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A recombinant plasmid capable of restoring UV resistance to an Escherichia coli uvrB mutant was isolated
from a genomic library of Neisseria gonorrhoeae. Sequence analysis revealed an open reading frame whose
deduced amino acid sequence displayed significant similarity to those of the UvrB proteins of E. coli, Micro-
coccus luteus, and Streptococcus pneumoniae. A gonococcal uvrB mutant was constructed and found to be
extremely sensitive to UV radiation. Transcriptional fusions between portions of the gonococcal uvrB upstream
region and a reporter gene were used to localize promoter activity, and the transcriptional start point of the
gonococcal uvrB gene was mapped in E. coli by primer extension. A corresponding o”° promoter was identified
within a copy of the 26-bp neisserial repeat, and this identification provided the first evidence of a promoter
associated with this repetitive element in V. gonorrhoeae.

Neisseria gonorrhoeae is a naturally competent organism in
which transformation and recombination appear to play an
important role in its ability to evade the host immune response
(36, 43). Although an excision repair system has been identi-
fied previously (12), N. gonorrhoeae is deficient in several DNA
repair functions including photoreactivation (10) and error-
prone repair systems (11). This absence of error-prone repair
has been noticed in other highly transformable organisms such
as Haemophilus influenzae, Micrococcus radiodurans, Strepto-
coccus pneumoniae, Streptococcus mutans, and Streptococcus
sanguis (45).

Excision repair has been extensively studied in Escherichia
coli (50), and that system may serve as a model for a similar
process in N. gonorrhoeae. The entire excision repair process
can be divided into four main stages: incision-excision, which
involves scission of a phosphodiester bond on either side of the
lesion; removal of the oligomer containing the damaged nucle-
otide(s); repair synthesis to fill the resulting gap in the DNA;
and ligation of the newly completed repair patch (39). The
incision step of this process is catalyzed by the coordinated
action of the UvrA, UvrB, and UvrC proteins. Specifically, this
enzyme complex, termed the (A)BC excinuclease (38), incises
the damaged strand at the eighth phosphodiester bond 5’ and
the fourth or fifth phosphodiester bond 3’ to the lesion (41).

In E. coli, the uvrA and uvrB genes are part of the SOS
system, a global DNA repair system that is induced by a variety
of treatments that damage DNA or interrupt DNA replication
(32). Expression of these damage-inducible (din) genes is reg-
ulated by the products of the rec4 and lexA4 genes (32, 53). The
LexA protein acts as a repressor of the din genes by binding to
a consensus sequence known as the SOS box (52). The pres-
ence of DNA damage gives rise to conformational changes in
the RecA protein which mediate autocleavage of LexA and
result in derepression of genes in the SOS regulon (26, 30-32).

Analogs of the E. coli uvrB gene have been cloned from
Micrococcus luteus (44) and S. pneumoniae (46, 47). In this
paper we describe the cloning, nucleotide sequence, and tran-
scriptional analysis of the wwrB gene from N. gonorrhoeae
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MS11. The data provide the first evidence of a promoter as-
sociated with a 26-bp neisserial repeat (NR) sequence (15).

MATERIALS AND METHODS

Bacterial strains and plasmids. The E. coli strain used as the host for cloning
experiments was DHS«a (F~ endAl thi-1 hsdR17 supE44 relAl gyrA96 recAl
AlacU169 [$80 lacZAM15)). The strains of E. coli used in complementation
experiments were AB1157 [thr-1 ara-14 leuB6 A(gpt-proA)62 lacY1 tsx-33 supE44
galK2 rac-hisG4(Oc) rfoD1 mgl-51 rpsL31 kdgKS51 xyl-5 mtl-1 argE3 thi-1 X™ | and
ABI1885 (uvrB5), a uvrB mutant of AB1157. The N. gonorrhoeae strains used in
this study were MS11-A, a variant of MS11 (48), and JKD335, a uvrB mutant of
MS11-A. The plasmids used in this study are listed in Table 1.

Media and culture conditions. E. coli strains were grown at 37°C in Luria-
Bertani (LB) medium (40). For maintenance of plasmids, ampicillin (50 pg/ml),
chloramphenicol (30 pg/ml), and tetracycline (12.5 pg/ml) were added as re-
quired. All N. gonorrhoeae strains were routinely cultured on GC agar base
(Oxoid) enriched with 1% (vol/vol) DMIV, a modified form of Iso-Vitalex (42),
and incubated at 37°C in a 5% CO, atmosphere. Gonococcal transformations
were performed by the addition of approximately 1 pg of linearized plasmid
DNA (treated with SssI methylase) to a suspension of piliated N. gonorrhoeae
MS11 cells transferred from an overnight-culture plate into GC broth supple-
mented with 1% (vol/vol) DMIV and 1% (vol/vol) NaHCO; as a CO, source.
Cultures were grown for 4 h at 37°C with constant agitation and plated onto GC
agar containing chloramphenicol (8 wg/ml) to select for recombinants.

