hra at
37*c. The phosphorylation was astopped using 100 gl of 4 M ammonium acetate,
10 pg EEMA and the DMA was ethanol precipitated,

Cleavage of 5°* -3217} labeled DEA: Secondary Restriction Cleavage

a) Bam HI/Hae III - The kinased 0,067 Bam HI Eragment (2-5 pg) was re—
suspended in 30-40 ul of € mM NaCl, 6 mM Tris-HCl, pH 7.4, m 4 VO
@A-mercaptoethanol. Hae IET (20 units) was introduced and the reactifn waa in-
cubated for one hr at 37°C.

b) Bam HI/Hha I - The kinased 0,019 Bam HI fragment was dissoclved in~
30-40 pl of Hha T buffer {6mM Tris-HCL, pH 7.4, 50 md NaCl, 6 mM MgCl,, 6 mM
P-mercaptoethanol) and Hha I (10 unita) was added and the reaction wal heated
for one hr at 37°C.

c) Beo RI - Tac 1/Hha I, Bam HI - The Tac I cut Eco RI fragment (2 pg)
was dissalved in 30-40 ul of His I buffer and digested with Bam HI (30 units)
and Hha I {20 unita) for cne hr at 37°C.

Following the digestion with the respective restriction enzyme({s), the
fragmente were separated on a 5% polyacrylamide gel (10 mM Tris-borate, pH B.3,
1 mM EDTA} and the appropriate bands excised. DNA was recoversd as described
in Maxam and Gilbert (1977). (Fig. 4).

3 Dimethyl Sulfate Analysis and Hydrazine Analysis - Fragments labeled with
("°F) at the 5' temminus were and the cl g8 p fractionated
according to the method of Maxam and Gilbert (1977) except that the concentra-
tion of earrier DMA was reduced ten-fold to 1 mg/ml. Each fragment was divided
into four reactions (1) guanine cleavage: DNA was partially methylated with
dimethyl sulfate and heated at 20°C in the presence of piperidime. (2) strong
adenine /weak quanine cleavage: The dimethyl sulfate DHA was 4 inated
in 20 =M HCl at 0°C and then heated to 90°C in alkali, (3] thymine and cyto-
aine cleavage: DHA was degraded by partial hydrazimolysis and heated at $0°C
in the presence of piperidine. (4) cystosine cleavage: DNA was degraded by
hydrazinolysis in the presence of about 2 M ¥acl and heated to 90°C with
piperidine. (Fig. 5).
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Fig. 3 Fig. &

Fig., 3. Restriction enzyme cleavage map Of AEA 44U IFagRent. ‘Ine Ara aau
fragment was partially digested with Bam HI, Tac I, and/or Hpa I in .
Tris-#Cl, pH 7.4, 10 mM MgCl,, 1 mM dithicthreitol for ome hr at 37*C.

a) partial digestion by Tac ! producing ara 440, 245 and 195 base pair frag-
ments; b) digestion by Hha I preducing 370 and 70 base pair fragmenta; c) ne
enzyme control and size standards containing uncut aza 440 and 203 base pair
fragment of lac DNA; d) partial digestion by Bas HI, Tac I and %]_ 1 pro=-
ducing 370, 350, 195, 175, 110, 90 and 70 base pair fragments; e} combined
Tac I and Hha I digestion producing 370, 350, 195, 175 and 70 base pair
fragment; f) partial digestion by Bam HI producing 440, 350 and 00 base pair
fragments,

Fig, 4. Autoradiograph of DNA labeled at single 5' terminus with jzp'nqumu.
Dephosphorylated Bam HI fragments from AparaBAD were kinased using (y- "F) ATE
{=1000 Ci/mmole), digested with the appropriate reatriction snzm, and the
fragments resclved on a 5% polyacrylamide as described in experimental pro-
cedures. al the 0,019 Bam HI fragment was digested by Hha I to produce 280
and 7 base pair labeled cleavage products; b) the 0.067 fragment was diges-
ted with Hae IIT to yield labeled 150 and 90 base pair products. The ara
requlatory region DMA is contained Ln the Hha 1270 and Hae ITI 90 base pair

fragments.
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Fig.? . Hydrazine and dimethyl sulfate analysis of the Bam HI and Tag I
cleavage sitea in the ara regulatory region DNA. In accordance with the

DHA seguencing method developed by Maxam and Gilbert (13), hydrazinolysis

was performed in the presence of salt for cytosine residues, 'C', and in the
absence of salt for pyrimidime, 'C + T', Dimethyl sulfate treated DHR was
depurinated under conditions allowing fast release of adenine and alow re-
leass of guanine, 'A > &', and in the presence of base, specific for guanine
'¢'. Products were fractionated by polyscrylamide gel electrophgresis as
described in the reference; a) ara 440 DNA was kinased with [y-""F) ATF,
cleaved with Hha I, and the purified 370 bp fragment sequenced. The region
P from +6 gh the Bam HI site, 'GGATCC;, at -47
(top)s b} 5'-Ind of the 0.019 Bam HI fragment was labeled with (y-""F)} ATP
by T, polynuclease kinase, digested with Hha I and the ZE0 base pair frag-—
mont obtained was sequenced., The bottom of the gel starts at =95 and extends
through the Tac I site, OGOG, at -150 near the top.
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