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The pabA gene in Escherichia coli and Salmonella typhimurium encodes the glutamine amidotransferase
subunit of para-aminobenzoate synthase, which catalyzes the first reaction in the conversion of chorismate to
para-aminobenzoate (PABA). We have determined the nucleotide sequences of 1,362 base pairs preceding E.
colipabA and of 981 base pairs preceding S. typhimurium pabA. The nucleotide sequences suggest the presence
of two protein-coding regions immediately upstream of pabA, designated orfl and fic. Transcription analysis
indicates that E. coli pabA is encoded by two overlapping transcriptional units. The polycistronic transcrip-
tional unit includes orfl-fic-pabA and is initiated by the promoter designated P2. The monocistronic unit
includes only pabA and is initiated by the promoter designated P1, which is located in the fic-coding regioI.
Both promoters transcribe pabA to about the same steady-state level. However, expression analysis using
chromosomal pabA-lacZ translational fusions indicated that P1 expressed PabA at least 50-fold more efficiently
than P2. pabA-dependent growth rate analysis indicates that P1 is essential and P2 is dispensable for PABA
metabolism. In the absence of P1, growth was reduced as a result of insufficient PabA expressed from P2. The
significance of these results and possible posttranscriptional control mechanisms which affect PabA expression
from the P2-initiated polycistronic unit are discussed.

para-Aminobenzoate synthase (PABS) catalyzes the con-
version of chorismate and glutamine to an unidentified
intermediate which is converted to para-aminobenzoate
(PABA) by a second enzyme (29a). The two subunits of
PABS are encoded by two unlinked genes: pabB, at 40 min
on the Escherichia coli map (15, 43), which encodes the
larger 54,000-molecular-weight subunit that catalyzes the
synthesis of the unidentified intermediate from chorismate
and NH4' (12, 39), and pabA, at 74 min (14, 15), which
encodes a 21,000-molecular weight glutamine-amidotrans-
ferase subunit that allows PABS to use glutamine as the
source of NH4' (19). The gene(s) encoding the second
enzyme has not been identified or mapped.
The regulation of the genes encoding PABS is unknown.

PABA is essential for the biosynthesis of dihydrofolate,
which in various forms participates in the synthesis of
purines, pyrimidines, formylmethionyl-tRNA, and some
amino acids and vitamins. As the folate moiety is not
consumed during the reactions, the de novo synthesis re-
quirements for dihydrofolate and its precursors are small.
Also, since exogeneous folates cannot be transported and
used by E. coli, dihydrofolate synthesis is essential, but only
at replenishment levels as a cell grows and divides. Because
pabA and pabB are unlinked to one another and to other
known fol genes (6, 8, 35), the question of how they are
regulated arises. Before this question can be answered,
however, more information on the organization of each
particular gene and its expression signals is required.
The nucleotide sequences of pabA from E. coli, Salmo-

nella typhimurium, and Klebsiella aerogenes were previ-
ously determined and were found to be preceded by a
conserved open reading frame terminating 31 base pairs (bp)
before the pabA initiation codon, suggesting that in these
organisms pabA might be part of an operon (18). The studies
presented here extended the structural analysis of the pabA
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region in E. coli and S. typhimurium and investigated the
parameters affecting expression of E. coli pabA.

MATERIALS AND METHODS
Strains, media, and genetic techniques. All bacterial

strains, plasmids, and phages are listed and described in
Table 1 (also see Fig. 5).

E. coli cultures were grown at 37°C either in NZY broth
(24) or in Vogel-Bonner minimal salt medium (41). Amino
acids and thiamine, when needed, were supplemented at the
concentrations recommended by Davis et al. (11); PABA
was used at 10 ng/ml. Antibiotics were used at 50 pug/ml for
ampicillin and kanamycin and at 5 ,ug/ml for chlorampheni-
col.
Transformation was carried out by the CaCl2 method (24);

P1 transduction was done by the method of Miller (29).
Chemicals and enzymes. PABA, amino acids, antibiotics,

isopropyl-p-D-thiogalactoside, o-nitrophenyl-p3-D-galactopy-
ranoside (ONPG), and bovine serum albumin were pur-
chased from Sigma Chemical Co. 5-Bromo-4-chloro-3-in-
dolyl-p-D-galactopyranoside was purchased from Research
Organics. Synthetic 8-mer and 12-mer BglII linkers were
purchased from New England BioLabs, Inc. Oligonucleo-
tides BPN003 (5'-TACTGGTAGAGGTTCCAGGT) and
BPNO23 (5'-AGAACCGCGCTACTCAGATTCC) were syn-
thesized by the Laboratory for Molecular Biology DNA
Synthesis Facility at the University of Illinois at Chicago.
Other oligomers used in DNA sequencing were synthesized
or purchased from New England BioLabs. All enzymes used
in standard DNA techniques and RNA analysis were pur-
chased from Boehringer Mannheim Biochemicals, New En-
gland BioLabs, Promega Biotec, or United States Biochem-
ical Corp. T4 DNA ligase was prepared in this laboratory by
a previously published procedure. All radioactive nucleo-
tides were purchased from Amersham Corp.
DNA manipulation. Standard recombinant DNA tech-

niques, such as plasmid DNA isolation, restriction enzyme
analysis, Bal 31 deletion, filling in of staggered DNA termini,
linker ligation, agarose gel electrophoresis, and polyacryl-
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TABLE 1. Bacterial strains, plasmids, and phages

E. coli strain, plasmid, Relevant propertiesa Reference or source
or phage

Strains
MC1000 A(lacIPOZYA)X74 37
MC4100 A(argF-lac)U169 pro' 37
JC7623 recB21 recC22 sbcBJ5 proA2 44
JM103 A(lac-pro)(F' traD proAB lacIq lacZMl5) 28
CJ236 dut ung(F') Amersham
W3110 trpA33 C. Yanofsky
N100 galK 27
BN138 JC7623 pro' (argF-lac)U169 This work
BN141 BN138 f(pabA-lacZ)17(Hyb)b cam This work
BN158 MC1000 PvuIIb::kan .(pabA-lacZ)34(Hyb)c cam This work
BN168 MC1000 NruI::kan ef(pabA-lacZ)34(Hyb) cam This work
BN184 MC1000 BglII::kan APVUIIa-PVUIIb 4(pabA-lacZ)34(Hyb) cam This work
BN185 MC1000 BglIl:kan AHpaI-PvuIIb CF(pabA-lacZ)34(Hyb) cam This work
BN186 MC1000 BglIl::kan 4)(pabA-lacZ)34(Hyb) camr. This work
BN188 MC1000 PstI::kan 4D(pabA-lacZ)34(Hyb) cam This work
BN193 MC1000 PstI::kan AP1 F(pabA-lacZ)34(Hyb) cam This work
BN198 MC1000 BglII::kan AP, (t(pabA-lacZ)34(Hyb) cam This work
BN501 MC1000 BgllI::kan This work
BN502 MC1000 BglII::kan AP1 This work
BN503 MC1000 PvuIIb::kan This work

Plasmids and phages
pBNpabA E. coli pabA 19
pJK8 S. typhimurium pabA 18
pKO-11 Promoterless galK ap 27
pMLB1034 Promoterless and truncated lacZ ap 42
pMC1871 Truncated lacZ cassette Pharmacia
pMB2190 kan gene cassette M. Casadaban
pMK2004 Cloning vector; ap tet kan Laboratory collection
pBR322 Cloning vector; ap tet 6
pMH100 Contains Bacillus subtilus cam gene M. Hulett
pT9 pBR322 containing B. subtilus cam cassette This work
pBS RNA probe-generating vector Stratagene
M13mp8, -9, -18, -19 Templates for DNA sequencing and mutagenesis 28
Plkc Generalized E. coli transducing phage Laboratory collection
I Complete genotypes are not given.
b lacZ fused at pabA codon 17.
c lacZ fused at pabA codon 34.

amide gel electrophoresis were performed by the methods of
Maniatis et al. (24).