Recombinant DNA technigq All DNA manipulations were performed by
following standard procedures (40). DNA sequencing was performed by using
the PRISM Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit (Ap-
plied Biosystems) and analyzed with an Applied Biosystems model 373A DNA
sequencing system. Sequencing reactions were performed as described by the
manufacturer. Oligonucleotide primers were synthesized on an Applied Biosys-
tems model 381A oligonucleotide synthesizer and eluted from columns following

TABLE 1. Plasmids used in this study

Plasmid Description l;reffgﬁ?g:
pSU2718/19  Cm" cloning vectors 35
pUC18/19 Ap' cloning vectors 37
pBR322 Ap" Tc' cloning vector 7
pKK232-8 Ap" promoter selection vector 8
pJKD1249 3.8-kb partial Sau3AlI fragment con- This study

taining uvrB gene in pSU2718
pJKD1289 Insert from pJKD1249 in pSU2719 This study
plKD1444 3,225-bp Aval-EcoRl1 fragment from This study
pJKD1249 in pBR322
pJKD1484 444-bp Sall fragment from pJKD1444 This study

replaced by PrecA:cat cartridge
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P E Q WQ K S L G L AAZ KIKUPV S NIKD
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TTTCAGACGGCATACATTCAGGATTTCACCGCCTTATACCGTCTGAAAGACGTTTCTGAC