Bacterial chromosomal DNA was prepared by the lyso-
zyme-sodium dodecyl sulfate-phenol extraction method.
Southern analysis was performed by the procedure supplied
by Dupont, NEN Research Products, by using a GeneScreen
Plus membrane. Nick-translated DNA with [a-32P]dCTP
was used for DNA hybridization.
DNA sequence analysis. The source of E. coli DNA frag-

ments was pSZD3, which contains the PVUIIa-PStI fragment
(Fig. 1A) cloned in pKO-11 (27; S. Z. Doktor and B. P.
Nichols, unpublished data), and the source of S. typhimu-
rium DNA fragments was pJK8 (18). DNA fragments were
cloned into bacteriophage M13mp8, -9, -18, or -19 (28), and
sequences were determined by the Sanger dideoxy-chain
termination method (32) by using conditions described pre-
viously (18). The sequencing strategy is shown in Fig. 1. The
nucleotide sequences of one fragment containing strong
secondary structure-forming sequences could not be unam-
biguously resolved by substituting dITP for dGTP or by
raising the DNA polymerase reaction temperature. The
Maxam-Gilbert procedure (25) was used to confirm the
nucleotide sequence of that fragment. The nucleotide se-
quence was determined on both strands of the DNA, and all
restriction sites for cloning DNA fragments were confirmed

by sequence determination of overlapping DNA fragments
(Fig. 1 and 2).
RNA analysis. RNA was isolated from mid-log-phase

cultures grown with aeration in NZY broth by the hot phenol
method as modified by Arps et al. (3) and was followed by
DNase treatment (RQ1 DNase; Promega Biotec) to remove
residual contaminating DNA.
RNase protection mapping was performed by the method

given in reference 5. The uniformly labeled sense or an-
tisense RNA probes were transcribed from linearized pT48
template containing the PstI-HincII fragment of pBNpabA
(Fig. 1A) cloned in pBS (Stratagene) in the presence of
[ot-32P]CTP by using T3 or T7 RNA polymerase. Approxi-
mately 105 cpm of probe was hybridized to 25 ,ug of RNA or
yeast tRNA (as control) in 30 ptl of hybridization buffer (80%
formamide, 40 mM PIPES [piperazine-N,N'-bis(2-ethane-
sulfonic acid) [pH 6.4], 0.4 M NaCl, 1 mM EDTA [pH 8])
at 45°C for approximately 12 h. Subsequent RNase A and
RNase Ti digestion was performed at 30°C for 90 min.
Digestion products were electrophoresed on 5% polyacryl-
amide-7 M urea sequencing gels and analyzed by autoradi-
ography. Sequencing reactions of M13mpl8 were loaded on
the same gel to approximate the sizes of protected frag-
ments.
Nuclease S1 protection mapping was done as described by
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FIG. 1. Restriction maps of pBNpabA (A) and pJK8 (B) and sequencing strategies of the indicated regions. Thin and thick lines indicate
chromosomal and plasmid DNA, respectively. Open arrows or boxes indicate coding regions deduced from DNA sequence analysis. utu, orfi,
fic, and dtu are designated as discussed in Results. Vertical lines indicate positions of restriction sites, and thin arrows or arrowheads
represent the direction and extent of sequence determined from the indicated regions. Restriction sites are indicated as follows: B, BamHI;
b, BglII; b/B, inactive BglII-BamHI hybrid; C, ClaI; H, HincII; H/Sm, inactive HincII-SmaI hybrid; Hp, HpaI; K, KpnI; N, NruI; P, PstI;
Pv, PvuII; R, EcoRI; Sa, Sacl; S, Sall; Sc, ScaI; Sm, SmaI; X, XhoI.

Arps et al. (3). Isolated DNA fragments were end labeled by
using [-y-32P]ATP and T4 polynucleotide kinase, and sepa-

rated strands were prepared as described by Maxam and
Gilbert (25). The labeled DNA was hybridized with 350 ,ug of
RNA at 32°C for 15 h. Subsequent S1 digestion was per-

formed at 15°C for 0 and 10 min, and the products were
analyzed as described above.
RNA primer extension mapping of 5' ends was performed

essentially as described in reference 5. The oligonucleotide
primer BPNO03, which corresponds to nucleotides 1396 to
1415 within pabA (Fig. 2), was end labeled by using [-y-
32P]ATP and T4 polynucleotide kinase. The labeled primer
and unincorporated nucleotides were fractionated on a
NAP10 column (Sephadex G25; Pharmacia). The primer
fraction was subsequently lyophilized and hybridized to 50
,ug of RNA in 30 ,lI of hybridization buffer at 45°C for 12 h.
Extension of the primer was carried out at 42°C for 90 min by
using avian myeloblastosis virus reverse transcriptase
(Promega Biotec), and the extension products were analyzed
as described above. To locate the exact 5' ends of the
extended transcripts, plasmid pSZD13, which contains the
PvuIIa-HincII fragment (see below), was sequenced with the
same primer and run along with the extension products.

Construction of galK transcriptional fusion plasmids. galK
transcriptional fusions were constructed in either pKO-6 or

pKO-11 vectors (27). pKO-6, pKO-11, and pKG1800 (con-
taining the gal promoter) were obtained from M. Winkler.
The source of insert DNA was pBNpabA (19), MPK1 (19),

or M13 phages used for DNA sequence analysis. Figure 3
illustrates the extent ofDNA present in each plasmid used in
this study. Each plasmid has a number of intermediate
constructions between its source DNA and the final product.
Details of the constructions are available from the authors
upon request.
pSZD2 contains DNA from the HpaI site to the PstI site in

fic inserted into pKO-11. pSZD42 was derived from pSZD2
by deleting DNA between the PVUIIa site and the polylinker
present between the insert DNA and galK. pSZD10 is a

pKO-11 vector that carries the PstI-HincII fragment contain-
ing the fic-pabA intercistronic region. pSZD12 was con-
structed from portions of pSZD2 and pSZD10 to reconstruct
a pKO-ll vector containing DNA from the HpaI site to the
HincII site in pabA. pSZD6 contains the pabA-dtu intercis-
tronic region and was constructed by ligating a 177-bp
Sau3AI fragment derived from MPK1 with BamHI-digested
pKO-11. pSZD15 was constructed from an M13mp9 phage
used for DNA sequence analysis and carries a 596-bp TaqI
DNA fragment containing the utu-orfl intercistronic region
inserted into pKO-6.

Construction ofpabA-lacZ translational fusions in the E. coli

chromosome. The pabA-lacZ translational fusion was con-

structed by first subcloning the BamHI-PstI fragment from
pBNpabA into pMK2004 to yield pT2 (Fig. 4A). Second, the
unique ScaI site of pT2 (in codon 18 ofpabA) was converted
to a BglII site by the addition of a synthetic 8-mer BglIl
linker to generate plasmid pT3. Plasmid pT3 was then

A
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50

Ala Gly Asn lIe Gtu Leu Glu Leu Asp Lys Gin Lys Ala Pro Vat Ser Vat Gtn Asn Phe Vat Asp Tyr Vat
E. coti CA GCT GGT AAC ATC GAA CTG GAG CTG GAT AM CAA AAA GCG CCA GTG TCT GTG CAA MC TTT GTC GAT TAT GTG

S. typhimuriaum

100 150

Asn Ser Gty Phe Tyr Asn Asn Thr Thr Phe His Arg Vat Ite Pro Gly Phe Met lIe Gin Gly Gly Gly Phe Thr Glu Gin Met Gin Gln
MC AGC GGT TTT TAT AAC MC ACT ACC TTT CAC CGC GTC ATT CCT GGC TTT ATG ATT CAG GGC GGC GGT TTC ACC GAG CAG ATG CAG CAG

200 250

Lys Lys Pro Asn Pro Pro lie Lys Asn Giu Ala Asp Asn Gly Leu Arg Asn Thr Arg Gly Thr Ile Ala Met ALa Arg Thr Ala Asp Lys

MA AM CCA MC CCG CCA ATC AM MT GM GCC GAT MC GGC CTG CGC AAC ACG CGT GGC ACC ATC GCG ATG GCA CGT ACC GCT GAC AM

300

Asp Ser Ala Thr Ser Gin Phe Phe lie Asn Vat Ala Asp Asn Ala Phe Leu Asp His Gly Gin Arg Asp Phe Gly Tyr Ala Vat Phe Gly

GAC AGC GCC ACC AGC CAG TTC TTT ATC AAC GTT GCC GAT MC GCC TTC CTT GAC CAT GGT CAG CGT GAT TTC GGT TAC GCG GTA TTT GGT

350 400

Lys Vat Vat Lys Gly Met Asp Vat Ala Asp Lys lie Ser Gin Vat Pro Thr His Asp Vai Gty Pro Tyr Gin Asn Vat Pro Ser Lys Pro

MA GTG GTG AM GGC ATG GAC GTT GCC GAT MG ATT TCC CAG GTG CCG ACT CAT GAC GTT GGT CCG TAC CAG MT GTG CCG TCA AM CCG
A G C T C G T T A A

Thr

450 500

Vat Vat Ite Leu Ser Ala Lys Vat Leu Pro End

GTA GTT ATC CTT TCC GCT AAA GTC CTG CCG TAA TGATTTCTCGCGCGGGCA-ATCTTGCCCGCGCTTCT
C G AACA G CT TGCGAGCC T TC

(P2) 550 600

tcTTGACat t t tg TAtAaT cat Met Lys Lys Leu Thr Asp Lys Gin Lys Ser Arg

--GCTCTCCCGGCGTMCCCGGATTTGCCGCTTATACTTGTGGCAAAT ---GGACACGTTCAGGGAGGCATCM GTG MG AAM CTC ACC GAT AMG CM MG TCC CGT

TCC G T A T A A T TC GCACA G TA CAG-- T A A C

650

Leu Trp Gtu Leu Gin Arg Asn Arg Asn Phe Gln Ala Ser Arg Arg Leu Gtu Gly Val Gtu Met Pro Leu Val Thr Leu Thr Ala Ala Gtu
CTC TGG GAG CTT CAG CGT MT CGT MT TTT CAG GCC AGT CGC CGT CTT GA GGC GTC GAG ATG CCT TTA GTC ACT CTT ACT GCC GCA GAG

TT AM G C C GT C C CAA C C T A T C C A C G AC A

Phe Gin Arg Vat Gin Ile Ite Asp

700 750

Ala Leu Ala Arg Leu Gtu Gtu Leu Arg Ser His TyrGtuArgEnd
GCT TTA GCG CGC CTT GAA GAG CTG AGG AGT CAC TATGAGCGATAAA TTC GGC GAA GGG CGC GAT CCG TAT CTT TAT CCA GGC CTT GAT ATC

MetSerAspLys Phe Gty Glu Gly Arg Asp Pro Tyr Leu Tyr Pro Gly Leu Asp Ite
GC G TA T C T C G T A C C G G A G G

Vat Asp Arg Asn Vat

800 850

Met Arg Asn Arg Lou Asn Ite Arg Gin Gin Gin Arg Lou Glu Gin Ala Ala Tyr Glu Met Thr Ala Leu Arg Ala Ala Thr lie Gtu Leu

ATG CGT MC CGG CTG MC ATC CGC CAG CAG CAG CGG CTG GM CAG GCC GCT TAC GM ATG ACG GCG CTG CGT GCT GCG ACC ATT GAG CTT

T GGG T AT GCC A CG A G A C C C C T G A G

Gty His Ala Ala

900 950

Gly Pro Leu Vat Arg Gly Leu Pro His Leu Arg Thr Ite His Arg Gin Leu Tyr Gin Asp Ite Phe Asp Trp Ala Gly Gln Lou Arg Glu
GGT CCG CTG GTG CGC GGT TTA CCG CAT TTG CGA ACT ATC CAT CGC CAG CTG TAT CAG GAT ATT TTC GAC TGG GCA GGG CM CTG CGT GM

G A C G T C T C G G T C G G

Cys Ata

1000 1050

Val Asp Ite Tyr Gin Gty Asp Thr Pro Phe Cys His Phe Ala Tyr lIe Glu Lys Glu Gly Asn Ala Leu Met Gin Asp Leu Gtu Gtu Glu
GTT GAT ATT TAT CAG GGT GAT ACG CCG TTC TGC CAC TTT GCT TAT ATC GAA AAA GAG GGC AMT GCC CTG ATG CAG GAT CTG GAG GAA GAA

C C C C T T C C T A G

1100
Gly Tyr Leu Vat Gly Leu Glu Lys Ala Lys Phe Vat Giu Arg Leu Ala His Tyr Tyr Cys Gtu iLe Asn Vat Leu His Pro Phe Arg Vai
GGT TAT CTG GTT GGC CTG GAG AA GCG AAG TTC GTC GAG CGG CTG GCG CAT TAC TAT TGT GMA ATC MC GTG CTG CAT CCC TTC CGG GTG

C C T C C C A T C T T T G T T T T

Ala His Gtu Phe

FIG. 2. DNA sequence comparison of the utu-fic-orfl-pabA-dtu regions from E. coli and S. typhimurium. The complete nucleotide and
amino acid sequences of E. coli are presented, and only differences found in S. typhimurium are shown. Numbering is from the first residue
of the E. coli PvuIIa site and applies only to the E. coli sequence. Hyphens represent gaps inserted to increase identities in the alignment.
Upper- and lowercase nucleotides above the E. coli sequence show the consensus promoter sequence of Hawley and McClure (13). The lines
on top of the sequence indicate elements of dyad symmetry, and the underlined nucleotides indicate the 5' terminus of the transcript initiated
by the indicated P1 and P2 promoters. The pabA and dtu sequences were previously published (18).
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1150 1200
Gly Ser Gly Leu ALa Gln Arg Ile Phe Phe Glu GLn Leu Ala ILe His Ala GLy Tyr GLn Leu Ser Trp GLn GLy Ile GLu Lys GLu ALa
GGA AGT GGT CTG GCA CAG CGG ATC TTC TTC GAG CAA CTG GCG ATT CAT GCC GGA TAT CM CTG AGC TGG CAG GGT ATC GAM A GAG GCC

G C G T G T A C A A C C GCG T A T CG GTT A A A

Leu Ala Ala Val Thr

1250 1300
t cTT GAC at t

Trp Asn Gin Ala Asn Gin Ser Gly Ala Met Gly Asp Leu Thr Ala Leu Gtn Met lIe Phe Ser Lys Val Val Ser Glu Ala Gly Glu Ser

TGG AAT CAG GCA MT CAG AGT GGG GCA ATG GGG GAT CTC ACC GCA CTG CAG ATG ATA TTT AGC MA GTG GTA AGC GM GCC GGG GAA TCT

G G C C C G C T T T G GC T CAG C A T CC A

Lys Ser Arg Ala GIn Ala Ile Arg Thr

(P1) 1350
AaT cat

AMTAGCGCGGTTCTTTTGTACCGGAGCCGCC
T AC CAC

1400

Met Ile Leu Leu Ile Asp Asn Tyr Asp Ser Phe Thr Trp Asn Leu Tyr Gln Tyr

ATG ATC CTG CTT ATA GAT AAC TAC GAT TCT TTT ACC TGG AAC CTC TAC CAG TAC
C T C T

1450 1500

Phe Cys Glu Leu Gly Ala Asp Val Leu Val Lys Arg Asn Asp Ala Leu Thr Leu Ala Asp Ie Asp Ala Leu Lys Pro Asn Lys lie Val