uvrg —»
CCATCCCTACTACACGCTTTGTCCGCAAACGTATCACKEEEAAGATTATGGAAGTCATCC

M E V I

1026

GATACCCAAATTCCCCCTTCAAACTCCACCAACCCTTCCCGCCCGCAGGCGACCAGCCCA

R Y P N S PF KL HOQU®PTFPPAGTDOQP
CCGCCATTGCGGGCCTGCTCGAAGGGCTTTCAGACGGCCTTGCCTACCAAACCCTGCTCG

T A I A G L L EGUL S DGULAYQQTTULTL

GCGTAACCGGTTCGGGCAAAACCTACACGATGGCGAACGTCATCGCGCAAAGCGGCAGAC
¢ VTGS G KT Y TMANUYVIAQOQSGR

CCGCCATCATTATGGCGCACAACAAAACCCTTGCCGCCCAGCTTTATGCCGARATGCGCE
p A I I M A HNKTTULAAOQILTYAZEMR

AGTTTTTCCCCGAAARACGCAGTGGAATATTTCGTGTCGTATTACGACTATTACCAGCCCG
E F F P ENA AV EYF V S Y Y DY Y Q

AAGCCTATGTGCCCAGCCGCGATTTGTTCATCGAAAARAGACAGCGCGATCAACGAACACA
E A YV P S RDUILF I EEKDSATINEH

TCGAGCAGATGCGCCTTTCCGCCACCAAAAACCTGATGACGCGCGACGACGTGATTATCG
I E Q M R L S A TEKUNULMTRTDDUVTI I

TCGCCACCGTATCCGCCATTTACGGTATCGGCGACCCGACCGAGTATCAACAAATGGTGE
v ATV S A 1Y G I GDZPTEYQOQ MYV

TGTCCGTAAAAGAAGGCGACACCATCGAGCAGCGCGACATCATCGCCACGCTCGTTTCCA
L 8 V K E G T I EQ R D I I A T UL V 8

TGCAGTACGAACGCGGCGATTTGGACTTCAAACGCGGCAGCTTCCGCGTGCGCGGCGACG
M Q Y ER GDULDTFEKRG S F RV R G D

TGATTGACGTGTACCCCGCCGARAGCTCCGAARACGCCTTGCGTATCAGCCTGTTTGATG
v I D VY ©PAESSENALT®RTISTLTFD

ACGAAATCGACCGCCTCGATATGTTCGACCCGCTTTCAGGCAGCCTGCACCAGCGTGTCG
D E I DRLUDMTPFTDTPTLSG S LHGQRYV

GACGCTACACCGTCTTCCCGTCCAGCCACTACGTTACCCCGCGCGACACCGTATTGCGCG
G R YTV F PSS HYV T?PRDTUVL R

CCTGCGAATCCATCAAAGAAGAATTGCGCGAACGCATCGAATTTTTCGCTCGCGAACAAC
A CE S I K EEVLURERTITETFF A R E O

GCCCCGTCGAGCAACAACGCATCGAACAGCGCACCCGTTTCGACCTCGAAATGCTCTACG
R PV EQ QRTIEZ QRTHRTFDTILE M L Y

AAATGGGCTTCTGCAAAGGCATTGAAAACTACTCCCGCCACTTCTCCGGTAAAAAAGAAG
E M G F C K G I ENZY S RUHF S G K K E

GCGAACCGCCGCCCACGCTGATGGACTACCTGCCCGACAACGCCATCATGTTCATCGACG
GEPPPTLMDYLPDNAIMFI

AAAGCCACGTTACCGTTACCCAAATCGGCGGTATGTACAAAGGCGACGCATCGCGCAAGC
E S HV TV T QI GGMYZEKGTDAS R K

AAAACCTCGTGGACTACGGCL1LLbLLruLL11LLbLLLbLuACAACCGCCCGCTCAAAT
Q N L VDY GFRTILP S AR DDNU R P L K

TRANSCRIPTION OF GONOCOCCAL uvrB GENE 1953

2075 TCCACGAATTTGAARAAGTCATGCCGCAAACCGTCTTCGTTTCCGCCACCCCCGCGARAT
F H EF E KUV MPQTVF VS ATTPAK
Sall
2135 ACGAAGAAGAACACGCCGGACAAGTCGTCGAACAAGTCGTCCGCCCCACAGGGCTGGTCG
Y E EEHAGOQUVVESOQQVVZRZPTGTLYV
— Sall
2195 ACCCCCAAATCATCATCCGTCCCGTCGCCACCCAAGTCGACGATTTAATGAGCGAAATCA
D P Q I I I R PV ATZGQVD D L M S E I

2255 ACGACCGTATTCAAAAAGGCGAACGTGTGCTCGTTACCACCCTCACCAAACGCATGGCGE
N DR I Q KGER VLV TTULTIEKRMA

2315 AGCAACTCACCGACTATTACAGCGAACTCGGCATCAAAGTGCGCTACCTGCACAGCGACA
E QL TDJY Y S EL G I KV R YL H S D

2375 TCGACACCGTCGAGCGCGTTGAAATCATTAGAGATTTGCGGCTCGGCCTGTTTGACGTAC
I prTvVv ERUYVETITIR®RTDTZELZRILTGTLTFDYV

2435 TCGTTGGCATCAACCTGTTGCGCGAAGGCCTCGACATCCCCGAAGTGTCCCTCGTCGCCA
I, v ¢ I NL L RESGTILDTIUPEV S L V A

2495 TCCTCGATGCCGACAAAGAAGGCTTCCTGCGCTCCCACCGCAGCCTGATTCAAACCATAG
I . DADTZEKTESGT FILRSHRSTILIZGQTTI

2555 GCCGCECCECGCGCAACGTCARCGGCGTCGCCATCCTGTACGCCGACARARTTACCGACT
¢ R AARNJVNG GV ATITILYADTI KTITD

Sall
2615 CCATGAAAGCCGCCGTCGACGAAACCGAACGCCGCCGCGAAAAACAGATTAAATTCAACG
s M K A AV DETETRTZ RTPERETEKTGQ@TIKF N

2675 AAGAACACGGTATCGTGCCGCAGCAGATTAAAAAACAGGTCAAAGACATCATCGACGGCG
E EHG I V PQOQTIZKTZ KU OQUVZEKTDTITIDGEG

2735 TGTACCACGAAGAAGACAGTGGCAAAGGCCGTAGACAAGGCAAAAACAAGGTCAAAGTCG
v ¥ H EED S G XK GRU RGEQG KNZKV KV

2795 GCGAAATCCACAACGAAGAAGACGCGATTAAAGAAATCGCCAAACTGGAAAAAGCCATGC
¢ E I H N E E DA I XK E I A K L E K A M

2855 AGCAGGCGGCTAGGGATTTACAGTTTGAAGAAGCTGCTGTGTTGAGGGATAGGATTAGGA
Q 9 AARRDTILGQTFEEH&AAVLRD R I R

2915 ATATTAAAGAGAATTTGTTGTTTGGGGCGGAGTGATTTTGAAATAGTAATCGCAGCCTGA
N I K EN L L F G A E *

2975 ATACATAGCGTCTGCGCCACTGGCGCGCGCTCATTGTGTTATCAGGAATCCTTGAAATCA

3035 TGTACGCAGCTTGCATCACACATCCTAGCTATACATAAACAACAAGGCCGTCTGAATTT

[R—— * E I V V RANTL
3095 CAGACGGCCTTTTCCGTTTACAACTTTACTACTTATTCAATAACTACACGTGCATTCAGA

v P R NN ES GV ARTTFKEAQRA
3155 GGCTGTACGGGGCGGTTGTTTTCCGAACCGACGGCGCGGGTGAATTTTTCCGCTTGCGCT

FIG. 1. (A) Physical map of 3.8-kb insert of pJKDD1249 showing position and
orientation of gonococcal uvrB gene and nearby ORFs designated ORF1 and
ORF2. The position of relevant restriction enzyme recognition sites is also
shown. (B) Nucleotide sequence of the region 3’ to the Aval site of pJKID1249
containing the gonococcal uvrB gene. Neisserial DNA uptake sequences are
shown by dashed arrows. The 26-bp NR sequences are indicated by arrowed
boxes. The transcriptional starting point (tsp) is indicated by an arrowhead, and
the corresponding o7 promoter sequences are overlined. The putative gearbox
promoter elements are boxed, and asterisks indicate nucleotides identical to the
consensus sequence (51). The deduced amino acid sequences of the uvrB gene
and the C-terminal regions of ORF1 and ORF2 are displayed below the corre-
sponding nucleotide sequences. RBS marks the position of a putative ribosome
binding site upstream of the uvB gene. Oligonucleotide primers used in this
study are indicated by numbered arrows above the nucleotide sequence.