TTT TGT GM CTG GGG GCG GAT GTG CTG GTT MG CGC MC GAT GCG TTG ACG CTG GCG GAT ATC GAC GCC CTT AA CCA CAA AAA ATT GTC
C A A C CG T C A C C T T T G C G C T

Glu GIn Arg His Asn

1550

lIe Ser Pro Gly Pro Cys Thr Pro Asp Glu Ala Gly Ie Ser Leu Asp Val lie Arg His Tyr Ala Gly Arg Leu Pro lie Leu Gly Val

ATC TCA CCT GGC CCC TGT ACG CCA GAT GAA GCC GGG ATC TCC CTT GAC GTT ATT CGC CAC TAT GCC GGG CGC TTG CCG ATT CTT GGC GTC

T G A C T C T A G CG C C T A T A T G G T

Asn Asp Ala Ile Met

1600 1650

Cys Leu Gly His Gln Ala Met Ala Gln Ala Phe Gly Gly Lys Val Val Arg Ala Ala Lys Val Met His Gly Lys Thr Ser Pro lie Thr

TGC CTC GGT CAT CAG GCA ATG GCG CAG GCA TTT GGC GGT AAA GTT GTG CGC GCC GCA MG GTC ATG CAC GGC A ACC TCG CCG ATT ACA

G G G T CG TCG A G A G A G T G A T G G

Ala Ser Val

1700 1750

His Asn Gly Glu Gly Val Phe Arg Gly Leu Ala Asn Pro Leu Thr Val Thr Arg Tyr His Ser Leu Val Val Glu Pro Asp Ser Leu Pro

CAT MC GGT GAG GGC GTA TTT CGG GGG CTG GCA MT CCA CTT ACC GTG ACA CGC TAC CAT TCG CTG GTG GTG GAA CCT GAC TCA TTA CCA

T A C G A T C C GC G T A T C A T C C C A G G T

Gln Pro Ser Ite Asp Ala Thr

1800 1850

Ala Cys Phe Asp Val Thr Ala Trp Ser Glu Thr Arg Glu lIe Met Gly lIe Arg His Arg GIn Trp Asp Leu Glu Gly Val GIn Phe His

GCG TGC TTT GAC GTG ACG GCC TGG AGC GAA ACC CGA GAG ATT ATG GGG ATT CGC CAT CGC CAG TGG GAT CTG GMA GGT GTG CAG TTC CAT

A T G A C C G AG C C G C C

Glu Glu Ile Gln Glu

1900 1950

Pro Glu Ser lie Leu Ser Glu Gln Gly His Gln Leu Leu Ala Asn Phe Leu His Arg End

CCA GAA AGT ATT CTT AGC GAA CAA GGA CAT CM CTG CTG GCT MT TTC CTG CAT CGC TGA TTTCTGATTGCCATTTAGTGATTTTTTATGCATATTT

G C CGCT AAA C GG T G G T G T

Ala Lys Arg

2000 2050

Met Ala lle Glu Gln Thr Ala lle Thr Arg Ala Thr Phe Asp Glu Val Ile

TGTGGTTATMTTTCACATTTGTTTATGCGTMCAGGGTGATCATGAG ATG GCA ATT GAA CM ACA GCA ATT ACA CGC GCG ACT TTC GAT GMA GTG ATC

A TGGCA C A T C G A T T G T G A T G T

FIG. 2-Continued

digested with BglII and ligated to the BamHI lacZ fragment
excised from pMC1871 (Pharmacia) and to the BamHI cam

fragment from pT9. DNA from Kanr Camr blue (on 5-
bromo-4-chloro-3-indolyl-p-D-galactopyranoside indicator
plate) transformants was isolated for restriction analysis.
The correct construct was designated pT12.

Plasmid pT12 was linearized at the XhoI site (in the kan
gene) and transformed into strain BN138 (recBC sbcB Alac).
Camr blue transformants were selected and screened for the

Kan' and PABA- phenotype, suggesting the absence of
plasmid and homologous exchange at the pabA locus (44).
The chromosomal organization of the transformant desig-
nated BN141 was verified by Southern analysis (data not
shown).

Construction of deletions and/or kan insertions in the up-
stream region of the pabA-lacZ fusion. A second pabA-lacZ
translational fusion was derived from pSZD11. Plasmid
pSZDll is a derivative of pKO-ll containing the 3.6-kilo-
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Hp PVa Pvb P H

.Mmmmmmj

P B B B
I I I

utu fic pabA dtu
orf 1

plasmid

pSZD42

pSZD2

pSZD 1 2

pSZD 1 5

pSZD 1 0

- pSZD6

pKO-6
pKO-1 1

galactokinase
activity

514±92

43±15

56±9

52±12
34±3

1 65+±22

10±2
20±5

pKG1800 (Pgal ) 677±32

FIG. 3. Analysis of promoter activity in galK transcriptional fusions. The physical map of the region near pabA cloned in pBNpabA is
shown at the top, and segments cloned into promoterless galK vectors are illustrated below. Thin and thick lines indicate chromosomal and
plasmid DNA, respectively. pSZD15 is a pKO-6 derivative, and the remainder are pKO-11 derivatives. Restriction sites are abbreviated as
described in the legend to Fig. 1. Units of galactokinase are expressed as micromoles of galactose-l-phosphate per nanomole of plasmid.
Values are averages of six determinations.

base BamHI-HincII fragment flanked by two EcoRI sites,
one in the vector upstream of the insert and the other within
the polylinker where pabA is transcriptionally fused to galK
(Fig. 4B). The EcoRI insert was excised from plasmid
pSZD11 and cloned into plasmid pMLB1034 at the EcoRI
site, resulting in an in-phase fusion of pabA at codon 34 to
lacZ at codon 9. This construct was designated pSZD21 and
was used to generate the kan insertion derivatives.
The kan marker was inserted upstream of pabA at the

BglII, NruI, and PstI sites (Fig. 5) as follows. The BglII: :kan
construct was made by digesting pSZD21 with BglII and
ligating it to the kan BamHI fragment excised from pMB2190
(pT35, Fig. 5). The NruI::kan construct was made in several
steps. First, the BglII site ofpSZD21 was abolished by BglII
digestion followed by filling in of the ends with DNA
polymerase I (Klenow fragment) and dNTPs and religating.
Second, the resulting construct was digested with NruI and
ligated to the 8-mer BglII linker to place a convenient cloning
site at that position. Finally, the kan BamHI fragment from
pMB2190 was inserted at the new BglII site to generate pT18
(Fig. 5). The PstI::kan construct was made by partially
digesting pSZD21 with PstI and ligating it to the kan PstI
fragment excised from pMB2190 (pT40, Fig. 5).
The PvuIIb::kan construct was made as follows. (i) Plas-

mid pSZD13 (which is the same as pSZD11 except that the
EcoRI insert contains instead the PvuIIa-HincII region and
the PvuIIa site has been destroyed) was linearized at the
PVUIIb site and ligated to the 12-mer BglII linker. (ii) The
EcoRI insert of this construct was excised and cloned into
pMLB1034 at the EcoRI site to generate the same pabA-lacZ
fusion as in pSZD21 and derivatives (see above). (iii) The
resulting construct was digested with BglII and ligated to the
kan BamHI fragment to generate pT22 (i.e., PvuIIb::kan,
Fig. 5).