instructions specified by the manufacturer. DNA was amplified by PCR with an
FTS-1 thermal sequencer (Corbett Research), The temperature program rou-
tinely used for PCR was 30 cycles (each) for 1 min at 92°C, for 1 min at 50°C, and
for 1 min at 72°C followed by 1 cycle (each) for 1 min at 92°C, for 1 min at 50°C,
and for 5 min at 72°C. For PCR fusion reactions, the following temperature
program was used: 30 cycles (each) for 2 min at 93°C, for 2 min at 45°C, and for
7 min at 72°C. Following cloning into plasmid vectors pUCL8 or pUC19, all PCR
products were sequenced on both strands to confirm that no errors had occurred
during amplification.

UV irradiation of bacterial strains. The sensitivity of the E. coli and N.
gonorrhoeae strains to UV was assayed by determining culture viability following
irradiation with a TFL-20M Hybrad “Crosslinker” transilluminator (Integrated
Science Pty. Ltd.) or under a germicidal lamp (Gelman Clemco Pty. Ltd.).
Quantitative measurements of bacterial survival were obtained following expo-
sure of serially diluted stationary-phase cultures to various UV doses.

Enzyme assays. Cell extracts of the E. coli strains for enzyme assays were
prepared from stationary-phase cultures by passage twice through a French
pressure cell (Aminco, Silver Springs, Md.). The protein concentration was
determined by the method of Lowry et al. (34), with bovine serum albumin as the
standard. Chloramphenicol acetyltransferase (CAT) assays were performed by
using a CAT enzyme-linked immunosorbent assay kit (Boehringer-Mannheim)
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FIG. 2. Survival following UV irradiation of E. coli AB1157, AB1885 (a uvrB
mutant of AB1157), and AB1885 harboring plasmid pJKD1249 or pJKD1289,
which contains the gonococcal uvrB gene in either orientation with respect to the
lac promoter in pSU2718 and pSU2719, respectively. AB1885 carrying vector
pSU2718 or pSU2719 was included as a control. The values are the means for
three independent experiments.

10 "1

Percentage Survival

according to the manufacturer’s instructions. Two protein extracts (10 and 50 ng
of total protein) were assayed from each sample. The A4,y5 for each sample was
read by using a Bio-Rad model 450 microplate reader. As a control to detect
plasmid-copy-number effects, B-lactamase assays were performed with the same
cell extracts, according to the method of Bush and Sykes (9), and the results did
not vary more than 1.5-fold for any extract.

Nucleotide seq e accessi ber. The nucleotide sequence reported
here has been submitted to the GenBank nucleotide sequence database under
accession no. U11547.

RESULTS

Cloning of uvrB gene from N. gonorrhoeae MS11 and
complementation of an E. coli uvrB mutant. A genomic library
of N. gonorrhoeae MS11 was constructed by partially digesting
genomic DNA with Sau3AI and ligating fragments of 3 to 9 kb
into the BamHI site of the plasmid vector pSU2718. A recom-
binant plasmid capable of complementing the UV-sensitive
phenotype of E. coli uvrB mutant AB1885 was isolated from
this library. The complementing clone, containing an insert of
approximately 3.8 kb, was designated pJKD1249 (Table 1; Fig.
1A).

1)“he insert in pJKD1249 was also cloned into pSU2719 to
generate pJKD1289 (Table 1). This allowed orientation of the
insert opposite to the direction of transcription from the lac
promoter. Both plasmids were tested for their ability to com-
plement the UV-sensitive phenotype of the E. coli uvrB mu-
tant, AB1885. Plasmids pJKD1249 and pJKD1289 were capa-
ble of restoring UV resistance in AB1885 to levels close to that
observed for wild-type strain AB1157 (Fig. 2), indicating that
the gonococcal uvrB gene is expressed from its own promoter.
Deletion of the region upstream from the Aval site did not
affect the ability of either plasmid to complement the E. coli
uvrB mutant (data not shown). These data suggested that the
sequences downstream from the Aval site are sufficient for
expression of the gonococcal uvrB gene in E. coll.

Nucleotide sequence analysis of the gonococcal uvrB gene.
The nucleotide sequence of the 3,738-bp BamHI-EcoRI frag-
ment of pJKD1249 was determined on both strands. The gono-
coccal uvrB open reading frame (ORF) (Fig. 1B) consists of

J. BACTERIOL.

2,025 bp, which could potentially encode a protein of 675
amino acid residues with a molecular mass of 76.9 kDa. A
putative ribosome binding site is located 8 bp upstream from
the putative ATG start codon. No nucleotide sequences similar
to tho-independent transcriptional terminators (13) were iden-
tified immediately downstream from the uvrB stop codon. In
addition, no consensus sequence analogous to the LexA re-
pressor-binding site in E. coli (33) or to the SOS-like (SOB)
operator sequence (Cheo box) characterized in Bacillus subtilis
(14) was detected in the uvrB upstream region. Such sequences
were also noticeably absent from the promoter region of the
gonococcal recA gene (18 and unpublished data), another gene
that might be expected to form part of an SOS-type regulon in
N. gonorrhoeae.

Several copies of the 10-bp neisserial DNA uptake sequence
5’-GCCGTCGAA-3' (19) were identified within the se-
quenced region of pJKD1249 (Fig. 1B). Closely spaced in-
verted repeats containing this sequence were identified imme-
diately downstream from the putative stop codons of ORF1
and ORF2. These inverted repeats could form stable stem-
and-loop structures with AG values of —20.7 and —25.8 kcal/
mol (ca. —86.6 and —108 kJ/mol), respectively (49), and may
act as transcriptional terminators. Two copies of the 10-bp
sequence separated by 28 bp were also located upstream of the
gonococcal uvrB gene. A single copy of the DNA uptake se-
quence was also found at the 5’ end of the uvrB coding region.

Alignment of the deduced amino acid sequence of the N.
gonorrhoeae uvrB gene with those of analogous genes from
other organisms (Fig. 3) revealed extensive similarity to the
UvrB proteins of E. coli (63.1% identity in a 672-amino-acid
overlap) and M. luteus (54.6% identity in a 617-amino-acid
overlap) and to the Uvsd402 protein of S. preumoniae (54.4%
identity in a 667-amino-acid overlap), as calculated with the
FASTA program (29).

The 3’ ends of two other ORFs were also evident within the
sequenced region of pJKD1249. ORF1 was located upstream
from and in the same orientation as the uwrB coding region
(Fig. 1A). The sequenced portion of this ORF consists of 588
bp with the potential to encode 196 amino acids. Comparison
of the predicted amino acid sequence of ORF1 with the pri-
mary structures of other proteins in the database revealed
similarity to the E. coli prc gene product (55.3% identity in a
47-amino-acid overlap). This gene is involved in C-terminal
processing of penicillin-binding protein 3 (23). The orientation
of ORF2 is opposite that of uvrB (Fig. 1A). Protein database
searches with the deduced amino acid sequence of the 609-bp
ORF revealed similarity to several carbonic anhydrase pro-
teins.

Construction of uvrB mutant of N. gonorrhoeae MS11. The
3,225-bp Aval-EcoRI fragment from pJKD1249 was subcloned
into the plasmid vector pBR322 to form pJKID1444 (Table 1).
The 444-bp Sall fragment internal to the uvrB coding region
was subsequently replaced by the gonococcal recA promoter
region (17a) fused to a promoterless cat gene. The resulting
construct, pJKD1484 (Table 1), was linearized by digestion
with Pstl and transformed into N. gonorrhoeae MS11. One
chloramphenicol-resistant transformant, designated JKD335,
was found to contain an appropriately sized insert in the uvrB
gene by Southern hybridization analysis (data not shown). This
strain was found to be extremely sensitive to UV radiation
compared with the wild-type MS11 strain (Fig. 4).

Transcriptional analysis of cloned gonococcal uvrB gene. In
order to locate the promoter of the gonococcal uvrB gene
responsible for complementation in E. coli, oligonucleotide
primers were designed to amplify portions of the upstream
region by PCR (Fig. 1B). The amplified fragments were cloned
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I
NG: 1 MEVIRYPNS--~-- PFKLHQPFPPAGDQPTATAGLLEGLSDGLAYQTLLGVTGSGKTY TMANVIAQSGRPAL
EC: 1 SK-wmmm ....NSA.K.S....E..RR.E...E....H............ F.I..... DLQ..TM
ML: 1 ASLAQ—KINRVVA—A.EVIS.YQ.S....K...E.A.RVEA.EKDVV.M.A..T..SA.T.WLVERLQ..TL
SP: 1 . .RG.LMINHITDNQ...VSKYQ.S....Q..EQ.VDNIEG.EKA.I.M.A..T...... SQ. .SKVNK.TL
Ia
NG: 68 IMAHNKTLAAQLYAEMREFFPENAVEYFVSYYDYYQ PEAYVPSRDLFIEKDSAINEHIEQMRLSATKNLMTR
EC: 62
ML: 71
SP: 73
NG: 140
EC: 134
ML: 143
SP: 145
NG: 212 ESSENALRISLFDDEIDRLDMFDPLSGSLHQRVGRYTVFPSSHYVTPRDTVLRACESIKEELRERIEFFARE
EC: 206 ..DDI...VE...E.VE..SL....T.QIVSTIP.F.IY.KT...... ERIVQ.M.E..... AA .RKVLLEN
ML: 215 Y—E.L.V.IEF.G...ESIQTLH..T.QVVREEEEMYI..A....AGDERMG..ITT.ED ..... LQELESQ
SP: 217 SRD.H.F.VEF.G..... IREVEA.T‘QVLGE‘DHLAI‘.AT.F‘.ND.HMEV.IAK.QA..E‘QLAV.EK.
II
NG: 284 QRPVEQQRIEQRTRFDLEMLYEMGFCKGIENYSRHFSGKKEGEPPPTLMDYLPDNAIMFIDESHVTVTQIGG
EC 278 NKLL.E..LT...Q..... MN.L.Y.S....... FL..RGP....... F....ADGLLVV...... IP....
ML: 286 DKLL.A..LRM..TY....MQQ..Y.N........ ID.RPA.SA.HC.L..F..DFLLVV...... IP...A
SP: 289 GKLL.A..LK...EY.I...R...YIN.V...... MD.RS..... Y..L.FF..DFLIMI....M.MG..K.
III