Deletion of the HpaI-PvuIIb region in the presence of the

BglII-kan marker was constructed as follows. (i) Plasmid
pSZD11 was digested with HpaI and PvuII and religated. (ii)
The HpaI-PvuIIb deletion construct was digested with BglII
and ligated to the kan BamHI fragment. (iii) The EcoRI
insert of the new construct now containing the BglII::kan
and HpaI-PvuIIb deletion was excised and cloned into
plasmid pMLB1034 at the EcoRI site to generate the same
pabA-lacZ fusion as in the constructs described above. This
construct was designated pT38 (Fig. 5).
The PvuIIa-PVUIIb deletion in the presence of the

BglII: :kan marker was constructed by first digesting pSZD11
with PvuII and religating; the construct was then digested
with BglII and ligated to the kan BamHI fragment. The
out-of-phase fusion between utu and fic resulting from the
deletion between the two PvuII sites was made in phase by
introducing an 8-mer BglII linker at the PVUIIa-PVUIIb junc-
tion. The EcoRI insert containing the newly constructed
region was excised and cloned into pMLB1034 to generate
pT37 (Fig. 5).
The structures of these constructs and their intermediates

were verified by restriction and/or DNA sequence analyses,
and the orientation of the inserted kan marker was deter-
mined by restriction analysis.

All of the above constructs were crossed into the E. coli
chromosome by linearizing the plasmids at the Sacl site and
transforming them into strain BN141. Crossing of these
constructs into the chromosome was facilitated by homolo-
gous recombination between the regions upstream of the kan
insertion and downstream of the lacZ portion of the fusions
present in the chromosome and plasmid (Fig. 4B). Transfor-
mants were selected for Kan' and screened for Aps, which
suggested the absence of plasmids. Since the pabA-lacZ
fusions in strain BN141 and in plasmid constructs were not
the same (i.e., lacZ was fused at codons 17 and 34 ofpabA,
respectively [Fig. 4]), Southern analysis was carried out to
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FIG. 4. Construction of lacZ protein fusions at codons 17 and 34 of pabA and strategy for crossing plasmid constructs into the E. coli
chromosome by homologous recombination. (A) Construction and structure of the codon 17 pabA-lacZ protein fusion. (B) Construction and
structure of the codon 34 pabA-lacZ protein fusion. (C) Crossing of the codon 34 pabA-lacZ fusion and the BgIH::kan marker (pT35) into
strain BN141. Cross marks indicate the region of the double crossover event between the chromosome and plasmid that generates a
chromosomal BglIl::kan 4'(pabA-lacZ)34(Hyb) strain. kanr, apr, and camr indicate markers for resistance to kanamycin, ampicillin, and
chloramphenicol, respectively. Symbols: O, pabA-coding region; -*, kan marker; - , chromosomal sequence flanking pabA; , vector.
Nucleotides written in capital letters represent part of the pabA and linker sequence, and those in lowercase letters represent part of the lacZ
sequence. Restriction sites are abbreviated as described in the legend to Fig. 1.

screen for transformants containing the codon 34 fusion
(data not shown). This was facilitated by the presence of a
BamHI site at the junction of the codon 34 fusion. Only
transformants carrying the codon 34 fusion were subse-
quently transduced into strain MC1000 for expression anal-
ysis. These strains are illustrated in Fig. 5.

Oligonucleotide-directed mutagenesis. Uracil-containing
DNA template of phage mpt4 (see Fig. 8) was prepared from
E. coli CJ236 (dut ung) and mutagenized (5) by using the
primer BPNO23. The mutation was verified by DNA se-
quence analysis. The insert from the mutant phage desig-
nated mptll was excised with SmaI and cloned into SmaI-
digested pT40Bal213 (see Fig. 8).
Enzyme assays. 3-Galactosidase activity was measured as

described by Miller (29). Twenty-five-milliliter mid-
log-phase cultures were harvested, washed with 0.85%
NaCl, and suspended in 1 ml ofZ buffer. The cell suspension
was sonicated for 30 s at 50% pulse, cooled in ice for 30 s,
and sonicated for an additional 30 s. Centrifugation was

carried out to remove the cell debris from the lysate. The
lysate was immediately assayed for protein concentration by
using the Bio-Rad method with bovine serum albumin as a
standard and for ,3-galactosidase activity by using ONPG as
the substrate. One unit of ,B-galactosidase is defined as 1
nmol of ONPG hydrolyzed per min per mg of protein. An
extinction coefficient for ONPG of 4,500 was used to calcu-
late moles of ONPG (37).

Galactokinase assays were carried out as described by
McKenney et al. (27), with the modifications suggested by
Jones et al. (17) incorporated. Plasmid copy number was
determined by the hybridization method described by Ad-
ams and Hatfield (1), and 1 U of galactokinase activity is
defined as 1 ,umol of galactose-1-phosphate per nmol of
plasmid.
Growth rate assay. Cells were grown overnight in Vogel-

Bonner minimal medium supplemented with leucine, thia-
mine, 0.2% glucose, and PABA (10 ng/ml) and diluted 1:100
in 10 ml of the same medium with or without PABA

pMCIB71

{BamHI

B lacZ 8
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FIG. 5. Chromosomal organization and expression ofpabA-1acZ protein fusion and deletion and/or kan insertion derivatives. The physical
and genetic map is shown at the top. Restriction sites are abbreviated as described in the legend to Fig. 1. Portions ofpabA (U) and lacZ ( g )
in the fusion, the cam marker (), and the 3' region of pabA ( _o) are shown. Transcriptional units including pabA are indicated below
the chromosomal map; also shown are the regions containing promoters for utu (Pa) and for dtu (Pd). Thin arrows represent the position and
orientation of the kan marker in corresponding plasmid constructs or chromosomal strains designated at the left, and asterisks represent the
P1 deletion mutation (see Fig. 8) in the indicated strains. Units of ,-galactosidase are expressed as nanomoles of ONPG per minute per
milligram of protein. N.D., Not detected. Values are averages of four determinations.

supplementation. The cultures were shaken at 37°C, and
turbidity was determined with a Klett-Summerson meter at
30-min intervals after the first 3 h.

RESULTS
Nucleotide sequence upstream ofpabA. We have previously

noted the presence of an open reading frame which ends 31
bp upstream of the pabA initiation codon (18). This sug-
gested that pabA might be organized into an operon includ-
ing the upstream gene(s). Nucleotide sequence analysis was
therefore undertaken to investigate the structure of the
putative transcriptional unit encoding pabA. Mini-Mu dl
(lacZ; D. Dix and B. P. Nichols, unpublished data) and galK
transcriptional fusions (see below) indicated that the 5' end
of a transcriptional unit lay 1.2 to 2 kilobases upstream of
pabA. The target chosen for sequence analysis was therefore
the region between the PvuIIa site and the coding region of
pabA (Fig. 1A). We also determined the nucleotide sequence
of an equivalent region from S. typhimurium. The strategies
for determining the nucleotide sequences are shown in Fig.
1.
The nucleotide sequence comparison of the 2,062-bp re-

gion including pabA and downstream sequences (taken from
reference 18) is shown in Fig. 2. Nucleotide difference
patterns between E. coli and S. typhimurium suggested the
presence of four protein-coding regions in addition to pabA;
only one of these genes, designated fic, has been identified,
and it is thought to encode a product involved in cell division
(20, 21).
The PvuIIa site appears to lie within the unidentified

upstream transcriptional unit (utu) which is separated by 104

bp from the beginning of another unidentified open reading
frame, designated orfl. Within this intergenic region is a

putative p-independent transcription terminator which may
serve to prevent transcription readthrough beyond utu. orfi
encodes a polypeptide of 55 amino acids in length with a