NG: 356 MYKGDASRKQNLVDYGFRLPSARDNRPLKFHEFEKVMPQTVFVSATPAKYEEEHA— GQVVEQVVRPTGLVD
EC: 350 ..R..RA..ET..E........ L.o.oooe E...ALA,..IY..... GN..L.KSGGD..D........ L..
ML: 358 ..E..M...RT.LEH....... M....V.WD..LERIG...YL....GA..LGQ.DGY.-..II........
SP: 361 ..N..R...KM..N........ L..... ..SHVH.I.Y..... GD..N.QTETVI-..II..... L..

IV P
NG: 427 QII IRPVATQVDDLMSEINDRIQKGERVLVTTLTKRMAEQLTDYYSELGI KVRYLHSDIDTVERVEIIRDLR
EC: 422 I.EV...ovevnen L...RQ.ARIN........ ...t D..E.LE.H.ER....R........ Moo
ML: 429 L.VVVK.TEG.I...LEQ.RV.TA.D........cc. . D LL.A.V..E..... V..LR LL.E
SP: 432 EVEV..TMG.I...LG...A.VE.N..TFI..... K D FK.M.I..K.M....K.L..T.II

v vI

NG: 499 LGLFDVLVGINLLREGLDIPEVSLVAILDADKEGFLRSHRSLIQTIGRAARNVNGVAILYADKITDSMKAAV
EC: 494 P M.ttt e e B K....G....P..AK.I
ML: 501 K.T....D..oveunns Lt e aiae e i S.EVHM. .GNV RR.I
SP: 504 LV B Y NE.G.......cuus SE.HV.M...TV.Q..QR.I
NG: 571 DETERRREKQIKFNEEHGIVPQQIKKQVKDIID- -~ ~m===-=wr=-=-=—=—————— =~ GVYHEEDSGKGRRQG
EC: - 566 Goovvnnans Q.Y...... T..GLN.K.V..-~-----————————m— oo o LALGQNIAKT .AKGR.
ML 573 E...... AV..AY...... D..PLR.RIA..T.QLAREDADTADFLKGNGGVKSGFDFGMGHRGLSSLD.AP
SP: 576 L. WAL LKILMAY. .. ... T.. . El-----———+-mmmmmmmmmm s oo m e m o R.LIAVTKAV
NG: 619 KNKVKVGEIHNEED------ AIKEIAKLEKAMQQAARDLOFEEAAVLRDRIRNIKENLLFGAE
EC: 612 .SRPI.EPDNVPM.-MSPKALQQK.HE. .GL.M.HAQN.E.. ... QI..QLHQLR.LFIAAS
ML: 645 ATGEGAAAPAVDPASLPAKDLADL .EQMSQQ.H. . .A. .. .. L..R...EVGEL.KELRQMKREQ
SP: 614 AKEEDKEVDI . SLN---KQERKELVK....Q..E.VEV.D..L..QI. .MMLEV.ALD

FIG. 3. Comparison between amino acid sequences of uvrB gene products of N. gonorrhoeae (NG), E. coli (EC) (3, 4), M. luteus (ML) (44), and . preumoniae (SP)
(47). The amino acids are numbered according to their positions in each individual protein sequence. Dots indicate amino acid residues that are identical to those in

the N. gonorrhoeae sequence. Dashes indicate gaps that have been introduced to o

ptimize the sequence alignment. Conserved domains (I to VI) identified in the E.

coli UvrB protein (21) are overlined. Consensus amino acid residues located within the conserved domains are indicated by boldface type.

into the promoter selection vector pKK232-8, and the levels of
CAT were determined in cell extracts of the resulting strains.
As shown in Fig. 5, strain JKD1241, which contains the 438-bp
region between primer pairs 1080 and 1026, displayed levels of
CAT approximately 6-fold higher than those observed for
JKD1232, which contains the vector alone. A further 1.5-fold
increase in CAT levels was observed for JKD1240, which con-
tains the 228-bp region between primer combinations 1079 and
1026. When the sequence between primers 1080 and 1513 was
present (JKD1403), CAT levels similar to those of the vector
control were observed, indicating that this 228-bp region up-
stream from the uvrB gene does not contain a promoter that is
active in E. coli. On the basis of this data, the promoter region
of the cloned gonococcal uvrB gene could be localized to the
sequence between primers 1079 and 1026. In order to identify
the sequences responsible for the observed promoter activity,
the transcriptional starting point was mapped by primer exten-
sion (data not shown). The position of this transcriptional

starting point is shown in Fig. 1B. At the appropriate distance
upstream of the transcriptional starting point, sequences show-
ing similarity to the —10 and —35 regions of ¢’ promoters
were identified (Fig. 1B). One of two potential —10 sequences,
TATACT, shows an identity of 5 of 6 bp to the consensus
sequence TATAAT and is preceded at a distance of 18 bp by
a potential —35 element (CGGACC), which has 3 of 6 bases
identical to the consensus sequence TTGACA. An alternative
—10 element, TACTAT, which shares 4 of 6 bases with the
consensus sequence, is positioned 15 bp downstream from the
—35 region. The same transcriptional starting point was
mapped in strain JKD1241, which contains the entire inverted
repeat, and in JKD1240, which contains only one copy of the
repeat. Despite attempts to map the transcriptional starting
point of uvrB in N. gonorrhoeae MS11, no primer extension
product was detected. This could indicate that the gene is
transcribed at very low levels or that the RNA transcript is
unstable.
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FIG. 4. Survival following UV irradiation of N. gonorrhoeae MS11 and
JKD335 (a uvrB mutant of MS11). The values are the means for two independent
experiments.

A characteristic feature of the region upstream of the uvrB
gene is the presence of a structure consisting of two copies of
the 26-bp NR (15) arranged in opposite orientations and sep-
arated by a conserved 54-bp intervening region, which is also
found elsewhere in the gonococcal genome. It was interestin%
to find that the —35 and —10 promoter elements of the ¢’
promoter identified by primer extension analysis are associated
with one copy of the NR. In order to confirm that promoter
activity was conferred by this repetitive sequence, the region
between primers 1487 and 1488 (Fig. 1B) was cloned into
pKK232-8 in both orientations. The presence of the 148-bp
fragment containing the inverted repeat in the correct orien-
tation (JKD1436) resulted in CAT levels similar to those ob-
served for JKD1240, which possesses the region between prim-
ers 1079 and 1026 (Fig. 5). When the inverted repeat was
present in the opposite orientation, CAT levels in the resulting

J. BACTERIOL.

strain (JKD1437) were reduced to those observed for the vec-
tor control. Finally, PCR fusion was used to delete the 106-bp
region encompassing the 26-bp inverted repeats and the inter-
vening region. The resulting strain, JKID1494, displayed a four-
fold reduction in CAT levels compared with JKD1241, which
contains the entire uvrB upstream region intact (Fig. 5). These
results enabled the promoter region to be more precisely con-
fined to the sequences located between primers 1079 and 1487
(Fig. 1B).

We have also noticed that in addition to the ¢’ promoter,
this 94-bp fragment contains sequences which show consider-
able similarity to the —10 and —35 regions of E. coli gearbox
promoters (1, 2). The —10 region showed 7 of 8 conserved
nucleotides, while 4 of 6 bases were conserved in the —35
region. Furthermore, the spacing between the two regions was
maintained (Fig. 1B).

DISCUSSION

N. gonorrhoeae has been shown to possess an excision repair
system that is capable of removing dimers from UV-irradiated
DNA (12). In this study, the uvrB gene was cloned from N.
gonorrhoeae MS11. A considerable degree of conservation is
evident when the deduced amino acid sequence of the gono-
coccal uvrB gene is compared with the amino acid sequences of
uvrB from other organisms (Fig. 3). The most extensive simi-
larity is observed to the E. coli UvrB sequence, a finding which
is not unexpected since both M. luteus and S. pneumoniae are
gram-positive bacteria. Several highly conserved domains iden-
tified in many putative helicases, including the E. coli UvrB
protein (21), contain consensus residues that are also present
in the UvrB protein sequences of N. gonorrhoeae, M. luteus,
and S. pneumoniae. Furthermore, the gonococcal uvrB gene is
capable of restoring UV resistance to an E. coli uvrB mutant
(Fig. 2), indicating that the gonococcal uvrB gene product is
functionally similar to the E. coli UvrB protein. A gonococcal
uvrB mutant was constructed and found to be highly sensitive
to treatment with UV radiation (Fig. 4). This finding provides
evidence for expression of the uvrB gene in N. gonorrhoeae.

The gonococcal uvrB gene is flanked by inverted repeats of
the neisserial DNA uptake sequence. Studies have shown that

Primer Pairs Upstream Region Strains CAT (pg/pg total protein)
? 1000 2000
1080/1026 [ = ] JKD1241
1079/1026 JKD1240
1080/1513 JKD1403
1487/1488 JKD1436
1487/1488 JKD1437
- 1] ] JKD1494
- pKK232-8 vector control JKD1232