mass of 6,550 daltons. orfl overlaps a Shine-Dalgarno se-

quence (36), an ATG triplet, and 8 bp (not including the
termination codon) of another open reading frame, identified
asfic. The fic-coding region extends for 200 codons (600 bp)
and encodes a 22,950-dalton protein. This gene lies 31 bp
upstream of pabA and was identified by comparison of
restriction site maps reported forfic (20). An open reading
frame 85 bp downstream from pabA that is conserved in S.
typhimurium and K. aerogenes signifies the beginning of
another gene, which belongs to the designated downstream
transcriptional unit (dtu [18]) and likely encodes argD (20,
21).
The specific translational phases predicted from DNA

sequence analysis through the orfl, fic, and pabA region
were confirmed by constructing lacZ translational fusions by
using the plasmid vector pMLB1034 (42). DNA fragments
derived from phage M13mp8 subclones were used to make
fusions with the reading frames predicted in Fig. 2 at three
points within orfl (at nucleotides 613, 660, and 691), three
points within fic (at nucleotides 756, 782, and 923), and one

point in pabA at nucleotide 1463 (pSZD21; see below). The
plasmids conferred a Lac' phenotype in E. coli MC1000 as

detected by a blue color on 5-bromo-4-chloro-3-indolyl-
,B-D-galactopyranoside indicator plates. The production of
3-galactosidase indicated that translation through orfi, fic,
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and pabA occurred in the phases predicted by nucleotide
sequence analysis.

Recently, fic and the upstream region were completely
sequenced by Kawamukai and co-workers (21). The se-
quence of fic reported is identical to that presented here.
Moreover, utu was found to encode a single open reading
frame of 190 amino acids. orfi, however, was not identified
by these workers, although the nucleotide sequence reported
is identical to that presented here.

Location of promoters in the vicinity of E. coli pabA.
Promoters in the vicinity of pabA were localized by con-
structing a series of galK transcriptional fusions, using the
promoterless galK vectors pKO-6 and pKO-ll (27). The
levels of galactokinase expression were corrected for gene
dosage effects (1) and compared with those directed by
pKO-6 and pKO-ll (containing no promoter) and pKG1800
(containing the galK promoter). The data are summarized in
Fig. 3.
A strong promoter that lay between the HpaI and PVUIIa

site (Putu) was detected that directed transcription through
the PvuIIa site in utu (pSZD42, Fig. 3). Putu directed galac-
tokinase expression at levels slightly less than pKG1800,
which contained the galK promoter. Plasmids that contained
PUtu and that had 3' endpoints at the PstI (within fic) or
HinclI (within pabA) sites expressed about 10% as much
galactokinase as did pSZD42, suggesting that PUtu transcrip-
tion was terminated before the pabA-coding region. Inser-
tion of DNA fragments that spanned the utu-orfl and fic-
pabA intercistronic regions (pSZD15 and pSZD10,
respectively) resulted in roughly similar levels of galactoki-
nase expression, although the levels were about 10% of that
expressed from Putu. A promoter downstream ofpabA (Pdtu)
was localized to a 177-bp Sau3AI DNA fragment containing
the last 81 nucleotides of pabA and ending 5 bp before the
dtu initiation codon. Plasmids containing Pdtu (e.g., pSZD6)
expressed galactokinase at approximately 33% of the level of
Putu. The transcriptional analysis indicated that the orf7-
fic-pabA region was transcribed at low levels and lay be-
tween two other transcriptional units expressed at 10- and
3-fold-higher levels.

Expression analysis of E. coli pabA. To analyze regions
involved in the expression of pabA, a chromosomal pabA-
lacZ translational fusion and derivatives containing deletions
and/or kan insertions in the upstream region of pabA were
constructed in E. coli at the pabA locus by homologous
recombination (44). The kan gene cassette from plasmid
pMB2190 was used as a transcriptional block, since it exerts
strong polarity on the expression of downstream genes if
these genes are cotranscribed (4). Furthermore, it provides a

convenient selection marker for crossing flanking homolo-
gous regions from plasmids into the E. coli chromosome.
The kan cassette was inserted in the upstream region farthest
from pabA (BglII), within utu (NruI) and within fic (PvuIIb
and PstI). In addition, deletions removing utu and the 5'
region of fic (HpaI-PvuIIb) and between utu andfic (PVUIIa-
PvuIIb), each containing the kan cassette at the BglII site,
were constructed (see Materials and Methods).

p-Galactosidase assays of the lac fusion strains indicated
that PabA expression was not affected by the perturbation of
the upstream region (Fig. 5). That is, PabA synthesis,
monitored by the activity of the PabA-LacZ fusion, re-

mained virtually the same regardless of the insertions in or

deletions of the region upstream of the PstI site. These data
indicated that pabA was expressed independently of any
upstream genes and that the putative pabA promoter lay in
the 82-bp region between the PstI site and pabA. The

initiation site of the promoter near pabA was determined by
an RNase protection assay. The PstI-HincII fragment (nu-
cleotides 1282 to 1463), which spans the fic-pabA intergenic
region, was cloned into the riboprobe plasmid pBS (Strata-
gene) and used to generate a 32P-labeled antisense RNA
probe. Figure 6A shows that all strains tested showed a

protected RNA of about 127 nucleotides in length. The 5'
terminus of the transcript was precisely mapped by RNA
primer extension by using a primer (BPNO03) corresponding
to codons 12 to 18 of pabA. The results, shown in Fig. 6B,
indicated that the primer was extended to the guanine
nucleotide at position 1341, which is 22 bases upstream of
the pabA initiation codon (Fig. 2). This signal was generated
from all strains and thus is in agreement with the results of
the RNase protection assay.

Since the initiation site is only 10 bases from the fic stop
codon (TAA), the deduced -10 and - 35 regions of the pabA
promoter (designated P1) lie between positions 1304 and 1340
and thus within the fic-coding region and include the fic stop
codon (Fig. 2 and 6B).

In addition to the transcript initiated by P1, both RNase
protection and RNA primer extension mapping indicated the
presence of a transcript initiated upstream of the PstI site
(Fig. 6). The RNase protection assay showed full-length
protection of the fic-pabA intergenic probe by RNA pre-
pared from the BglII::kan, NruI::kan, and APVUIIa-PVUIIb
strains. Full-length protection was not observed with the
PstI: :kan and AHpaI-PvuIIb strains, suggesting that another
message containing the intercistronic region was likely initi-
ated from the region between the NruI and PVUIIb sites, or

more specifically, from the utu-orfl intergenic region. This
region showed transcription activity in the galK fusion assay
(pSZD15 in Fig. 3) and contains a structure resembling a

promoter sequence (Fig. 2). The putative promoter lies
between positions 507 and 545 and contains five identities to
the -10 region of the E. coli promoter consensus sequence
(12). S1 nuclease analysis was carried out to map the 5'
terminus of the transcript. The 5'-end-labeled 275-nucleotide
HpaII fragment (positions 520 to 795) which spans the
utu-orfl intergenic region was used as a probe. The results,
shown in Fig. 7, indicated the 5' end of a transcript near

position 545 in the utu-orfl intergenic region. The promoter
initiating this transcript was designated P2. Since little or no

signal of full-length protection was observed, transcription
from the utu region was probably terminated within the
intercistronic region, possibly at the structure resembling a

p-independent transcription terminator (nucleotides 477 to

502). Additional protection experiments using probes span-
ning the orfi -fic junction (positions 724 to 934) and withinfic
(PvuIIb-PstI) showed full-length protection (data not
shown), indicating that these regions contain no promoter
activity.
The relative steady-state levels of pabA transcripts initi-

ated by P1 and P2 were determined by quantitating the
signals that corresponded to full-length (P2) and to partial
(P1) protection of the probe from the RNase mapping shown
in Fig. 6A, lane 5. After the counts in each fragment were

normalized to account for the fact that the full-length signal
contains more labeled nucleotides, the data indicated that
the levels of the two transcripts were approximately equal.