FIG. 5. Transcriptional analysis of gonococcal uvrB upstream region. CAT levels were determined for E. coli strains harboring pKK232-8 derivatives which contain
segments of the uvrB upstream region. The upstream regions were amplified by using various combinations of primers, the precise positions of which are shown in Fig.
1B. The two copies of the NR are represented by the inverted arrows. The dashed line represents a deletion of the inverted NR from the upstream region. The CAT
levels shown are the means for two independent assays. Error bars represent standard deviations.
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this recognition sequence is required for the species-specific
uptake of DNA in genetic transformation of N. gonorrhoeae
(17, 19). Gonococcal DNA appears to contain on average one
such sequence per kilobase (20), and this sequence has most
frequently been identified as an inverted repeat in putative
transcriptional terminators (19). It is possible that the inverted
repeats of the uptake sequence located immediately down-
stream from the stop codons of ORF1 and ORF2 (Fig. 1B)
may serve such a purpose. Two copies of the repeat were also
identified just downstream from the mapped transcription ini-
tiation site of uvrB (Fig. 1B). To our knowledge, this is the first
time that copies of the uptake sequence have been found
between a promoter and a structural gene.

A unique 26-bp repetitive sequence is present throughout
the genome of members of the genus Neisseria (15, 16). Ap-
proximately 20 copies of this sequence have been identified as
an inverted repeat separated by a 100-bp intervening region in
the genome of N. gonorrhoeae (15). It has been suggested that
these repetitive sequences resemble transposable elements
(16). An interesting observation made in this study is the pres-
ence of two 26-bp NRs, arranged in opposite orientations and
separated by a 54-bp internal region in the upstream region of
the gonococcal uvrB gene. This 106-bp sequence is almost
identical to the repetitive sequence identified downstream
from the structural gene for gonococcal protein IIT (22). Sev-
eral opa genes from N. gonorrhoeae also contain an inverted
NR immediately upstream of the —35 region (5).

The construction of transcriptional fusions between ampli-
fied segments of the gonococcal uvrB upstream region and the
promoterless cat gene in pKK232-8 enabled initial localization
of promoter activity to the 228-bp sequence between primers
1079 and 1026 (Fig. 1B). Part of the previously mentioned
26-bp inverted repeat is contained within this region. Primer
extension analysis was subsequently used to determine the
transcriptional starting point of the cloned gonococcal uvrB
gene. The promoter corresponding to the mapped transcrip-
tional starting point shows similarity to the —35 and —10
regions of o' -recognized promoters (Fig. 1B). These pro-
moter sequences were found to be associated with one copy of
the 26-bp NR identified upstream from the uvrB gene. Analysis
of a reporter construct containing the 148-bp region between
primers 1487 and 1488 confirmed that there was promoter
activity present within the structure containing inverted copies
of the NR.

Deletion of the 26-bp inverted repeat from the wvrB up-
stream region resulted in a significant decrease in promoter
activity. On the basis of this data, the uvrB promoter region was
more precisely localized to the 94-bp sequence between prim-
ers 1079 and 1487. Closer analysis of this region identified a
sequence similar to a gearbox promoter. These promoters ap-
pear to be involved in the regulation of several genes in E. coli
that are induced upon entry into the stationary phase (6, 27,
28). A functional gearbox promoter has recently been identi-
fied upstream from the anaerobically induced anid gene of N.
gonorrhoeae (25). We have also identified putative gearbox
sequences within the intervening regions of the inverted NRs
upstream from 7 of the 11 opa genes from N. gonorrhoeae
MS11 (5). A comparison of these putative gearboxes with the
uvrB sequence is shown in Fig. 6. It is possible that the poten-
tial gearbox promoter identified within the NR element up-
stream from the gonococcal uvrB gene may play a regulatory
role in E. coli and N. gonorrhoeae. Experiments are currently in
progress to investigate this hypothesis.

The results obtained from this study provide the first evi-
dence of a promoter associated with the 26-bp NR. If this
repetitive sequence, which is present in many copies through-

TRANSCRIPTION OF GONOCOCCAL uvrB GENE 1957

-35 spacing -10
consensus CTGCAA Nis-16 CGGCAAGT
uvrB AG | CCGCAG Nis CGGCAAGG | CG
opaC GG | CCGCAG Nig CGGCARAGG | CG
opaD,E,F,I,J,K GG | CCGCAG Nyg CGGAACCG | AT
aniA GC | CCGCAA Nig CACCARGT | TC

FIG. 6. Nucleotide sequence alignment showing a comparison of sequences
similar to those of gearbox promoters. These sequences are located within the
internal region of the NR structures upstream from the gonococcal uvrB gene
and several opa genes and upstream from the gonococcal anid gene. The con-
sensus —35 and —10 regions (51) are boxed.

out the genome of N. gonorrhoeae and Neisseria meningitidis, is
indeed a transposable element, it is possible that insertion into
the upstream region of a gene may result in the formation of a
functional promoter. In the gonococcal uvrB gene, the last 2
bases in one of the potential —10 regions (TATACT) of the
mapped promoter are located outside of the NR sequences. It
has been shown that the first and last T residues define the —10
region of ¢”°-dependent promoters (24). Accordingly, the for-
mation of a functional promoter by using this particular —10
sequence would have relied on the insertion of the 26-bp in-
verted repeat into the uvrB upstream sequence such that an
intact —10 element was generated at the junction point.
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