Transcription analysis therefore indicated that there are

two transcriptional units that transcribe pabA: (i) the pabA
monocistronic transcript initiated by P1 and (ii) the orfi-
fic-pabA polycistronic transcript initiated by P2. Although
the relative steady-state levels of pabA in the two units
appeared the same, the translational study using pabA-lacZ
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FIG. 6. Analysis of pabA transcripts by RNase protection and
RNA primer extension mappings. (A) RNase protection. The an-
tisense uniformly 32P-labeled 217-nucleotide (nt) probe containing
183 nucleotides of the PstI-HincII region (Fig. 1A), which spans the
fic and pabA coding and intergenic region, and 34 nucleotides of the
polylinker in plasmid pBS was transcribed by T7 RNA polymerase,
hybridized to RNA prepared from the indicated strains, and digested
with RNase A and Ti. Lanes: 1, BN184 (Bg11I::kan APvuIIa-
PvuIIb); 2, BN185 (Bg11I::kan, AIpaI-PvuIIb); 3, BN188
(PstI::kan); 4, BN168 (NruI::kan); 5, BN186 (BgtII::kan); 6, probe;
7, S. cerevisiae tRNA. The approximate sizes of the probe and of
the protected fragments were determined from the M13mpl8 se-
quencing ladder (not shown). P1 and P2 indicate the promoters
initiating transcripts that generated the corresponding protected
fragments. (B) RNA primer extension. The pabA primer which is
complementary to nucleotides of codons 12 to 18 (positions 1396 to
1415) was hybridized to RNA prepared from the indicated strains
and extended with avian myeloblastosis virus reverse transcriptase.
Lanes 1 to 5, RNA prepared from strains as indicated for panel A;
lanes G, A, T, and C, dideoxy sequencing ladder ofplasmid pSZD13
(see Materials and Methods) with the same primer. Indicated on the
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FIG. 7. Mapping of the initiation site of P2 by Si nuclease
protection. The 32P-labeled 275-nucleotide HpaII fragment spanning
the utu-orfl intergenic region was used as the probe. Lanes 1 and 2,
Sense-strand probe hybridized to RNA of strain W3110 (0- and
10-min S1 nuclease digestion, respectively); lanes G, A, T, C,
dideoxy sequencing ladder of mTAB8 used as size standards; lanes
3 and 4, antisense strand probe hybridized to RNA (10- and 0-min Sl
nuclease digestion, respectively). The undigested probe and the size
of the protected fragment (P2) are indicated by arrows.

fusions indicated that PabA was expressed almost exclu-
sively from the P1-initiated transcript (Fig. 5).

Expression of PabA from the P2-initiated polycistronic
transcript. To test the role of P2 in PabA expression in the
absence of P1, P1 promoter activity was abolished by delet-
ing the five bases of its -10 region (TAAAA, positions 1329
to 1333) by using oligonucleotide-directed mutagenesis. The
deletion also removed the fic stop codon (TAA) since it is
part of the -10 region. Translation termination of Fic is not
affected since there is an in-phase nonsense triplet (TAG)
also generated by the deletion (Fig. 8). The strategies of the
mutagenesis using a single-stranded phage template and
crossing the mutation into a plasmid containing the pabA-
lacZ fusion are shown in Fig. 8. Plasmid pT4OBal213 was
designed to facilitate the cloning of the mutated insert back
into the pabA-lacZ fusion background by utilizing the same
SmaI sites present on both the recombinant phage and the
plasmid (Fig. 8). Since the SmaI insert contained the 5'-
coding region of the kan gene and the pabA portion of the
pabA-lacZ fusion and the SmaI-digested pT40Bal213 con-
tained the 3'-coding region of the former and the lacZ
portion of the latter, only recombinant plasmids resulting in
reconstitution of the active kan gene (and thus the lac fusion)
would be selected. The P1 deletion and kan gene inserted at
the BglII (pT59) or at the PstI (pT53) site were then crossed
into the E. coli chromosome as described above.
As expected, when P1- and P2-initiated transcription into

pabA was abolished (by P1 deletion and kan polar insertion,
respectively), no P-galactosidase activity was detected (Fig.
5, strain BN193). Removal of the kan block, thus allowing P2
transcription into pabA, did not result in an appreciable
increase of 1-galactosidase activity (Fig. 5, strain BN198).
This indicated that P2 expresses PabA at less than 2% of the
level of P1. RNA primer extension analysis detected only the
P2-initiated transcript in strain BN198 and no transcript in
strain BN193 (data not shown). To confirm that the exten-
sion product generated by strain BN198 was not due to

left is the nucleotide sequence read from the sequencing ladder. The
TAA stop codon offic is boxed. The nucleotide of the 5' end of the
Pl-initiated transcript is indicated (+1). The deduced -10 region of
P1 is underlined. Arrowheads indicate the 5' ends of the degraded
products of the transcripts initiated by P2 (see Discussion).
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Strategy of reconstitution of the region containing the kan marker, the P1 deletion, and the pabA-lacZ fusion onto plasmids. Abbreviations
for restriction sites are given in the legend to Fig. 1.

residual DNA contamination in the RNA preparation, an
RNase protection assay using the labeled sense RNA probe
spanning the fic-pabA intergenic region was carried out. No
protection of the probe was detected (data not shown),
indicating that the primer extension product of strain BN198
was entirely due to the P2-initiated transcript.
The results above indicated that P2 expresses PabA at a

very low level, which may or may not support pabA-
dependent growth. In order to test this, the P1 deletion was

crossed from strain BN198 into a strain containing the
wild-type pabA-coding region by phage P1 transduction.
Transductants were first selected for Kanr and screened for
Cams, indicating that the pabA-lacZ region in the trans-

ducing DNA fragment was not crossed into the recipient
chromosome. Kanr Cams transductants were then screened
for growth on minimal media lacking PABA. Several trans-
ductants grew as well as the wild-type strain, suggesting that
the second crossover generating these transductants oc-
curred upstream of the P1 promoter region. One of these was
designated strain BN501. Rare transductants, occurring at a

frequency of about 2.5%, grew much more slowly than the
isogenic wild type or strain BN501. This transductant,
designated BN502, should contain the P1 deletion mutation
which resulted from the second crossover occurring in the
region between the P1 locus and codon 34 of pabA. The
chromosomal organization at the pabA locus in strains

A B

mp19

p

B kanrB
I

BgIll
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TABLE 2. pabA-dependent growth rate assay

Promoter(s)b Doubling timed
Strain pbAinsertion' P Without With

insertion" '~1 P2 PABA PABA

MC1000 None + + Wild type 60 62
BN198 BglI - + pabA::lacZ NGe 61
BN501 BglII + + Wild type 58 60
BN502 BglI - + Wild type 180 63
BN503 PVUIIb + - Wild type 67 65

b See Fig. 5.
b pabA transcription by the indicated promoters.
I Genotype denotes coding region.
d In minutes; PABA was supplemented at 10 ng/ml

minimal medium.
I NG, No growth.

in Vogel-Bonner

BN501 and BN502 was further analyzed by Southern anal-
ysis. The results indicated no gross structural changes at the
pabA locus other than the addition of the BglII::kan marker
(data not shown). In addition, the deletion of the -10 region
of P1 in strain BN502 was confirmed by sequencing analysis
of the chromosomal region between the PVUIIb and HinclI
sites (Fig. 1A) amplified by the polymerase chain reaction
technique (data not shown).
Growth rate analysis in minimal medium indicated that

strain BN502 (AP1 P2k) grew three times more slowly than
strains BN501 (P1l P2k) and BN503 (P1l P2 ) when PABA
was omitted from the medium (Table 2). PABA synthesis in
strain BN502 is due to PabA expressed from P2, and not to
possible residual PABA present in the media or to the
ammonia-dependent (pabA-independent) system catalyzed
by component I of PABS (encoded by pabB [14, 39]), since
the isogenic null pabA mutant (strain BN198) did not grow at
all in the same analysis (Table 2).
The result therefore indicated that PabA is not efficiently

expressed from the P2-initiated transcript, which is in agree-
ment with the ,B-galactosidase assay. This level of expression
was not sufficient for cellular PABA synthesis in the absence
of P1, since the decreased growth rate reflected PABA
starvation.

DISCUSSION
This work investigated the chromosomal organization at

the pabA locus in both E. coli and S. typhimurium and pabA
expression in E. coli. Nucleotide sequence and transcription
analyses indicated that pabA is encoded in two overlapping
transcriptional units: the P2-initiated polycistronic unit
which includes orfl-fic-pabA and the Pl-initiated monocis-
tronic unit which includes only pabA. P2 lies in the intergenic
region between an upstream transcriptional unit (utu) and
or9 (Fig. 1 and 2). Upstream of P2 lies a putative p-

independent transcription terminator which appears to effect
transcription termination of utu within the intergenic region.
P1 lies in the coding region of fic, with the deduced -10
region overlapping the stop codon offic and the -35 region
overlappingfic codons 193 and 194 (Fig. 2). Both promoters
contained good -10 but poor -35 sequences in comparison
with the E. coli promoter consensus sequences (13). The
relative transcriptional activities of Putu, P2, P1, and Pdtu,
assayed by a galK fusion expression system (Fig. 3), were

10:1:1:3. Although transcription termination sites of the two
pabA units have not been determined in this study, it is likely
that they map in the intergenic region between pabA and a

downstream transcription unit (dtu) since this region is 85 bp
long and AT rich (Fig. 1 and 2).

Expression of PabA by the two transcriptional units was
investigated by using directed mutagenesis and gene fusion
approaches. Specifically, assessing PabA expression by P1
alone was possible by blocking transcription from P2 into
pabA with a polar kan cassette insertion in fic. Expression
by P2 alone was effected by deleting the -10 sequence of P1
with oligonucleotide-directed mutagenesis. PabA expression
from either promoter was determined by using two indepen-
dent but complementary assays. The first utilized the chro-
mosomal pabA-lacZ protein fusion system to determine the
relative level of PabA synthesis deduced from ,-galactosi-
dase activity (37). The protein fusion was constructed at the
chromosomal pabA locus to obtain genuine PabA expression
and to avoid any possible complication that may be gener-
ated when plasmid or lysogenic phage expression systems
are used. The second approach measured cellular growth
rate, which reflects the level ofPABA synthesized by PABS.
Both assays indicated that PabA is primarily expressed

from P1 and that P2 is dispensable for cellular PABA
metabolism. Specifically, deletion of P2 had no effect on
PabA expression for cell growth, whereas in the absence of
P1, growth was reduced as cells are starving for PABA
(Table 2; compare BN502 with BN503). Since P2 expressed
PabA at less than 2% of that expressed by P1 and yet allowed
some growth, it suggested that PabA or PABS component II
is required at a very low level and that P1 expressed an
excess amount of component II relative to P2. These data are
consistent with preliminary findings suggesting that PABS
component I (encoded by pabB) is the limiting component in
PABA synthesis in vivo (G. G. Guay and B. P. Nichols,
unpublished). The excess pool of PABA may be important
for a cell to keep up with fast growth conditions when it is
quickly dividing.

Since the relative steady-state levels of the two pabA
transcripts are approximately the same, and yet only the
P1-initiated transcript was efficiently used for translation
(Fig. 5 and 6), it appeared that inefficient expression ofPabA
by the P2-initiated polycistronic transcript might be a result
of posttranscriptional events. Nucleotide sequence and
RNA analyses of this transcriptional unit suggested several
possible mechanisms for posttranscriptional control. P2 ini-
tiated a polycistronic transcript which, unlike the P1 tran-
script, can form a stable secondary structure that sequesters
the pabA ribosome-binding site, as has been previously
suggested (18) (Fig. 2). Ribosome-binding sites contained
within stable secondary structure are poorly recognized (10,
22, 33). PabA expression from the P2-initiated transcript may
also be coupled to orfl and fic, which appeared to be poorly
translated on the basis of nucleotide sequence analysis.
Translation initiation of or9 occurs at a GTG initiation
codon, which is less efficient than an ATG initiation codon
(23, 31). The overlap between orfl and fic may result in
translational coupling, a mechanism that ensures that a
promoter-distal gene is not efficiently translated unless the
proximal gene is first completed (2, 30). Thus, low fic
expression may be attained by coupling to an inefficiently
translated or9. Furthermore, in both E. coli and S. typhi-
murium, both orfl andfic contain a high incidence of codons
rarely used in the translation of efficiently expressed genes
(16, 34). Particularly notable is the frequency of arginine
CGR codons, which appear at five times the expected
frequency. It is possible that the presence of these rare
codons requiring the use of minor charged tRNA species
reduces expression of orfl andfic by modulating the rate of
translation elongation (16, 40).

Inefficient expression of PabA by the P2 polycistronic
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transcript may be due to poor translation of the upstream
genes and/or poor translation initiation of pabA. Inefficient
translation could result in RNA degradation, i.e., functional
inactivation of the message (26); this appeared to occur in
the P2 expression system. RNA primer extension data in-
deed indicated that the cDNA products of the P2 transcript
are heterogeneous in size (Fig. 6B), which suggested that the
transcript was degraded at discrete sites. It is unlikely that
these signals were due to premature termination by reverse
transcriptase, since RNase protection analysis also indicated
this (Fig. 6A). That is, besides generating two major protec-
tions of the PstI-HincII probe to generate signals of about
183 and 127 nucleotides, RNA from strains with pabA
transcribed by P2 (BglII::kan and NruI::kan) or by Putu
(APvuIIa-PvuIIb) also generated other protections that cor-
responded to the degraded products of the P2 transcript. This
pattern was also observed when the PvUIIb-PStI probe
(fic-coding region) was analyzed with strains transcribingfic
(data not shown). The P2 transcript thus appeared to be
degraded at discrete sites. Experiments are in progress to
further investigate this observation.
One of the motivating factors for this work was that of the

nine biochemical reactions requiring the products of at least
10 genes to synthesize dihydrofolate from GTP, chorismate,
and glutamine (9), only four genes have been identified and
mapped to date. pabA (74 min) and pabB (40 min) encode the
two subunits of PABS (15, 43), folA (1 min) encodes dihy-
drofolate reductase (8, 35), and folC (56 min) encodes the
bifunctional folylpoly-y-glutamate synthetase-dihydrofolate
synthetase (6). The unlinked nature of the genes character-
ized so far, including those belonging to the same enzyme
complex, leaves open the possibility that pab and fol genes
lie in complex operons along with other genes of different
functions.
Such a case was demonstrated in this study, which

showed that pabA, besides being independently expressed,
was coexpressed at a reduced level in a complex operon
including two other genes, orfi and fic, of unknown identity
(althoughfic is thought to encode a gene product involved in
cell division [20]). Analysis of complex operons such as the
macromolecular synthesis (38) and the hisT (4) operons has
suggested that complex organization may serve to coregulate
the expression of genes encoding different functions under
some specific conditions. It would therefore be of interest to
investigate PabA expression from P2 under physiological
growth conditions other than those used in the present
study.
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